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Highly toxic pollutants such as dioxins and metals emitted from municipal solid

waste (MSW) incineration have caused a serious not-in-my-backyard social

phenomenon. However, relatively few studies have comprehensively analyzed

the contaminant characteristics, coexistence relationships and potential health

risks of dioxins and metals in soils near MSW incinerator. Therefore, this study

monitors 17 dioxin homologues and 13 metals in soils around MSW incinerator to

evaluate their contaminant and coexistence characteristics as well as associated

potential health risks. The empirical study focused on Hainan Province, a relatively

pure area with no heavy industry and low population density in southern China.

The contamination characteristics analysis shows that the total International Toxic

Equivalence Quantity (I-TEQ) concentrations of dioxins are comparatively lower

than the risk control standards and that in previous studies, whereas the

concentrations of specific metals (e.g., Ni, Cu, Cd and Cr) are higher than the

risk control standards. To explore the coexistence relationships, the statistical

analysis is conducted and indicates that Sb, Cd, Zn and Pb metals (extracted as

principal components, with a variance contribution rate of 30.89%) and most

dioxin homologues (accounting for 82.83%of the total I-TEQ values) are clustered

into one group, suggesting that they may have similar distribution characteristics

and origins. Furthermore, the health risk analysis of two toxic pollutants reveals

that the carcinogenic and non-carcinogenic risks of dioxins and most metals

(except for Ni and Cr) are all below the acceptable levels, implying that the studied

incinerator posed no obvious health effect to the surrounding residents.
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1 Introduction

With the enhancement of living standards, China’s

municipal solid waste (MSW) production increased rapidly

and continuously from 1980 to 2019, with an average annual

growth rate of 5.39% (Bo et al., 2022). Notably, more than

242 million tons (Mt) of MSW have been generated in China

in 2019, which is 30 times higher than that in 1949 (NBSC, 2020).

Such an ever-increasing quantity of MSW has led to nearly two-

thirds of Chinese cities facing the dilemma of “waste siege” (Liu

et al., 2013; Li et al., 2015). Under such background, MSW

incineration, as a promising MSW treatment method (Kang

et al., 2022), has been increasingly promoted in China, due to

its advantages of fast volume reduction, heat recovery and

simultaneous energy generation (Tian et al., 2012; Fu et al.,

2022). During 2002–2019, the number of MSW incineration

plants increased from 37 to 390, with an annual growth rate of

14.86%. By the end of 2019, the total amount of MSW

incineration has boosted more than 60 times from 2002 to be

121.74 million tons, accounting for 50.29% of the total MSW

production in China (NBSC, 2020).

However, MSW incineration also has some weaknesses,

for example, its emission of toxic pollutants, especially dioxins

(known as dibenzo-p-dioxins and dibenzofurans, PCDD/Fs)

and metals, could cause high toxicity accumulation in soil and

pose health risks to residents living in the vicinity of MSW

incinerator (Han et al., 2016; Li Y. et al., 2019). Actually,

existing studies have also found a positive correlation between

exposure to these toxic pollutants and development of

abnormal endocrine, elevated cancer rates, immunity

disorders, and increased risk of diabetes (Wang B. et al.,

2019; Hashem et al., 2021). This is because of their

enrichment, nonbiodegradability, high-persistency half-life

of decades, as well as their inherent toxicity,

biogeochemical recycling, and ecological risks (Vassura

et al., 2011; Wang et al., 2021). Therefore, it is important

to monitor these harmful compounds in the soil around MSW

incinerator and estimate their health effects on nearby people.

Under such background, many studies have been

performed on the characteristics and potential human

health risk assessment of dioxins and metals in soils near

MSW incinerator. Most studies are confined to a certain type

of toxic pollutant, such as metals (Chabukdhara et al., 2016; Li

et al., 2017; Ma et al., 2018) or dioxins (Wang et al., 2013;

Meng et al., 2016; Deng et al., 2020b; Van Drooge et al., 2021).

However, researches that comprehensively considers different

types of toxic pollutants are still lacking. In addition, some

important metals, such as Al, have not yet been explored, and

few, primarily Fe, Sb, and Co, have been explored in existing

studies (Rovira et al., 2018; Li Y. et al., 2019; Zhong et al.,

2019). Furthermore, two kinds of health risks are normally

considered, including carcinogenic risk (CR) (Li P. et al., 2019)

and non-carcinogenic risk (NCR) (Xu et al., 2019). However,

studies that thoroughly investigating the potential human

health risks of multiple hazardous substances (considering

both dioxins and metals) in the soil near MSW incinerator

are still limited. Therefore, this paper attempts to fill such

literature gaps by thoroughly investigating 17 dioxin

homologues and 13 metals in the surrounding soils of MSW

incinerator to quantitatively assess pollutant characteristics

and potential health risks.

To accurately evaluate the effects of MSW incineration to

the soil contaminations and human health, a relatively pure

area, which is located in Hainan Province, is especially

introduced as a case study to eliminate the assessment

uncertainty. Hainan Province, which is a recognized

unpolluted area in southern China, because there has no

heavy industry (Guo et al., 2012; Wang A. T. et al., 2019)

and a small population (accounting for only 0.67% of the

national population) (NBSC, 2019). The major human activity

in Hainan Province is ecological tourism, which is highly

dependent on the coastal environment and requires high

environmental quality (Zhao et al., 2020). Therefore, it is

necessary to evaluate the present pollution situation in the

Hainan Province, to provide a scientific reference for the

standardized management of MSW incineration plants in

China.

Generally, the goals of this study are to 1) explore the

contamination characteristics and coexistence relationships of

two highly toxics pollutants (dioxins and metals) in soils

surrounding MSW incinerator and 2) assess the potential

health risks of dioxins and metals emitted from MSW

incinerator for local residents.

2 Materials and methods

2.1 Sample collection

Figure 1 shows that the studied MSW incinerator (19°18′21″-
19°18′38″N and 110°27′12″-110°27′28″E) is located in Qionghai,

Hainan Province, which belongs to the tropical monsoon climatic

zone. The prevailing winds are northwest in winter and south in

summer. The studied MSW incinerator is surrounded by

agricultural land and a highway, and there are no other large

industrial factories near the MSW incinerator. As the first MSW

incinerator in Hainan, it has been operating for approximately

11 years with an annual disposal capacity of 74,900 tons. The

combustion system uses an MSW grate incinerator, and the flue

gas treatment system contains a lime slurry preparation system, a

rotating spray reactor, an activated carbon adsorption unit, a bag

filter and a 60-m-high stack for filtering flue gas emission. The

operation information of MSW incinerator in this study are

described in Supplementary Table S1.

