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Abstract: To understand the heavy metal (Cd, Cr and Pb) pollution situation and exposure risk
of the vegetables and soil in Jinhua City, soil-vegetable samples collected from three districts of
Jinhua City were analyzed in detail, and the risks of heavy metal concentration in vegetable and
soil were evaluated using the single pollution index, Nemerow pollution index, Hakanson potential
ecological index and a health risk assessment. The results indicate that: (1) The soil in Jinhua City is
mainly polluted by Cd, and the BCF of heavy metals in vegetables was leafy vegetables > rootstalk
vegetables > solanaceous vegetables. (2) Heavy metals had slight pollution in the surrounding
environment, and the ecological risk of soil heavy metals in the sampling area was generally at a
low risk level. (3) Children are more likely to suffer from non-carcinogenic risks; Cr is the main
source of this risk (HQc, = 0.74). More than 90% of vegetables in the sampling had cancer risk, adults
are more likely to suffer from carcinogenic risks, and Cd is the main source of potential cancer risk
(TCR = 4.34 x 10~%). Therefore, in our study area, Cd is the main factor of soil pollution that can
cause potential cancer risk through vegetable enrichment, and Cr is the main factor causing the
non-carcinogenic risk of leafy vegetables.
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1. Introduction

In recent years, heavy metal pollution in soil has attracted great attention from many
countries and environmental organizations [1,2]. In January 2019, with the implementation
of the Law of the People’s Republic of China on the Prevention and Control of Soil Pollution,
the “General survey of Soil Pollution in Production Areas of Agricultural Products” and
“investigation of soil pollution in land used by enterprises in key industries” were carried
out across the country. The results show that the soil heavy metal pollution in China is not
optimistic, and the soil around industrial, agricultural, mining and other industries has
been polluted to varying degrees [3,4]. The harm caused by soil pollution mainly includes
three aspects. First, soil pollution can cause huge economic losses. Every year, heavy metal
pollution reduces grain production by more than 10 million tons, directly causing economic
losses of more than 20 billion yuan [5]. Second, soil pollution leads to a decline in the
quality of crops. The concentrations of heavy metals such as Cd, Pb, Cr and Hg in the grains,
vegetables and other products grown in most suburban soils in China exceeds the standard
or is close to the critical value [6,7]. Third, soil pollution makes heavy metals accumulate in
plants and accumulate in humans through the food chain, endangering human health and
inducing a variety of diseases. Therefore, the implementation of effective soil ecological
management has become an urgent problem in China and even the whole world.

As an important part of the human diet, vegetables contain carbohydrates, proteins,
vitamins, minerals, fiber and other key substances required for human health, which can
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reduce the risk of chronic diseases, so they are popular among consumers [3]. As a big
consumer of vegetables, China also exports a large number of fruits and vegetables [9].
However, in recent years, various types of vegetables have frequently been contaminated
with heavy metals. Gupta et al. [10] found that due to wastewater irrigation, Cd and
Pb in edible parts of radish in suburbs in India were 17.79 mg/kg and 57.63 mg/kg,
respectively, which is far beyond the safe threshold. In a heavy metal risk assessment
of Romanian vegetables (Solanum lycopersicum and Daucus carota), it was found that the
concentrations of Cd, Cu and Pb in these vegetables were high and far beyond the warning
limits set by Romanian legislation [11]. Vasileios et al. sampled vegetables grown around
a mining area in Germany and found that the heavy metal content in beans, carrots and
lettuce all posed health risks to human body, in which Pb and Hg reached 13,789.0 mg/kg
and 36.8 mg/kg, respectively. Similarly, the phenomenon of heavy metal pollution of
vegetables also exists in China. Luo et al. [6] reported that uncontrolled e-waste processing
operations caused serious pollution to soils and vegetables in Guangdong Province. The
Cd concentration in lettuce grown around Guangdong Province was 0.38 mg/kg, and the
Cd and Pb concentrations in the Taro were 0.32 mg/kg and 1.30 mg/kg, respectively. A
study of crops in the villages around the Dabaoshan mining area in Guangdong Province
found that mining and smelting could lead to serious Cd and Pb pollution in local rice and
vegetables and posed a huge risk to the health of local residents [12]. Liu et al. [7] found Cd,
Cu and Zn pollution in the local soil near an electronics factory in southeastern Zhejiang
Province. According to human health risk assessment, eating vegetables surrounding
sources of pollution brings non-carcinogenic and carcinogenic risks to residents. However,
there have been few heavy metal pollution and risk assessments on vegetables and soil in
Jinhua City. Therefore, it is urgent to investigate heavy metal pollution in vegetables and
its risk assessment to human health.

It has been reported that the heavy metal content in vegetables is positively and
significantly correlated with the heavy metal concentrations in planting soils [13]. Therefore,
soil remediation has received great attention in recent years. The United States has invested
a lot of money and introduced relevant laws and regulations to restore contaminated
soil, such as “the Superfund Amendments and the Reauthorization Act (SARA)”and “the
Resource Conservation and Recovery Act (RCRA)”, to enhance soil remediation related
technologies [14]. Zhang et al. [15] leached heavy metals with oxidizing agents such as
sulfuric acid and sodium chlorate and then neutralized them with calcium hydroxide so that
the heavy metals in the soil were quickly filtered out. Liu et al. [16] reduced the migration of
heavy metals to plants or other environmental media by adding reagents to contaminated
soil to form insoluble substances such as Fe-Mn plaque (oxides-bound) in plant roots. In
addition, microorganisms such as Bacillus subtilis, Pseudomonas aeruginosa and Penicillium
can also adsorb heavy metals in soil, reducing the availability concentrations of heavy
metals in soil, and the metabolites of microorganisms can also improve soil fertility [17-19].