In September of 2019, 7 surface soil samples (S1-S7, see the

geographical coordinates of all sampling sites in
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Supplementary Table S2) were collected from around the

MSW incinerator based on the long-term wind direction of

Qionghai city, as illustrated in Figure 1. According to the

technical specification for soil environmental monitoring, the

soil samples were collected at 20 cm depth from the surface

(HJ/T 166–2004). Then, a GPS device was applied to record

the location of the sampling points (Garmin eTrex201x,

United States). For each soil sample, a total of 1 kg of

surface soil was evenly collected across an area of 25 m2,

and then five aliquots of soil were evenly mixed into one

sample. In particular, one of the samples was taken from the

center of the sampling area, and the other were taken in four

different directions at a distance of 5 m from the center. After

removing debris such as plants and gravel, the soil samples

were sealed in polyethylene bags and stored in a −20°C

refrigerator for analysis.

2.2 Sample treatment and analysis

The analysis method of dioxins in soil followed HJ

77.4–2008 method (MEPC, 2008). First, a 60-mesh sieve

was used to screen all soil samples to filter debris such as

gravel, rhizomes and other debris. The decontaminated

samples were placed in an ASE 300 system and extracted

by selective pressurized liquid extraction, and then the extract

was added to a separation funnel and transferred to n-hexane,

and acidified to remove grease and organic polymers. Second,

200 ml n-hexane was added into acidified dioxins for elution,

followed by silica-dispersed carbon column treatment for

further fractionation. Finally, the activated carbon column

was inverted, the column was rinsed with 50 ml of toluene,

and the toluene solution was collected. All elution’s were

concentrated to 20 μL and spiked with 13C12-labelled

FIGURE 1
Location of the sampling sites.
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standards (Wellington, Ontario, Canada) as syringe spike. The

used solvents during the extraction and purification processes

were gained from CNW (Shanghai, China). Moreover, a

method blank control experiment was carried out in each

batch of samples, to ensure the accuracy of sample detection.

In this study, we performed recovery testing using the

analytical method used for the recovery of 13C12-labeled

internal quantitative standards. The detailed descriptions of

aforementioned methods were listed in Supplementary

Table S3.

Thirteen metals were selected according to the actual

sampling results and the provisions of the relevant

standards (MEEC, 2014; MEEC, 2018a). The collected soil

samples were analyzed to determine the quantities of the

metals according to the GB/T 22,105.1–2008, GB/T

17,141–1997, HJ 491–2019, HJ 680–2013 and EPA 3050B:

1996 and EPA 6010D:2018. In particular, the soil samples

were dried and screened with a 100-mesh sieve, then placed in

a mixed acid solution of HNO3 and HF for microwave

digestion for 10 min, and digested at 165°C for another

20 min. In this study, the Inductively Coupled Plasma

Spectrometry with Mass Spectrometry method was used to

determine the concentration of metals in soil based on Rh as

the internal standard. The detailed descriptions of

aforementioned methods were listed in Supplementary

Table S4.

In terms of quality assurance and quality control (QA/QC)

of dioxins measurements, blank experiments, parallel samples,

and recoveries of the sampling standards were performed. The

QA/QC data results were listed in Supplementary Tables S5, S6.

The blank experiment results showed that the target compound

was undetectable, which means that there was no interference

during the experiment in the laboratory. The parallel double

sample determination method was used to ensure the accuracy

of sample determination. Specifically, one parallel double

sample was taken for every 20 samples. When the number of

samples was less than 10, at least one parallel double sample

should be measured. The relative standard deviation of the

replicate samples was within 30% of the requirement. The

sampling recoveries were controlled in the range of

17–185%, which meets the requirements of testing standards.

This was used to estimate the HRGC-HRMS detection limits of

the congers, which ranged from 0.001 to 0.005 ng/g. For metals

measurement, reference standards and blank experiments were

used to verify the analytical procedure. The recoveries for

national standard samples met the requirements of testing

standards. The recovery rates of the national standard soil

sample were 98.11–100.00% for Hg, 98.54–100.00% for As,

98.68% for Cr, 100.00–102.63% for Ni, 106.25% for Cu,

98.84–101.16% for Zn, 100.00–106.25% for Cd,

95.00–102.69% for Pb, 99.36–103.21% for Co, 98.45–100.77%

for Mn, 92.59–96.29% for Sb, 101.44% for Al and 190.82% for

Fe, respectively.

2.3 Contamination assessment

This section presented a set of assessment methods for the

contamination of toxic pollutants in soils near MSW incineration

plants. For dioxins, the total International Toxic Equivalence

Quantity (I-TEQ) was calculated using the toxic equivalence

factor to assess its potential impact on the environment. For

metals, the single pollution index and Nemerow pollution index

method were introduced to quantify the pollution level. These

two metal evaluation methods were carried out according to the

pairwise comparison between the measured data of soil samples

and the data of the control group in the standard value. In

particular, the single pollution index was used to quantify the

pollution level of a single element in soil, which can be presented

as (Wang et al., 2020):

Pi � Ci

Si
(1)

where Pi represents the single pollution index of metal i in

soils; Ci and Si represent the measured average and reference

values of each metal, respectively. The background values in soil

were obtained from the China National Environmental

Monitoring Centre (CNEMC, 1990; Liao et al., 2018), as listed

in Supplementary Table S7.

According to the single pollution index method, the

pollution degree of soil environmental quality was divided

into four grades (i.e., Not polluted, slight-degree, moderately

polluted and strong-degree), as shown in Supplementary Table

S8. However, the comprehensive pollution status in the soil

cannot be finely explored through single pollution index.

Therefore, the Nemerow comprehensive index (Nci), which

reflects the pollution degree of multiple metal elements in

soils, was used to comprehensively evaluate the impact of

high-content substances on the soil environmental quality

(Li H. B. et al., 2014). Accordingly, the formula of Nci is as

follows:

Nci �
��������������(�Pj

i )2 + (Pj
imax)2

2

√
(2)

where �Pj
i and Pj

imax indicate the average and maximum

values of the single pollution index (Pi) at sampling point j,

respectively. Like Pi in Eq. 1, different Nci values correspond to

different pollution degrees, as shown in Supplementary

Table S9.