Jinhua City is located in the central part of Zhejiang Province, with a total GDP of
535.544 billion yuan in 2021. Its pillar industry is auto parts. Electroplating, coating and
other processes in this industry are indispensable links in automobile manufacturing,
and the resulting wastewater may cause heavy metal pollution. However, there are few
studies on the pollution of heavy metals in soil and vegetables in Jinhua City. It is of great
significance to strengthen the monitoring and evaluation of soil in Jinhua City for soil
environmental quality and food safety. Therefore, this project selected Wucheng District
(WCQ), Jindong District (JD) and Kaifa District (KF) of Jinhua City as the research area,
collected soil and vegetable samples, analyzed the ecological risk of the target soil using
the single pollution index, Nemerow pollution index, and Hakanson potential ecological
risk assessment in combination with the concentrations of heavy metals in the soil and
vegetables, and carried out human health risk assessment in order to provide theoretical
reference for agricultural production in Jinhua City and guarantee resident dietary health.
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2. Materials and Methods
2.1. Study Area

Jinhua City is located in the eastern part of the hilly basin in central Zhejiang
(119°14’ N-120°46' N, 28°32' E-29°41" E), and it is the transportation hub in central Zhe-
jiang [20]. Jinhua belongs to the subtropical monsoon season, with four distinct seasons,
abundant heat, sufficient rainfall, and obvious dry and wet seasons. The average annual
frost-free period is more than 250 days, and the annual precipitation is 1426.2 mm [21].
This environment is suitable for the growth of all kinds of vegetables, making Jinhua a
traditional agricultural city.

2.2. Sample Collection

Random sampling was carried out for JD, WC and KF in Jinhua City. There were
585 vegetable samples (1 kg edible part of each), including leafy vegetables (water spinach,
spinach, pakchoi), rootstalk vegetables (lettuce and taro) and solanaceous vegetables (egg-
plant, tomato and pumpkin) (Figure 1 and Table 1). Simultaneously, 585 soil samples were
collected at the vegetable sampling sites. When sampling, a five-point sampling method
was adopted to collect vegetables and soil. Soil samples were taken in the immediate
vicinity of the roots of the vegetable samples from 0-20 cm depth. Only the edible part of
each vegetable was collected for analyses.
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Figure 1. Map of the study area that shows the soil and vegetable sampling district in Jinhua City.

Table 1. Specific sampling information of Jinhua.

Sampling Area Specific Locations Vegetable Sample Soil
District 1 80 80
District 2 55 55
JD (Jing Dong) District 3 70 70
District 4 5 5
District 5 15 15
District 1 45 45
District 2 20 20
KF (Kai Fa) District 3 50 50
District 4 40 40
District 5 35 35
District 1 30 30
District 2 25 25
WC (Wu Cheng) District 3 70 70

District 4 45 45
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2.3. Experimental Method
2.3.1. Soil Processing and Testing Methods

All soil samples were air-dried indoors and sieved to pass through 18-mesh, 60-mesh
and 100-mesh nylon sieves. Soil pH was determined with a pH meter (Mettler toledo)
in 1:2.5 (soil: water, weight/volume, air-dried soil) suspensions. Soil organic matter
(SOM) was determined using the K,Cr,O7-H;SO4 oxidation method, and the organic
carbon content was calculated according to the consumed K,Cr,O7, then multiplied by the
constant 1.724, which was the SOM content of the soil. Total and available heavy metal
concentrations in the soils were carried out according to Massas et al. [22].

2.3.2. Vegetable Processing and Testing Methods

We washed the vegetables with ultrapure water to remove dust, dried them and
ground the edible parts into a homogenate, stored at 4 °C for later use. Vegetable samples
(0.3 g, fresh weight) were digested with 6 mL HNOj3, the acid was driven out and then the
total volume was diluted to 10 mL with ultrapure water [23]. Finally, the Cd, Cr and Pb
concentrations in the samples were determined using an AA-7000.

2.4. Environmental and Risk Assessment

(1) Pollution index
To evaluate heavy metal pollution levels, the pollution index was calculated [24].

Ck

Pollution Index (P) = 3
k

@
where Py represents the pollution index of a heavy metal, Cj is the actual measured
value of heavy metals (mg/kg) and Sy is the standard concentration of heavy metals
in the study area (mg/kg). In this study, the background value of soil heavy metals
in Zhejiang Province was used as the assessment standard of pollutants, which were
Cd =0.274 mg/kg, Cr = 60.6 mg/kg and Pb = 42.4 mg/kg. The Py of each heavy metal is
classified in Table 2 [25].

Table 2. Heavy metal pollution index classification standard.