2.4 Statistical analysis

In this section, two popular statistical methods, i.e., principal

component analysis (PCA) and hierarchical cluster analysis

(HCA), were introduced to explore the different

characteristics and coexistence relationships of metals and

Frontiers in Environmental Science frontiersin.org04

Tang et al. 10.3389/fenvs.2022.898934

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.898934


dioxins in soils. The data analysis was conducted by RStudio,

v.4.0.2. In particular, PCA was used to transform a large number

of original datasets into a small number of informative and

uncorrelated variables (namely principal components (PCs))

(Tang et al., 2020). In this study, PCA was performed to

explore the main metal pollutants originating from MSW

incineration.

Let the original data X be a m×n data matrix with m

observations on n variables (X1, X2,...,Xn) and let C be a n×n

sample covariance matrix of original data X. If λn and εn are n

pairs of eigenvalues and eigenvectors for the matrix C, the ith

principal component can be described as:

pi � εi,1(x1 − �x1) + εi,2(x2 − �x2) +/ + εi,1(xn − �xn) (3)

where i = 1,2, . . . ,n, εi � (εi,1, εi,2, ..., εi,n) standards for the ith
eigenvector, and x � (x1, x2, ..., xn) and �x are the observation

vector and sample mean vector of the variables X1, X2,...,Xn,

respectively.

PCs were arranged in descending order by their contribution

to the variance of the original dataset. To select the first k PCs as

representatives of the original set of variables, the contribution of

the total variance explained by each PC was calculated. When the

cumulative contribution rate (η*) of the total variance was over

the cutoff point η, k is the number of selected principal

components (Granato et al., 2018).

ηp �
∑k
j�1
λj

∑n
i�1
λi

≥ η (4)

In addition, an effective clustering method, i.e., HCA, was

introduced to perform cluster analysis on the homogeneous

groups of metals and dioxins in soil samples. The HCA results

were usually presented in a tree diagram, which shows the

structure of samples and their relationships. There were two

main ways to solve the grouping problem, i.e., agglomerative

or divisive approaches. In this study, the divisive approach

was introduced, which considers all samples as one cluster,

and then conducts recursive splits (Granato et al., 2018). In

particular, Ward linkage and Kendall rank correlation

were used in this study to measure the correlation between

different sample clusters. The Ward linkage can be

described as:

∑n
i�1
(Xi − �X)2 (5)

where Xi represents the value of object i and �Xis the

calculated mean value of the cluster. The Kendall tau (τ),

reflecting the correlation of categorical variables, can be

defined as:

τ � 2(nc − nd)
n(n − 1) (6)

where nc and nd mean the number of coordinated and

uncoordinated values, respectively. Accordingly, the

magnitude of τvalue reflects the degree of correlation, and

ranges from −1 to 1.

2.5 Health risk assessment

Health risk assessment, based on the USEPA standard

model, was used for measuring the carcinogenic and non-

carcinogenic risks to the public after chemical exposure (Li J,F.

et al., 2018). According to existing studies, three major

pollutant exposure routes had been identified: 1) chronic

daily intake through direct ingestion (CDIing), 2) chronic

daily intake via inhalation (CDIinh), and 3) chronic daily

intake by dermal exposure (CDIder) (Li J,F. et al., 2018).

For the three exposure routes, the CDIs of the three age

groups were calculated as follows (USEPA, 2017):

CDIing � Cs × IngR × EF × ED

AT × BW
× 10−6 (7)

CDIinh � Cs × InhR × EF × ED

PEF × AT × BW
(8)

CDIder � Cs × SA × AF × ABS × EF × ED

AT × BW
× 10−6 (9)

where CDIing, CDIinh and CDIder represent the chronic daily

intake doses by ingestion, inhalation and dermal contact

exposure route, respectively (mg·(kg·day)−1). Cs refers to the

concentration of dioxins and metals detected in soils

((dioxins: mg I-TEQ·kg−1; heavy metals: mg·kg−1)). IngR and

InhR represent the ingestion rate (mg·day−1) and air inhalation

rate (m3·day−1) for three age groups, respectively. SA means the

surface area of skin contact (m2). AF indicates skin adhesion

factor (mg?(cm?day)−1). ABS represents the skin absorption

factor, being a fixed constant (0.03). EF (day·year−1) and ED

(year) stand for the annual exposure frequency, exposure

duration, respectively. PEF is the particulate matter emission

factor (m3 kg−1). AT is lifetime skin exposure time (day). In

carcinogen risk calculation, the AT value is set at 25,550 days for

children, teenagers and adults. In contrast, in non-carcinogenic

risk calculation, the values are 4,015, 2,190 and 19,345 days,

respectively. BW represents the weight corresponding to each age

group (kg). In this study, the related parameters for health risk

assessment of dioxins and metals were presented in

Supplementary Tables S10, S11.

The CR of dioxins and metals in soil samples for different

population groups wasmeasured using Eq. 10 (Li J,F. et al., 2018):

CRsoil � ∑3
i�1
(CDIi × SFi) (10)

whereSFimeans the carcinogenicity slope factors of the

exposure route i.
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The Hazard Index (HI) was used to evaluate the NCR of

dioxins and metals in soil samples, and its calculation formula is:

HIsoil � ∑3
i�1
(CDIi
RfDi

) (11)

whereRfDi represents the reference dose concentration for

each exposure route i. Supplementary Table S12 lists the detailed

RfD and SF of dioxins and metals.

In addition, the Monte Carlo method was introduced to

address the uncertainty caused by probabilistic parameters for

health risk assessment to avoid overestimation or

underestimation after using deterministic parameters (Mesa-

Frias et al., 2013). The algorithm of the model was implemented

using RStudio software, which selects a value of each parameter

variable according to its distribution function at random to

calculate the health risk, considering 10,000 iterations.