Grade Py Pollution Degree Py Pollution Degree
1 Pr<1 Clean Py <07 Safe
2 1<P.<2 Light pollution 07<Py <1 Warning line
3 2<P<3 Moderate pollution 1<Py<2 Light pollution
4 Pr>3 Heavy pollution 2<PNy<3 Moderate pollution
5 / / PN >3 Heavy pollution

(2) Nemerow pollution index
A Nemerow pollution index (Py) was applied to assess the general quality of the soil
environments and was calculated as [26]:

PN . Pk%ve _; Pk%nax (2)

where Py, is the average Py value of each heavy metal and Py, is the maximum Py (in
this study) value of each heavy metal. The Py of each heavy metal is classified in Table 2.
(3) Ecological risk assessment
Swedish scientist Hakanson (1980) proposed an ecological risk assessment to evaluate
heavy metal pollution in the soil of a study area. It is calculated as follows [27]:

Ey, =P, x T (3)

RI = 2?21 EL 4)
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where Ej is the potential ecological risk factor of the heavy metal and Ty is the toxicity
coefficient of the heavy metal. The toxicity coefficients of the three heavy metals were set
according to the relevant literature and pollution characteristics of heavy metals: Cd = 30,
Cr =2, Pb =5[28]. Rl is the potential ecological risk index of multiple heavy metals, and
the pollution degree can be classified according to the calculation results (Table 3).

Table 3. Potential ecological hazard assessment indices per Hakanson.

Grade Ey/RI Pollution Degree
1 E; <30, or RI <40 Slight negative impact
2 30 < Ep<60,0r40 <RI <80 Moderate negative impact
3 60 < Ej <120, or 80 < RI <160 Strong negative impact
4 120 < Ej <240, or 160 < RI <320 Very strong negative impact
5 Ey > 240, or RI > 320 Severe negative impact

(4) Bioconcentration factor
The bioconcentration factor (BCF) is an important quantitative indicator of crop con-
tamination and has commonly been used for estimating the transfer capabilities of heavy
metals from soil to crops. The BCFs of heavy metals from soil to vegetables in our research
were calculated as follows [29]:
C
BCF — vegetable ®)
Cooil
where Cyegerapie and Csp; (total concentration) are heavy metal concentration in vegetables
and corresponding soil (mg/kg), respectively.

2.5. Health Risk Assessment

(1) Exposure assessment

In this study, according to the health risk assessment model recommended by the U.S.
Environmental Protection Agency (USEPA), the intake of heavy metals in four ways was
quantitatively calculated [30]. CDI represents the daily intake of pollution elements that
enter the body in different ways. The formula is as follows:

Cr x IRS X EF X ED x CF

CDlingest—soil = BW < AT (6)
DLyt ol = Ck x SA x AF ;VéiSA?EF x ED x CF %
CDIveg _ Cveg X givngxAiF x ED ©)

The model parameter names and reference values are shown in Table 4 [30]:

Table 4. The meanings and values of health risk assessment parameters.

Parameter Reference Unit
EF Exposure frequency 350 d/a
ED Exposure time Adult: 30; child: 7 a
. Carcinogenic: 365 x 70;
AT Average time non-carcinogenic: 365 x ED d
BW Body weight Adult: 60; child: 26 kg

SA Skin area 1690 cm?
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Table 4. Cont.

Parameter Reference Unit
AF Adhesion factor 0.07 mg/ cm?
ABS Skin absorption rate 0.001 /
PEF Particulate emancipate factor 1.36 x 10° m3/ kg
CF Conversion factor 1x107° kg/mg
IRS Soil particle intake rate 50 mg/d
IR Soil particle intake 16 m°/d
[Ryeg Vegetable intake Adult: 244; child: 186 g/d
Ck Concentrations of heavy metals in soil This study mg/kg
Creg Concentrations of heavy metals in vegetable This study mg/kg

(2) Non-carcinogenic risk assessment
The target hazard quotient (HQ) method is used to assess the non-carcinogenic risk
caused by the consumption of polluted crops [31,32]:

CDI
HQ = ﬁ (10)
HI=Y" HQ (11)

RFD is the chronic reference dose of heavy metal, and HQj represents the non-
carcinogenic risk index of different elements. According to the database of USEPA, the
reference values for Cd, Cr and Pb are 0.001, 0.003 and 0.0035 mg/kg, respectively [30].
When HQ > 1, it is proposed that heavy metal elements will cause certain non-carcinogenic
risks to the human body. HI indicates the superposition of the non-carcinogenic risk indexes
of all pollution elements when there are multiple heavy metal pollution elements in the en-
vironment. When HI > 1, the environment is considered to have potential non-carcinogenic
risk to the human body.

(8) Carcinogenic risk assessment

Carcinogenic risk assessment can be evaluated by the following linear equations [33]:

CR =CDI x SF (12)

TCR=Y"  CR; (13)
i=1

CR represents the potential carcinogenic risk, SF represents the slope factor of heavy
metal elements, and the SF value for Cd, Cr and Pb are 6.1, 0.5 and 0.0085, respectively [34].
CRy represents the cancer risk factors of different elements, and TCR represents the sum of
the carcinogenic risks of all polluting elements. When CR or TCR are less than 1079, it is
generally considered that the carcinogenic risk in the environment can be ignored. When it
is between 107¢ and 10—, the carcinogenic risk is within the acceptable range. When it is
greater than 10™#, the carcinogenic risk in the environment is unacceptable.

2.6. Statistics Analysis

All experiment data were analyzed by Excel 2019 and SPSS 21, and all charts were
delineated by Origin 16.0.

3. Results
3.1. Soil Physicochemical Properties and Heavy Metal Concentrations

In the study area, the pH value of the soil was 3.99-8.72, with an average value
of 6.09. The pH values of the three sampling areas were WC > JD > KF (Table 5). Ac-
cording to the grading standard of soil pH, the proportion of acidic soil was 64.96%,
so the soil in this region was acidic as a whole. The mass concentration of SOM was
1.74 x 10*-8.06 x 10* mg/kg, and the average value was 3.61 x 10* mg/kg. The SOM
value of the three sampling areas was in the order of WC > KF > JD (Table 5). The results
presented in Table 6 indicate that the total concentrations of Cd, Cr and Pb in the soil of
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the sampling area were 0.19-0.68, 11.73-88.56 and 12.52-58.01 mg/kg, respectively. Ac-
cording to China’s Risk Control Standard for Soil Contamination of Agricultural Land
(GB 15618-2018), the concentrations of Cr and Pb were both lower than the corresponding
screening value, while the concentration of Cd was higher than the national standard
(Cd > 0.3 mg/kg), and the Cd pollution rate reached 93.16% (Figure 2a). In the three sam-
pling areas, the pollution degree of Cd was WC > KF > JD, which might be closely related to
the industrial development around the WC area. The Cd concentration in the atmosphere
around this industrial area is generally high, and it enters the soil through rainfall or
precipitation, resulting in a high Cd concentration in the WC area [4]. The concentrations
of availability of Cd, Cr and Pb in soil were 0.05, 10.29 and 2.80 mg/kg, accounting for
10.83%, 32.98% and 10.30% of the corresponding total heavy metals, respectively (Table 5).
According to the risk assessment method of element availability state proposed by Valerie
(2002), the availability of Cr in the soil in the study area was high, and there was a certain
ecological risk, while Cd and Pb were mainly in the combined state, and the bioavailability
was low.

Table 5. Soil pH and SOM in the study area.

pH SOM (mg/kg)
Mean Min Max Mean Min Max
JD 6.02 4.29 8.52 311 x 10*  1.74 x 10*  6.53 x 10*
KF 5.80 3.99 7.37 3.89 x 10* 1.88 x 10*  8.06 x 10*
WC 6.49 4.28 8.72 394 x 10* 190 x 10*  7.61 x 104
Total area 6.09 3.99 8.72 3.61 x 10* 174 x 10*  8.06 x 10*

Table 6. Characteristics of soil heavy metal concentrations in the study area.

Total Valid State
Cd Cr Pb Cd Cr Pb

GB 15618-2018 0.3 150 70 / / /
Mean (mg/kg) 0.44 35.63 32.42 0.05 10.29 2.80
Median (mg/kg) 0.43 31.62 30.60 0.05 9.68 2.56
SD (mg/kg) 0.10 14.24 11.53 0.03 3.15 1.31
Min (mg/kg) 0.19 11.73 12.52 0.00 5.88 0.66
Max (mg/kg) 0.68 88.56 58.01 0.13 21.68 7.02
c.v. (%) 23.50 39.97 35.56 55.31 30.66 47.11

Note: GB 15618-2018, Risk control standard for soil contamination of agricultural land; valid state: the availability
concentrations of heavy metal in soil; c.v.: coefficient of variation.
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Figure 2. Box plot of heavy metal concentrations in vegetable and planting soil. (a) Planting soil,
(b) vegetable. Note: HM, heavy metal.



Sustainability 2023, 15, 4241

8 of 18

The coefficient of variation can reflect the spatial dispersion of heavy metal elements.
The larger the coefficient of variation, the greater the influence of external factors on
the concentrations of heavy metals in soil. It is generally believed that the coefficient of
variation is 15-36%, which is considered moderate variation; more than 36% is considered
high variation [35]. The coefficients of variation of total Cd, Pb and available Cr in the soil
were 23.50%, 35.56% and 30.66%, respectively, considered moderate variation; the rest can
be considered high variation (Table 6). This indicates that the concentrations of heavy metal
in the soil in the study area fluctuate greatly, and there might be point source pollution,
which is closely related to the living environment and lifestyle of residents in the area.

3.2. Heavy Metal Concentrations in Vegetables

Our results show that the average concentrations of Cd, Cr and Pb in leafy vegetables,
rootstalk and solanaceous vegetables were 0.043, 0.112 and 0.041 mg/kg, respectively. In
the three sampling areas, the concentrations of Cd, Cr and Pb in vegetables were the highest
in the JD area (Cd = 0.052, Cr = 0.143, Pb = 0.042 mg/kg), and the Cd concentration of
vegetables in the JD area exceeded the national standard (GB15201-94) (Figure 2b). The
reason was that the bioavailability of Cd, Cr and Pb in the JD area was the highest among
the three sampling areas (Figure 3). We speculated that the bioavailability of the heavy
metals in the soil was related to the concentrations of the heavy metals in the vegetables.
Table 7 shows that the concentration of Cr in the three categories of vegetables was the
highest, which might be due to the high relative concentration and bioavailability of Cr
in the soil. The accumulation trend of Cd, Cr and Pb in all kinds of vegetables was as
follows: leafy vegetables > rootstalk vegetables > solanaceous vegetables. The difference
in Pb among the three types of vegetables was great, and the concentration of Pb in leafy
vegetables was more than six times that of solanaceous vegetables. The reason was that
leaves accelerated the enrichment of Pb in vegetables through respiration and transpiration,
made it easier for dust and industrial waste gas in the air to enter plant. Therefore, as
the main pollutant in automobile exhaust, Pb was more likely to be enriched in leafy
vegetables [36].