3 Empirical results

3.1 Characteristics of dioxins
concentrations in soils

The total I-TEQ of dioxins is calculated by multiplying the

measured concentration of dioxin homologues and the

corresponding toxic equivalent factors. Accordingly, the

measured concentrations and calculated I-TEQ concentrations

of dioxins and their congeners in soil samples are shown in

Figure 2 and Table 1. The dioxins concentrations and total I-TEQ

values of the studied soil samples vary from 162.20 to 1,544.70 ng

kg−1 and 1.10–4.21 ng I-TEQ·kg−1, respectively, with average

values being 607.96 ng kg−1 and 2.34 ng I-TEQ·kg−1. Overall,
the total I-TEQ values of dioxins are comparatively lower than

the risk control standard for soil contamination of development

land (10 ng I-TEQ·kg−1 screening values and 100 ng I-TEQ·kg−1
control values for Class I construction land) (GB36600-2018)

(MEEC, 2018a; see the specific recommended values in

Supplementary Table S13). Furthermore, the variations in

dioxins levels at each sampling site can also be obtained from

Figure 2. First, the highest I-TEQ value of dioxins is found at

sample site S6 (4.21 ng I-TEQ·kg−1), which is located in the

downwind direction (affected by main wind blowing from east

(E)) of the MSW incinerator. Second, at other downwind

sampling sites, the I-TEQ value of dioxins at sampling site S5

(affected by wind blowing both from east (E) and south-

southeast (SSE)) is higher than those in S1, S2, S3 and S4.

Moreover, the CALPUFF simulating results further confirm

that the atmospheric diffusion concentration near sampling

sites S5 and S6 are higher than those in other regions (as

shown in Supplementary Figure S1). Therefore, these results

show that the wind direction can affect the dispersion of

pollutants (Ghannam and El-Fadel, 2013; Guo et al., 2020;

Ruggeri et al., 2020).

Moreover, the proportion of total I-TEQ concentrations of

17 dioxin homologues at each sample is listed in Figure 3. For the

I-TEQ contents, the highly chlorinated dioxins, particularly

FIGURE 2
I-TEQ Concentrations (unit: ng I-TEQ·kg−1, dry weight) of dioxins congeners in surrounding soils.
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TABLE 1 I-TEQ values (unit: ng I-TEQ·kg−1, dry weight) and concentrations (unit: ng·kg−1, dry weight) of dioxins in the surface soil around the studied
MSW incinerator.

Sampling
sites

S1 S2 S3 S4 S5 S6 S7 Range Mean Std

2,3,7,8-TeCDD 0.01a 0.01a 0.01a 0.01a 0.01a 0.03 0.01a 0.01–0.03 0.03 -

1,2,3,7,8-PeCDD 0.10 0.16 0.21 0.11 0.27 0.15 0.11 0.10–0.27 0.16 0.06

1,2,3,4,7,8-HxCDD 0.08 0.04 0.09 0.04 0.07 0.10 0.06 0.04–0.10 0.07 0.02

1,2,3,6,7,8-HxCDD 0.07 0.14 0.09 0.08 0.15 0.20 0.10 0.07–0.20 0.12 0.04

1,2,3,7,8,9-HxCDD 0.05 0.15 0.11 0.14 0.14 0.11 0.28 0.05–0.28 0.14 0.06

1,2,3,4,6,7,8-HpCDD 0.14 0.12 0.12 0.09 0.63 0.74 0.16 0.09–0.74 0.29 0.26

OCDD 0.33 0.14 0.28 0.14 1.10 1.40 0.45 0.14–1.40 0.55 0.46

2,3,7,8-TeCDF 0.02 0.04 0.00a 0.00a 0.07 0.07 0.00a 0.00–0.07 0.03 0.03

1,2,3,7,8-PeCDF 0.01 0.03 0.04 0.02 0.03 0.05 0.05 0.01–0.05 0.03 0.01

2,3,4,7,8-PeCDF 0.21 0.64 0.44 0.17 0.56 0.54 0.38 0.17–0.64 0.42 0.17

1,2,3,4,7,8-HxCDF 0.09 0.13 0.07 0.05 0.13 0.13 0.09 0.05–0.13 0.10 0.03

1,2,3,6,7,8-HxCDF 0.09 0.17 0.10 0.09 0.22 0.29 0.14 0.09–0.29 0.16 0.07

2,3,4,6,7,8-HxCDF 0.11 0.23 0.14 0.06 0.14 0.18 0.10 0.06–0.23 0.14 0.05

1,2,3,7,8,9-HxCDF 0.05 0.05 0.05 0.07 0.04 0.05 0.05 0.04–0.07 0.05 0.01

1,2,3,4,6,7,8-HpCDF 0.04 0.07 0.03 0.03 0.09 0.11 0.04 0.03–0.11 0.06 0.03

1,2,3,4,7,8,9-HpCDF 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00–0.01 0.01 0.00

OCDF 0.01 0.00 0.00 0.00 0.04 0.05 0.00 0.00–0.05 0.02 0.02∑PCDDs 0.79 0.76 0.92 0.61 2.37 2.73 1.17 0.61–2.73 1.34 0.79∑PCDFs 0.62 1.37 0.88 0.49 1.32 1.47 0.86 0.49–1.47 1.00 0.36∑PCDFs/∑PCDDs 0.79 1.80 0.96 0.80 0.56 0.54 0.74 0.54–1.80 0.88 0.40∑PCDD/Fs (ng I-TEQ·kg−1) 1.41 2.13 1.80 1.10 3.69 4.21 2.03 1.10–4.21 2.34 1.08∑PCDD/Fs (ng·kg−1) 361.42 173.96 306.82 162.20 1,223.45 1,544.70 483.23 162.20–1,544.70 607.97 508.55

Distance (km) 0.19 0.08 0.19 0.67 0.41 0.34 2.63 0.08–2.63 0.64 0.83

aThe value of sampling concentration below the LOD (limit of detection) value is set to 1/2 of LOD. Notes: “-” means not applicable.