50%

JD
KF
WC

40% -

—t—
— i
—

5 30%
5
3
& 20% - b
b
[ 70 Lo oo
10% - l T T l I I
0% T T T
cd Cr Pb

Figure 3. The proportions of available state of heavy metal in the soil. Note: Different lowercase
letters (a,b) indicate significant difference (p < 0.05).
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Table 7. Statistics of heavy metal concentrations in different vegetable samples.

Type Program Cd Cr Pb
Mean (mg/kg) 0.053 0.193 0.070
Leafy vegetables (n = 250) Min (mg/kg) 0.002 0.000 0.061
Max (mg/kg) 0.155 1.633 0.216
Mean (mg/kg) 0.043 0.103 0.043
Rootstalk vegetables (n = 105) Min (mg/kg) 0.006 0.000 0.004
Max (mg/kg) 0.240 0.347 0.119
Mean (mg/kg) 0.029 0.053 0.011
Solanaceous vegetables (n =230)  Min (mg/kg) 0.000 0.000 0.000
Max (mg/kg) 0.091 0.194 0.032

The accumulation of heavy metals in the soil-vegetable system was further assessed
using BCF, and it was found that the average BCF values of heavy metals in all samples col-
lected from the study area was less than 1. However, the BCF of Cd was the highest among
the three types of vegetables for a single heavy metal element, indicating that all types of
vegetables have strong enrichment capacity for Cd (Figure 4a). Moreover, different vegeta-
bles have different enrichment capacities for Cd, in the order leafy vegetables > rootstalk
vegetables > solanaceous vegetables, which is consistent with the results of Li et al. [37].
The BCF of Cr and Pb were both low, and the enrichment capacity trend was also leafy
vegetables > rootstalk vegetables > solanaceous vegetables. Finally, among the three sam-
pling areas, the heavy metal BCF value of vegetables in the JD area was significantly higher
than that in the other areas (Figure 4b). This suggests that regional differences had a crucial
impact on the BCF capacity of heavy metals in vegetables, which is consistent with the
findings of Mao et al. [38]. Studies have shown that the availability of heavy metals in soils
in southern China exceeds 60%, while it is only 30% in northern China [39]. Therefore,
the difference in available stage of the heavy metals in the different regions led to the
differences in heavy metal BCF in the vegetables.
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Figure 4. BCF of heavy metals in vegetables in Jinhua. (a) Different vegetable species; (b) different
regions. Note: Different lowercase letters (a—c) indicate significant difference (p < 0.05).

3.3. Correlation Analysis

As the carrier of vegetable growth, soil can provide various nutrients for vegetables.
Therefore, the concentration of heavy metals in vegetables is closely related to the physical
and chemical properties of soil and the concentration of heavy metals. As shown in Figure 5,
Pb in soil was significantly correlated with Cd and Cr (p < 0.01), and Cd was significantly
correlated with Cr (p < 0.05). Therefore, we speculated that the pollution sources of the three
heavy metals in the sampling area of Jinhua City were similar. In general, except Cd, there
was no significant correlation between the heavy metal concentration in the vegetables and
the corresponding total amount of heavy metal in the soil. However, Cd, Cr and Pb in the
vegetables demonstrated a very significant positive correlation with the corresponding
availability of heavy metals in soil (p < 0.01). This indicates that soil-available heavy
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metals were the main source of the heavy metals in the vegetables. Compared with other
heavy metals, Cd concentration in the vegetables was significantly correlated with the
total amount of soil Cd and the available Cd in soil, which indicates that Cd is more easily
absorbed by crops. This is related to the low solid-liquid partition coefficient of Cd in
soil, so it is easier for it to enter the soil solution and be absorbed by crops [39]. It was
reported that soil pH and SOM were two of the key factors affecting the availability of
heavy metals. When soil pH increases, the heavy metal ions in soil form relatively stable
forms such as carbonate and phosphate, thereby reducing the availability of heavy metals
in the soil. SOM can adsorb heavy metals and reduce the proportion of water-soluble
heavy metals to reduce the toxicity of the heavy metals [40]. However, in this study, there
was no significant correlation between soil pH and the available state concentration of
heavy metals in soil. Although SOM was significantly positively correlated with the total
amount of Cd, Cr and Pb in the soil (p < 0.01), it had no significant correlation with the
available state concentration of each heavy metal, which might be caused by changes in
other physicochemical properties of soil during vegetable planting.

1
pH 1
08
SOM 1
Veg.Cd * 1 06
Veg.Cr 1 [Fi0
Veg.Pb * e 1 ~02
Total Cd & 5 1 o
Total Cr i g 1 | 02
Total Pb ae Z r & 1 L 04
Available Cd i g ) 06
Available Cr & & 1
08
Available Pb o & & g 1
-1

D d PP RS ¢ g
R~ R KOS >

*p<=005 ** p<=0.01
Figure 5. Correlation analysis between soil physicochemical properties and heavy metals in vegetables.