FIGURE 3
Dioxins homologs in all soil samples.
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PCDDs are the dominant contributors to the total I-TEQ

concentrations in the surrounding soil near MSW incinerator

(averagely accounting for 55.00% at each sample), compared with

the low-chlorinated dioxins (i.e., PCDFs, 45.00%), which is

consistent with existing literature (Xu et al., 2009). In PCDD

homologs, OCDD is the top contributor at each sample (with an

average of 0.55 I-TEQ·kg−1), accounting for 20.51% of I-TEQ

concentration per sample on average. Among PCDF homologs,

2,3,4,7,8-PeCDF is the dominant one (with average of

0.42 I-TEQ·kg−1), and its contribution to the I-TEQ

concentration is stable (ranging from 0.17 to 0.64 ng

I-TEQ·kg−1 and accounting for 17.96% of I-TEQ

concentration per sample on average). In comparison, the

concentrations of other PCDF homologs decreased in the

order of increase in the levels of chlorination (Pan et al.,

2013). Furthermore, the toxic equivalency factor (TEF) of

2,3,4,7,8-PeCDF is 5–500 times higher than those of other

homologs.

The ratios of PCDF to PCDD (abbreviated as F/D)

concentrations can be used to distinguish the formation of

dioxins by the precursor formation (F/D ratio <1) or de novo

synthesis (F/D ratio >1) (Everaert and Baeyens, 2002; Pham et al.,

2019). In this study, the values of F/D ratio range from 0.54 to

1.80, with the mean value of 0.88. Among the 7 soil samples, there

are the 6 samples, whose F/D ratios are lower than 1, implying the

prevailing role of precursor formation in these sampling sites. In

addition, similar results were found in soils surrounding MSW

incinerator in previous research (Li J,F. et al., 2018; Qiu et al.,

2020), suggesting the studied MSW incinerator may have limited

effects on dioxins in the surrounding soil. In contrast, the F/D

ratio of sampling site S2 was over 1 (i.e., 1.80), indicating that the

de novomechanism as the main source of dioxins formation and

more PCDFs being formed because of the long-term deposition

of pollutants in sampling site S2 near the MSW incinerator.

To better compare the results with available data, the total

dioxins I-TEQ concentrations in soils are summarized in

Figure 4. For MSW incinerator emission sources (see

Figure 4A), the total I-TEQ values in soils near the studied

MSW incinerator are close to or smaller than that in most

other studies, such as the research focused on Beijing (Li W.

et al., 2014), Hangzhou (Jin et al., 2012), Shanghai (Deng et al.,

2011), Northern Taiwan (Wang et al., 2008) in China and

Moscow Parks (Shelepchikov et al., 2011) in Russia. The

potential reason might be that the studied MSW

incinerator is located in the suburb of Qionghai (a city of

Hainan Province), which has the low level of industrialization,

and small number of large-scale industrial plants (Xu et al.,

2014; Wu et al., 2016), therefore largely reducing the impact of

other anthropogenic emission sources on the pollutant

concentrations in soils (Guo et al., 2012). In addition,

Hainan Province required the MSW incineration power

generation plants to implement the world’s strictest dioxins

emission limit (i.e., 0.05 ng TEQ/m3) since August 2018

(DEEHP 2018), which might be one reason for the lower

dioxins level in soils around the studied MSW incinerator.

For other emission sources (see Figure 4B), the value of I-TEQ

in the soil around the waste incinerator in this study is significantly

lower than the monitoring results in existing studies, such as

electronic wastes (EWs) treatment plants (Xu et al., 2013), EWs

recycling plants (Chakraborty et al., 2018), and EWs from the acid

leaching sites (Leung et al., 2007). The reason might be that

compared with the mature treatment equipment of MSW

FIGURE 4
Comparative analysis of the literature on the I-TEQ values (unit: ng I-TEQ·kg−1) of PCDD/Fs fromMSW incinerator emission source (A) and other
emission sources (B).
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TABLE 2 The concentration (unit: mg.kg−1) and contamination assessment of metals in soils around the MSW incinerator.

Samples Fea Ala Sb Mn As Ni Co Cr Cu Hg Cd Zn Pb Mean pH Nci Degree (Nci)

S1 138.00 59.20 0.91 1710.00 2.42 181.00 118.00 166.00 105.00 0.14 0.06 135.00 7.54 201.79 4.80 7.76 Strong

S2 138.00 88.80 0.55 1,080.00 2.24 204.00 110.00 154.00 75.00 0.10 0.06 114.00 16.80 152.58 6.70 7.32 Strong

S3 88.90 48.80 2.23 1,030.00 1.11 56.00 126.00 156.00 37.00 0.12 0.64 123.00 52.00 132.45 4.80 8.36 Strong

S4 134.00 130.00 0.88 1,540.00 4.97 145.00 47.30 179.00 57.00 0.13 0.04 117.00 4.77 181.55 4.40 4.74 Strong

S5 150.00 74.70 0.49 1790.00 2.99 190.00 129.00 175.00 77.00 0.10 0.06 126.00 21.30 210.51 4.90 8.54 Strong

S6 122.00 116.00 6.60 1,320.00 4.37 151.00 83.10 207.00 145.00 0.10 1.93 408.00 65.60 202.36 5.20 19.13 Strong

S7 47.40 78.80 0.71 341.00 23.80 18.00 14.50 82.00 20.00 0.11 0.04 43.00 41.50 54.68 6.00 2.15 Moderate

Mean 116.90 85.19 1.77 1,259.00 5.99 135.00 89.70 159.86 73.71 0.11 0.40 152.29 29.93 162.27 5.26 -

Range 47.40–150.00 48.80–130.00 0.49–6.60 341.00–1790.00 1.11–23.80 18.00–204.00 14.50–129.00 82.00–207.00 20.00–145.00 0.10–0.14 0.04–1.93 43.00–408.00 4.77–65.60 - - - -

BVsb - - 1.06 482.00 9.20 23.40 11.20 53.90 20.00 0.04 0.07 67.70 23.60 - - - -

Pi - - 1.67 2.61 0.65 5.77 8.01 2.97 3.69 2.75 5.41 2.25 1.27 - - - -

Degreeeee (Pi) - - Slight Moderate Unpolluted Strong Strong Moderate Strong Moderate Strong Moderate Slight - - - -

RSVsc - - - - 40.00 60.00 - 150.00 50.00 1.30 0.30 200.00 70.00 - - - -

aUnit: g·kg−1.
bBackground values (abbreviated as BVs) (CNEMC, 1990; Liao et al., 2018), as shown in Supplementary Table S7.
cRisk screening values (abbreviated as RSVs) come from the Soil Environmental Quality the Risk Control Standard for Soil Contamination of Agricultural Land (GB15618-2018). Notes: “-” means not applicable.
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incineration (e.g., flue gas purification systems), the main disposal

methods of EWs are more primitive and cruder (e.g., open

burning, acid leaching of EWs scrap), which will release

excessive toxic substances (including dioxins) into the

environment around the EWs disposal areas (Xu et al., 2013;

Chakraborty et al., 2018). At the same time, it is very close the value

of I-TEQ in soils near the steel and iron plants (Zhou et al., 2019)

and cement plants (Schuhmacher et al., 2009). This well confirms

that, inmost cases, the total I-TEQ concentration of dioxins in soils

surrounding of MSW incineration plants is comparable to that of

iron and steel industry and cement industry, but is significantly

lower than that of emission sources related to the e-waste industry.