3.4. Ecological Risk Assessment of Heavy Metals in Soil

Table 8 shows that the soil around Jinhua City was polluted by Cd, Cr and Pb to
varying degrees. The Py of Cd, Cr and Pb in soil ranged from 0.80-2.49, 0.19-1.46 and
0.29-1.36, respectively. Overall, Cr and Pb were at a clean level, while Cd reached the level
of slight pollution, with a pollution rate of 94.9%. It is worth noting that Cd in many soils
reached a moderate pollution level. The Py of the three heavy metals was 1.89, which
belonged to the light pollution level. According to Ej, the negative impact of Cd on the
surrounding ecological environment was moderate (E; = 48.27), while the impact of Cr
and Pb was small. Due to the influence of Cd, RI had a moderate negative impact on
the surrounding environment (RI = 53.28). Therefore, the biggest threat of heavy metal
pollution in Jinhua vegetable land is Cd, and Cr and Pb pose lower potential ecological
risks to the surrounding environment.
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Table 8. Risk index evaluation of heavy metal pollution in soil.
Heavy Metal Py Py Ex RI
Cd 1.6 48.28
Cr 0.59 1.89 1.18 53.28
Pb 0.76 3.82

3.5. Human Health Risk Assessment
3.5.1. Non-Carcinogenic Risk

Studies show that when HI > 1, various pollution elements in the environment
cause potential non-carcinogenic risks to the human body [41]. The non-carcinogenic
health risks caused by the three heavy metals in our study area are shown in Figure 6.
For the investigated samples, the contribution rates of the three heavy metals to HI
were Cd (46.53%) > Cr (40.75%) > Pb (12.71%). Furthermore, the mean HIs of children and
adults were 0.63 and 0.36, respectively. It can be seen that the average value of HI in
children was higher than that in adults.

0.20

| |Pb | Cr| |Cd

Hazard Index
=
=
T

0.05 |

0.00

T ! T
Adult Child
Figure 6. Non-carcinogenic risks of heavy metals in vegetables to adults and children.

Although the average HI of children and adults was less than 1 in this study, the
impact on human health risks cannot be ignored. Figure 7 shows the specific HI of different
vegetables to children was as follows: water spinach (1.20) > spinach (0.85) > pakchoi (0.68)
> taro (0.64) > eggplant (0.48) > lettuce (0.44) > tomato (0.28) > pumpkin (0.05). Among them,
the HI of children eating water cabbage was >1, which indicates that the accumulation
of heavy metals in water spinach causes non-carcinogenic risk to children. Furthermore,
our results state HQc, = 0.74, which indicates that Cr was the main factor causing the
non-carcinogenic risk of water spinach. In addition, leafy vegetables were obviously more
likely to pose a non-carcinogenic risk to the human body. Overall, from the perspective of
the constituent elements of non-carcinogenic risks caused by various vegetables, Cd and Cr
are the main factors that might cause non-carcinogenic risks in vegetables.
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Figure 7. Non-carcinogenic risk assessment results of various vegetables.

According to the non-carcinogenic risk assessment results of the four different ex-
posure routes (Table 9), the four exposure modes of ingestion (vegetables), respiratory
inhalation, dermal contact, and direct intake (soil) did not cause non-carcinogenic risk to
the human body. Overall, the non-carcinogenic risk caused by direct ingestion was the
largest, and the health risk caused by respiratory inhalation was the smallest.

Table 9. Non-carcinogenic risk assessment results.

Adult Child
cd Cr Pb HI cd Cr Pb HI
HQjngest-soil 822 x 107° 221 x 1073 1.73 x 1073 4.02 x 1073 8.13 x 10~* 2.19 x 1072 1.71 x 1072 3.98 x 1072
HQgermal-soil ~ 8.34 x 1077 225 x 107> 1.75 x 1075 408 x 107> 1.92 x 10~ 5.18 x 107> 4.04 x 107> 9.42 x 1073
HQinhala-soil 829 x 10~8 223 x10°° 1.74 x 107 4.06 x 1076 191 x 1077 5.15 x 10~° 402 x 107° 9.36 x 107
HQyeg 1.66 x 1071 145 x 1071 454x 1072 357x10°1  292x1071  256x107°  798x 1072 628 x 107!
HQ 1.66 x 1071 1.48 x 1071 471 x 1072 3.61 x 1071 293 x 107! 2.78 x 1071 9.69 x 1072 6.68 x 1071

3.5.2. Carcinogenic Risk

In this study, Cd, Cr and Pb were considered to be carcinogenic heavy metals [41]. It is
generally believed that when the TCR is greater than 1 x 1074, the vegetable is considered
to have potential carcinogenic risk. In the investigated vegetable samples, the mean TCRs
for children and adults were 2.19 x 10~* and 5.33 x 104, respectively (Figure 8). Therefore,
both children and adults are at risk of cancer, and adults are at higher risk of carcinogenic
effects when eating these vegetables. In addition, the contribution rates of the three heavy
metals to TCR were Cd (81.43%) > Cr (17.54%) > Pb (1.08%). It can be seen that Cd was
the main factor causing potential carcinogenic risk. Overall, the carcinogenic risk of Cd to
adults (TCRcq4 = 4.34 x 10~%) and children (TCRc4 = 1.78 x 10~%) was greater than 1 x 10~4.
This indicates that local residents face the carcinogenic risk caused by Cd at different ages.
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Figure 8. Carcinogenic risk of heavy metals in vegetables to adults and children.

The TCR levels of the eight vegetables studied for adults were as follows (Figure 9):
spinach (8.75 x 10~#) > taro (8.39 x 10~*) > water spinach (7.48 x 10~#) > pakchoi (5.63 x 10~%)
>eggplant (5.26 x 10~%) > lettuce (3.82 x 10~#) > tomato (2.38 x 10~%)> pumpkin (2.99 x 107).
This result indicates that spinach had the highest cancer risk to adults in the sampling
area. In addition, except pumpkin, the TCR¢4 of all vegetables to adults was greater
than 1 x 10~%. Additionally, Cd in taro had the greatest risk of carcinogenicity to adults
(TCRcq = 823 x 10~%). It can be seen that most vegetables in this region cause carcinogenic
risk to adults through Cd. In addition, according to the analysis of carcinogenic risk of
various vegetables to children, except tomato and pumpkin, the carcinogenic risk of other
vegetables to children was within the tolerable range. It is worth noting that water spinach
can not only cause carcinogenic risk through Cd, but also is the only vegetable that can
cause carcinogenic risk through Cr.
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Figure 9. Carcinogenic risk assessment results of various vegetables.