Furthermore, the WHO-TEQ of dioxins has also been calculated

the WHO-TEQ of dioxins in soil for comparison, as described in

FIGURE 5
Comparative analysis of the literature on concentrations (Fe, unit: g·kg−1; others, unit: mg·kg−1) of metals from MSW incineration.
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Supplementary Table S14. The main findings of WHO-TEQ and

I-TEQ are similar, but the totalWHO-TEQ at each sampling site is

6.2–25.6% lower than the total I-TEQ.

3.2 Characteristics of metals
concentrations in soils

The concentrations of thirteen primary metals in soils

near MSW incinerator are shown in Table 2. The metal

concentrations are ranked as follows: Hg < Cd < Sb < As <
Pb < Cu < Co < Ni < Zn < Cr < Mn < Al < Fe. The mean

concentrations of Ni, Cu, Cd and Cr exceed the risk control

standard for soil contamination of agricultural land by 125.00,

47.42, 33.33 and 6.57%, respectively (GB15618-2018) (MEEC,

2018b). Wang A. T. et al. (2019) also reported high

concentrations of Ni, Cu and Cr in the soil, which is

consistent with that of the basalt parent material in Hainan

(Li J. et al., 2014), as shown in Supplementary Table S15.

Moreover, numerous studies found a high concentration of Cd

in soils, which largely depends on anthropogenic activities

such as rapid urbanization, uncontrolled mining exploration

fossil fuel combustion and the application of fertilizers (Wang

et al., 2015). For the mean values of the single pollution index

(Pi), the study area is strongly polluted by Ni, Co, Cu, and Cd

(Pi > 3), moderately polluted by Mn, Cr, Hg and Zn (2 < Pi ≤
3), slightly polluted by Sb and Pb (1 < Pi ≤ 2) and unpolluted

by As (Pi ≤ 1). For the mean values of the Nemerow

comprehensive index (Nci), the pollution degrees of most

sampling sites (i.e., S1, S2, S3, S4, S5 and S6) belong to the

strong level (Nci >3), and only that of sample site S7 is at the

moderate pollution level (2 < Nci ≤3). These results indicate

that the metal pollution around the studied MSW incinerator

is serious, suggesting that these soils are significantly affected

by anthropogenic activities.

To better compare the results with available data, the

concentrations of metals around the MSW incinerator are

compiled from the existing literature and are listed in

Figure 5. Through the result comparisons, two insightful

conclusions can be drawn. First, the concentrations of these

metals (including As, Cd, Cr, Cu, Hg, Pb, Fe and Zn), are lower

than those in existing studies, mainly in Beijing (Han et al., 2016),

Guangdong (Li et al., 2017), Zhejiang and Chongqing (Zhong

et al., 2019) and London (Rimmer et al., 2006). Possible reason

might be that the studiedMSW incinerator is located in Qionghai

(the industry least developed city), and the soil pollution from

other emission sources is quite limited (Guo et al., 2012). Second,

the concentrations of Sb, Mn, Ni and Co in this study are higher

than those in studies on Zhejiang in China (Zhong et al., 2019),

Northern Italy (Capuano et al., 2005) and Catalonia in Spain

(Rovira et al., 2014; Rovira et al., 2015; Rovira et al., 2018).

These high levels of metals in soils are most likely to be derived

from the basaltic parent materials because basalts in Hainan

Province had similar high concentrations of Sb

(0.11–1.68 mg/kg), Mn (195–1,488 mg/kg), Ni

(13.8–208 mg/kg) and Co (0.69–256.6 mg/kg) (Wang A. T.

et al., 2019; Bi et al., 2020; Li et al., 2021). In addition, to

the best of our knowledge, Al has not yet been studied;

therefore, it is excluded from the comparative analysis.

Overall, although the mean concentrations of most studied

metals are lower than those reported in soils around MSW

incinerator, Cu, Cd and Cr are significantly higher than the risk

control standard as well as background values.

Similar to the analysis results of dioxins, the effect of wind

directions on the distribution of metals can also be obtained

from Figure 6. First, it can be seen that Sb, Cr, Cu, Cd, Zn and

Pb have the highest concentrations in sampling site S6, which

is the downwind direction of the MSW incinerator. Notably,

the maximum concentrations of Cd, Pb and Sb in soil samples

are 50.78, 13.75 and 13.47 times of the corresponding

minimum concentrations, respectively. Second, Al, As and

Hg have the highest or second highest concentrations at

sampling site S4, which is also in the downwind direction.

These results indicate that the soils in the downwind area

around the MSW incinerator are vulnerable to the

atmospheric deposition of metal-containing pollutants

(Rovira et al., 2015).

3.3 Source apportionment and
relationship analysis

To further explore the source analysis of metals in soils, an

effective tool of PCA is conducted, and the analysis results are

presented in Supplementary Table S16. According to the variance

contribution rate (≥85%) and the gravel chart (eigenvalue>1),
three principal components, PC1, PC2 and PC3, can be extracted.

The first principal component PC1 mainly includes metal

elements such as Fe, Ni, Mn, Cr, Co, and Cu, with the largest

variance contribution rate (VCR) of 44.95%. Among these

species, most are identified as hyperaccumulators of Ni, Cu,

Co and Mn (Chen et al., 2021). Moreover, Fe, Ni, Mn, Cr and Co

can be also controlled by soil parent material, soil texture, soil

erosion and ground source, and come from natural sources (Jin

et al., 2019). The level of Cu in this study soils is also consistent

with the composition of soil basalt parent material in Hainan

reported in previous studies (Li J. et al., 2014; Wang A. T. et al.,

2019). In summary, the metals in PC1 are not susceptible to

external environmental influences. In particular, external

environmental influences mainly refer to anthropogenic

activities, including vehicle exhaust, waste disposal, sewage

discharge, industrial emissions, the use of pesticides and

fertilizers, livestock manure and atmospheric deposition (Jin

et al., 2019).

The prevailing metals in principal component PC2 (with a

variance contribution rate of 30.89%) include Sb, Cd, Zn and Pb,
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which are regarded as anthropogenic emission sources. In

particular, it has also been reported in existing literature that

Cd and Pb were the particular pollutants emitted by MSW

incineration (Bretzel and Calderisi, 2011). The principal

components PC3, largely loaded with Al (with a VCR of

12%), is regarded as a natural source. Al is one of the

abundant trace elements in soil and is derived from the

parent materials (Wang P. et al., 2019). In general, the sources

of metals in soils might be associated with complex natural

conditions (e.g., soil loading, deposition, and drainage rate)

and unnatural anthropogenic emission sources (e.g., waste

disposal activities, industrial discharges and automobile

exhaust) (Wang et al., 2020).

Furthermore, the correlation analysis is performed on

17 dioxin homologues and 13 metals in soils, and the results

are displayed in Figure 7. According to the Pearson correlation

FIGURE 6
Metal concentration distribution at each sampling site (Al and Fe, unit: g·kg−1; others, unit: mg·kg−1; dry weight).
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coefficient (r), the correlations between dioxins andmetals can be

divided into three categories. For dioxin homologues, 1,2,3,6,7,8-

HxCDD, 1,2,3,6,7,8-HxCDF, 1,2,3,4,6,7,8-HpCDF and OCDF

are highly positively correlated with each other (r > 0.82, p <
0.05). For metals, Zn and Pb are both significantly correlated

with Sb and Cd (r = 0.56, p < 0.05). For metals and dioxins, As

and Pb show highly positive correlations with 1,2,3,7,8,9-

HxCDD and 1,2,3,7,8-PeCDF, respectively (r = 0.89, p <
0.05; r = 0.83, p < 0.05; respectively). Existing studies have

found that Pb, as a good tracer of combustion processes, mainly

comes from anthropogenic emission sources, such as fuel

combustion and MSW incineration (Yu et al., 2016; Ma

et al., 2018; Li P. et al., 2019). There is a good correlation

between metals and dioxin homologues, indicating the

coexistence and enrichment of the two substances, which

provides a new idea for further identification and

monitoring of dioxins in soils.

To further verify the correlation results between dioxins

and metals, HCAmethod is used to classify each pollutant and

identified similar groups. Supplementary Figure S2 plots a

phylogenetic tree of dioxins and metals, in which the

pollutants are grouped into three clusters based on the

same emission source. Cluster 1 includes As, Al, Hg,

1,2,3,7,8,9-HxCDD and 1,2,3,7,8,9-HxCDF. It has been

reported that As is mainly derived from anthropogenic and

industrial activities, such as sewage sludge and industrial

discharge (Ma et al., 2018), while Hg is an important

pollutant in industrial coal combustion (Duan et al., 2017).

Therefore, the species in Cluster 1 might have the same origin,

such as anthropogenic and industrial emission sources.

Cluster 2 includes Fe, Ni, Mn, Cr, Co, Cu (PC1) and

1,2,3,7,8-PeCDD, which is consistent with the results of

principal component analysis. According to the existing

studies, the metals in cluster 2 may come from natural

sources, such as Ni, Cr and Co (Chabukdhara and Nema,

2013; Tepanosyan et al., 2017; Jin et al., 2019) or may be

components of domestic waste, such as Fe and Mn (Peng et al.,

2008; Hanc et al., 2011). Therefore, cluster 2 may originate

FIGURE 7
Correlation analysis of metals and dioxin homologs.
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from natural sources or MSW combustion emissions. In

addition, the remaining elements are joined together in

Cluster 3, including Sb, Cd, Zn and Pb as well as most

dioxins homologs (representing 82.83% of the total I-TEQ

values). It has been reported that common wastes, such as

batteries, paints, colored glass, waste tire, plastic and paper

inks, contain abundant metals of Cd, Zn, and Pb (Yu et al.,

2016), while MSW incineration is an important source of Sb

emissions (Tian et al., 2012; Li P. et al., 2019). This result

suggests that the MSW incineration may be one source of

dioxins in the soil of the study area. Furthermore, the findings

indicate that the coexisting metals and dioxin homologs may

have similar distribution characteristics and sources.

Therefore, monitoring the specific metals (e.g., Sb, Cd, Zn

and Pb) may help describe the distribution of dioxins in soils

(Bo et al., 2022) and address the difficulties of traditional

dioxin monitoring methods (e.g., high measurement costs

and technical requirements) (Peng et al., 2020). However,

this finding needs to be further confirmed by laboratory

mechanism analysis, comprehensively considering the

chemical and biological interactions of pollutants, and the

effects of other factors (e.g., soil organic matter content and

MSW type) (Zhang et al., 2020; Yuan et al., 2021).

3.4 Human risk assessment

3.4.1 Health risks of dioxins
For carcinogenic risk, the carcinogenic risk (CR) of dioxins

in different population groups under three exposure routes are

described in Figures 8A–C. For three age groups, the total CR

values of dioxins for children, teenagers and adults are 3.76E-

FIGURE 8
Carcinogenic risk (A-C) and non-carcinogenic risk (D-F) of dioxins for different population groups under three exposure pathways.
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FIGURE 9
Carcinogenic risk (A–C) and non-carcinogenic risk (D–F) of metals for different population groups under three exposure pathways.

TABLE 3 The probabilities of exceeding risks for pollutants (%).

Pollutants Carcinogenic risk Non-carcinogenic risk

10–6≤CR ≤ 10–4 10–4<CR HI > 1

As 21.67 0.15 0

Cd 0.65 0 0

Cu - - 0

Pb 0 0 0

Hg - - 0

Ni 29.30 0.20 0.31

Zn - - 0

Cr 79.88 20.06 1.43

Sb - - 0

Co 76.99 2.55 4.86

Mn - - 24.25

PCDD/Fs 9.14 0 0
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07, 9.60E-08 and 3.50E-07, respectively. Carcinogenic risk is

significantly higher in children than in other population groups,

probably because the ingestion rate and exposure duration of

children are significantly higher than teenagers and adults.