As shown in Table 10, among the four carcinogenic risks caused by ingestion, res-
piratory inhalation, dermal contact, and vegetable intake, CRveg had the highest index
and was shown to cause the greatest harm to the human body. However, the carcinogenic
risk to the human body caused by ingestion, respiratory inhalation, and dermal contact
is far less than 1 x 10~*%, which is almost negligible. Overall, the TCR in the study area
was 5.40 x 1074, therefore causing greater risk of cancer to local residents. In the future,
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we should focus on the prevention and control of heavy metal pollution in vegetables in
the Jinhua area, reduce the potential carcinogenic risk and take reasonable measures to
alleviate the health risks faced by local residents.

Table 10. Carcinogenic risk assessment results.

Adult Child
cd Cr Pb TCR cd Cr Pb TCR
CRingest-soil 9.21 x 1077 6.10 x 107° 9.44 x 10~8 712 x 107° 496 x 1077 3.28 x 107° 5.08 x 108 3.83 x 107
CRgermal-soil 2.18 x 107° 144 x 1078 223 x 10710 168 x 108 1.17 x 107 777 x107%  120x 10710 9,07 x 10~°
CRinhala-soil 217 x 10710 144 x107° 222x 1071 1.67 x 107 117 x 10710 773 x 10710 120 x 107" 9.02 x 10710
CRyeg 434x107%  935x107° 578x10°® 533x107%  178x107*  384x107° 237x10°  219x107*
CR 435 x 107* 9.96 x 107> 5.88 x 107° 5.40 x 10~ 1.79 x 10~* 417 x 10758 242 x 107° 223 x107*

4. Discussion

On the whole, the concentration of Cd was 1.5 times that of China’s Risk Control
Standard for Soil Contamination of Agricultural Land (GB 15618-2018), while the concen-
trations of Cr and Pb were much lower than this standard. This result indicates that the Cd
pollution in the sampling area of Jinhua City is serious. Compared with the soil background
value of Jinqu Basin reported in 2007, the increase rate of soil Cd concentration in Jinhua
City was 60.5%. Jin et al. [42] investigated heavy metal pollution in the farmland soil of
Jinhua City and found that there were many characteristic industries such as electronics
industries, electromechanical industries and auto parts industries in the JD industrial zone.
Simultaneous to industrial development is the inevitable discharge of a lot of waste wa-
ter, waste gas and so on. Therefore, the Cd pollution of farmland in Jinhua City may be
influenced by local industry. Industrial wastes enter the soil through irrigation, infiltration
and atmospheric deposition, resulting in heavy metal pollution of the soil. In response to
the continuous accumulation of heavy metal pollution, reasonable improvement measures
can be made in combination with the geographical structure, production and life of the
sampling area. For example, we should improve the recovery rate of heavy metals from
industrial waste residues; actively transform our current methods to green agriculture,
circular agriculture, and organic agriculture; reduce the harm of heavy metals in soil; and
ensure the safety of the people’s “vegetable basket”.

In addition, the degree of soil Cd pollution in the three sampling areas was in the order
of WC > KF > ]JD. This was the opposite trend to the enrichment concentration of vegetable
Cd in each region (JD > KF > WCQ). It can be seen that there is no direct relationship between
Cd pollution of vegetables and soil Cd concentration. However, in this experiment, the
trends in the concentrations of Cd, Cr and Pb in the vegetables from each region were
completely consistent with the trends of the corresponding availability of heavy metals
in each region. Additionally, according to the correlation analysis, we found that the
concentrations of Cd, Cr and Pb in the vegetables were significantly positively correlated
with the corresponding availability of heavy metals in soil. This shows that the heavy
metals in the vegetables mainly came from the availability of heavy metals in the soil. This
result is consistent with former research; the higher the availability of heavy metals in the
soil, the higher the accumulation of heavy metals in vegetables [43]. In addition, the Cd
content in the vegetables was significantly correlated not only with the availability of Cd,
but also with the total amount of Cd in the soil. Liu et al. [44] found that, compared with
other elements, Cd had a lower partition coefficient in soil colloids and was more inclined
to enter the soil solution. Therefore, Cd has higher migration ability and is more easily
absorbed and enriched in vegetables.

According to the correlation analysis, there was a very significant positive correlation
between SOM and the total concentrations of Cd, Cr and Pb in soil. SOM did not contain
heavy metals, and the increase in SOM content did not increase the presence of heavy
metals in the soil. However, SOM can affect the cation exchange capacity of soil and
further increase the adsorption of heavy metals in soil; it affects the migration and transfor-



Sustainability 2023, 15, 4241

150f18

mation process of heavy metals, and then affects the accumulation of heavy metals [45].
He et al. [46] found that the adsorption capacity of Cd in soils with high organic matter
content was 1.13-1.42 times that of the control group, which is consistent with the results
of this study. In addition, SOM can adsorb heavy metal ions through its own functional
groups (carboxyl, hydroxyl, carbonyl, etc.), changing the availability of heavy metals in
soil. Li et al. [47] concluded that SOM affects the availability of heavy metals through
electrostatic adsorption and chelation; there was a very significant positive correlation
between SOM and soil available Cd, Zn, Pb and Cu. However, there was no significant
correlation between SOM and the availability of Cd, Cr and Pb in soil in this study; perhaps
this is due to the higher cation exchange capacity of soil organic matter.