According to existing literature, the carcinogenic risks of

three population groups are less than the acceptable limit

of 1.00E-06, implying that no apparent cancer risk developed

(USEPA, 2018). For different exposure routes, ingestion is the

dominant exposure route of dioxins, representing 78.51,

64.80 and 66.41% of the total carcinogenic risk through all

exposure routes for three different population groups,

respectively.

For non-carcinogenic risk, Figures 8D–F shows the HI of

dioxins for different population groups under three exposure

routes. For different age groups, the total HI values of dioxins

are in the order of children (2.63E-02) > teenagers (1.23E-

02) > adults (5.06E-03), which is different from the order of

CR for three population groups. The reason for the difference

is that the exposure time parameters (AT) in CR and NCR

calculations for three population groups are different, as

shown in Supplementary Table S10. Moreover, the HI

values of all sample points are far below 1, indicating that

there is no obvious non-carcinogenic risk. For different

exposure routes, ingestion has also been shown to be a

major contributor to non-carcinogenic risk, representing

78.55, 64.91 and 66.57% of the total HI values via three

exposure routes for children, teenagers and adults,

respectively.

FIGURE 10
Cumulative probabilities of the total carcinogenic risk for different population groups (Note: dotted lines represent acceptable levels).
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Generally, these results suggest that dioxins in soils of the

study area do not pose carcinogenic and non-carcinogenic

risks to nearby populations. Furthermore, the health risk level

of dioxins in the study area are close to those areas focused on

eastern China (Li J. et al., 2018), and far lower than those in

Beijing (Hao et al., 2018) and Shanghai (Deng et al., 2020a) in

China and Mataró (Rovira et al., 2015), Campdorà (Rovira

et al., 2018) and Barcelona (Domingo et al., 2017) in Spain. A

comparison of the results is shown in Supplementary

Table S17.

FIGURE 11
Cumulative probabilities of the total non-carcinogenic risk for different population groups (Note: dotted lines represent acceptable levels).
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3.4.2 Health risks of metals
For the health risk assessment for metals, the population

groups are broadly composed of children, male adults and

female adults. Accordingly, the carcinogenic and non-

carcinogenic risks to these three age groups exposed to

metals through three pathways are shown in Figure 9. For

carcinogenic risk, due to the lack of slope factors, some metals

(i.e., Fe, Al, Sb, Mn, Cu, Hg and Zn) are not considered in the

carcinogenic risk calculation. Regarding different population

groups, the total CRs of children, male adults and female

adults are 9.51E-03, 2.38E-02 and 2.52E-02, respectively (see

Figures 9A–C), which are higher than the acceptable level

(CR < 10–4) (Ma et al., 2018). This result indicates that people

living around MSW incinerator have much higher

carcinogenic risks. Regarding three exposure routes, dermal

exposure is the largest contributor to total carcinogenic risk

for three population groups (representing approximately

100% of CR). Regarding different metals, Ni and Cr have

the highest CR values for the three age groups, exceeding the

threshold of acceptable level by one or two orders of

magnitude.

For non-carcinogenic risk, the NCR for 11 metals

(excluding Fe and Al, without slope factors) are calculated,

as shown in Figures 9D–F and the Fe and Al metal slope factors

are not mentioned in previous studies. The results reveal that

the HI values of metals are far below the acceptable level (HI <
1), which indicates that the metals in soils do not pose

significant non-carcinogenic health risks to surrounding

population. Regarding different population groups, the total

HI values of metals in descending order are as follows: male

adults (1.90E-01) < female adults (1.99E-01) < children (2.86E-

01). In comparison, children are more susceptible to

contaminants of metals, due to their high respiration rate,

high hand-mouth activity to the soil and higher absorption

of specific toxic metals in gastrointestinal tract (Li Z. et al.,

2014). Regarding different exposure routes, dermal exposure is

also the largest contributor to population health risks,

accounting for 92.88, 89.92 and 91.27% of the total HI

values for three population groups, respectively. Regarding

different metals, children, male adults and female adults

are most vulnerable to the harm of Ni, As and Cd,

whose contribution rates are 79.57, 78.02 and 76.88%,

respectively.

To further explore the probabilities of exceeding risk, the

Monte Carlo simulation method is introduced, and the model

performed 10,000 iterations, as the results listed in Table 3.

Only As, Ni, Cr and Co exceed the limit of carcinogenic risk,

with probability of 0.15, 0.20, 20.66 and 2.55% above the limit,

respectively. In addition, only Ni, Cr, Co and Mn exceed the

limit of non-carcinogenic risk, with exceeding probabilities of

0.31, 1.43, 4.86 and 24.25%, respectively. Accordingly, the

cumulative probabilities of total carcinogenic and non-

carcinogenic risks for the three age groups are displayed in

Figures 10, 11.

In general, the carcinogenic and non-carcinogenic risks of

metals for three population groups are all below the acceptable

levels, indicating that metals in soils have weak negative effect

on human health. Nevertheless, it is also desirable to pay

more attention to minimizing the health risks of metals,

particularly for Ni and Cr, as well as through the dermal

exposure route.

4 Conclusion

Taking Hainan Province as a case study, this paper

comprehensively explores the contamination characteristics,

coexistence relationship and health risks of 17 dioxin

homologues and 13 metals in soils around the MSW

incinerator. For contamination characteristics, the total

I-TEQ concentrations of dioxins are comparatively lower

than the risk control standards for soil contamination of

development land (GB36600-2018) and that in previous

studies focusing on Beijing, Shanghai and Hangzhou.

Notably, the concentrations of specific metals (e.g., Ni, Cu,

Cd and Cr) are higher than the risk control standards for soil

contamination of agricultural land (GB15618-2018). For

coexistence relationships, the result shows that Sb, Cd, Zn

and Pb in soils and most dioxin homologues (accounting for

82.83% of the total I-TEQ values) are clustered into one group

(with r > 0.60, p < 0.05, in most cases), implying that they may

have similar distribution characteristics and origins. For

health risks, the CR and HI of dioxins and most metals

(except for Ni and Cr) are all below the acceptable limits,

suggesting that there are no significant health risks to

surrounding population.
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