BCF can reflect the enrichment ability of heavy metals in vegetables. Studying the
BCFs of different vegetables for different heavy metals could effectively guide the rational
utilization of heavy-metal-contaminated soils and prevent heavy metals entering the human
body through the food chain. In this experiment, the enrichment capacity of all kinds of
vegetables was Cd > Cr > Pb, which may be related to the slight acidity of the soil in
the Jinhua area. The slight acidity of soil is favorable for the dissociation of Cd and
uptake in plants [48]. Similar findings have been reported by Alexander et al. [49]. In
this study, the BCFs of three types of vegetables to Cd, Cr and Pb were as follows: leafy
vegetables > rootstalk vegetables > solanaceous vegetables. The reason was that the larger
leaf area of the edible part of leafy vegetables provided a greater possibility for particulate
matter loaded with heavy metals in the atmosphere to enter the plant; therefore, the
health risk of fresh leafy vegetables was greater [50]. According to statistics, 75-90% of
heavy metals are adsorbed by inhalable particulate matter and enriched in leafy vegetables
through dry and wet sedimentation [51]. In addition, leafy vegetable leaves and other
organs have a large amount of evaporation, which is prone to the accumulation of heavy
metals. Combined with the results of human health assessment, leafy vegetables caused
higher non-carcinogenic factors to the human body than other vegetables, and eating water
spinach may cause non-carcinogenic risks in children. Therefore, it is necessary to reduce
the probability of heavy metals entering the human body.

In the process of eating vegetables, adults and children face different levels of health
risks. In general, children are more likely to suffer from non-carcinogenic risks; in contrast,
adults are more susceptible to cancer risk, and these results are consistent with former
studies [52]. In our study, leafy vegetables were more likely to cause non-carcinogenic risks
to the human body, and these risks were mainly derived from Cd and Cr. The accumulation
of heavy metals in water spinach could pose a non-carcinogenic risk to children, to which
Cr contributed the most (HQc; = 0.74). Studies have shown that Cr pollution not only
destroys the composition of the ecosystem, but also damages human skin, the respiratory
tract and the gastrointestinal tract [53]. In addition, the non-carcinogenic risk of pumpkin
consumption to local residents was relatively low due to the low bioactive factors of heavy
metals in pumpkin. Therefore, it is suggested that local children can moderately reduce the
intake of water spinach and adjust the proportion of each vegetable in their diet. Moreover,
vegetables in the sampling area could cause carcinogenic risks to children and adults, and
Cd was the main factor causing carcinogenic risks. The Cd in taro could cause carcinogenic
risk to adults as high as 8.23 x 10~#, which is far higher than the tolerable carcinogenic
risk of the human body. Previous studies have clarified that Cd could induce reactive
oxygen species in cells, reduce the activity of antioxidant enzymes and inhibit the repair
function of DNA, thereby inducing the incidence of human cancer [54]. Therefore, in
view of the correlation between the concentration of heavy metals in vegetables and the
availability of heavy metals in soil in this study, the local government should rationally use
passivating agents to reduce the availability of Cd in soil so as to reduce the carcinogenic
risk of vegetables. In addition to diet, heavy metals in soil can enter the body through other
routes, such as ingestion, inhalation and dermal contact by people working in the field.
However, the contribution of these three pathways to health risk in this study was small;
that being said, their long-term impact on human health cannot be ignored. Heavy metals
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in soil migrate into groundwater reserves through rainfall and irrigation, thereby indirectly
affecting human health [55]. Therefore, the health risks posed by heavy metal pollution
may be more serious than our estimates. Due to competing economic and environmental
interests, more research and policies on land-use security should be undertaken to achieve
sustainable development.

5. Conclusions

(1) The soil in Jinhua sampling area was weakly acidic; the single-factor pollution
index shows that the soil pollution in the sampling area was Cd > Pb > Cr. The evaluation
results of the Nemerow integrated pollution index show that the soil in the study area was
slightly polluted by Cd;

(2) The enrichment ability of heavy metals in vegetables was as follows: leafy veg-
etables > rootstalk vegetables > solanaceous vegetables. Through the human health risk
assessment, it was found that the sampled vegetables could cause different degrees of non-
carcinogenic and carcinogenic risks to the human body, and water spinach and spinach con-
tributed the most to health risks. Children are more likely to suffer from non-carcinogenic
risks; in contrast, adults are more susceptible to carcinogenic risks. Cd and Cr were the
main elements causing non-carcinogenic risk in vegetables, and Cd was the main element
causing carcinogenic risk in vegetables;

(3) There was a correlation among Cd, Cr and Pb in the soil, and the sources of the
three heavy metals might be similar. The concentrations of Cd, Cr and Pb in the vegetables
were correlated with the availability of heavy metals in the corresponding soil, indicating
that the heavy metals in vegetables mainly come from the availability of heavy metals in
the soil. Appropriate soil remediation should be adopted to reduce the concentration of
heavy metals in vegetables.
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