
Soil organic pollution and
ecological risk assessment in
brownfield soil from Northwest
China: an integrated analysis of
man-land interrelations

Luyao Wang1,2,3,4,5, Xiao Xie1,2,3,4,5, Siqi Liu1,2,3,4,5, Jing Wang1,2,3,4,5,
Biao Peng6* and Yingying Sun1,2,3,4,5

1Technology Innovation Center for Land Engineering and Human Settlements, Shaanxi Land Engineering
Construction Group Co., Ltd., and Xi’an Jiaotong University, Xi’an, China, 2Shaanxi Provincial Land
Engineering Construction Group Co., Ltd., Xi’an, China, 3Institute of Land Engineering and Technology,
Shaanxi Provincial Land Engineering Construction Group Ltd., Xi’an, China, 4Key Laboratory of Degraded
and Unused Land Consolidation Engineering, The Ministry of Natural Resources, Xi’an, China, 5Shaanxi
Provincial Land Consolidation Engineering Technology Research Center, Xi’an, China, 6Shaanxi Key
Laboratory of Land Consolidation, Xi’an, China

In general, chemical plants are accompanied by a variety of secondary production
in the production process, which may have different degrees of impact on the
environment. At the same time, in order to ensure the environmental safety of new
urban construction land, it is necessary to conduct pollution investigation and
further environmental risk assessment on potentially polluting abandoned
chemical plants. This paper takes a chemical plant producing food grade
fumaric acid in Northwest China as an example to investigate the pollution of
organic matter in the soil in accordance with relevant standards, then analyzes the
vertical pollution degree of key pollution areas. The calculation results of single
factor pollution index and Nemerow pollution index show that there are 17 kinds
of organic pollutants that exceed the screening value in land of Class I. Among
them, benzene, 1,2,3-trichloropropane and 1,1,2,2-tetrachloroethane are most
serious, and the highest exceeded the standard by 11,311 times. Moreover, the
distillation zone and the reactor zone have reached the level of V pollution, and the
maximum pollution depth can reachmore than 6 m. The results of HERA software
analysis showed that there were 18 and 10 kinds of organic pollutants with
carcinogenic risk values exceeding 10−6 in the reactor and distillation area,
respectively, and 25 and 11 kinds of organic pollutants with hazard quotients
exceeding 1, respectively. According to relevant regulations, the contaminated
areas with unacceptable regional risks must be properly repaired.
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1 Introduction

The realization of industrialization and urbanization is an inevitable trend in the
development of economic and social sciences, and it is also a necessary process to
realize modernization. The realization of industrialization and urbanization is the
inevitable trend of the development of economic and social sciences, and it is also the
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necessary process to realize modernization. However, this process
has also changed the structure of the economy and ecosystem of
urban areas, and triggered a series of ecological and environmental
problems (Li and Lin, 2015; Huang et al., 2018). The essence of these
problems is the deterioration of man-land relationship. Human
beings and the environment are interdependent and mutually
restrictive (Long and Qu, 2018; Megremi et al., 2019). Only by
coordinating the human-land relationship can the sustainable
development of the city be realized (Kuang et al., 2020; Zhang
and Li, 2020). In 2013, China formally established the “people-
oriented” new urbanization development strategy. The research
shows that the development of urbanization in China has
gradually changed from quantity expansion to quality
improvement, which is mainly reflected in the optimization of
ecological environment, urban function layout and industrial
structure, as well as the improvement of social security system.
The intensification and sustainability of land use has become a trend
and has been widely recognized (Fang, 2019).

Urban soil is an important part of urban ecosystem and the natural
foundation of urbanization. It is closely related to urban development
and public health. A large number of pollutants produced by rapid
industrialization and modern transportation eventually enter the urban
soil directly or indirectly (Xiao et al., 2015; Ministry of Environmental
Protection P.R.C., 2014). Soil is the ultimate receptor ofmost pollutants.
Soil pollution is hidden, complex and lagging, so it is not easy to be
noticed by people, and it is often concerned by the society after causing
public safety incidents. In general, the main causes of pollution include:
industrial point source and the agricultural non-point source pollution;
unreasonable and excessive application of chemical fertilizers and
pesticides; atmospheric harmful particles and water environmental
pollution, etc. (Zhao, 2008, Padilla-Sánchez et al., 2015; Tao et al.,
2002; Gillis et al., 2014; Collins et al., 2006). Among them, industrial
point source pollution is the focus of this study. In recent years, the
“poisonous land” incidents discovered in many cities are often caused
by chemical, pesticide and other types of enterprises that are free to
dispose of waste or “run and drip” during the production process.
Compared with farmland soil, the organic pollutants in the soil of
industrial sites tend to exhibit high concentration and small range, and
the pollution is relatively concentrated (Luthy et al., 1994) (Richard
et al., 1994). reported that there is a large amount of organic pollutants
in the soil due to tar pollution in an industrial gas plant. PAHs
(Polycyclic Aromatic Hydrocarbons) are one of the typical organic
pollutants in industrial soils. A large number of literature have reported
the content of PAHs in soils such as coal mines, coal yards and coking
plants. The content of high-ring PAHs in the soil of a coal mining area
in Russia’s tundra is three times the local background value (Yakovleva
et al., 2016); and the content of PAHs in the soil of a coal yard in
Indonesia and an abandoned coking plant in Nanjing, Jiangsu is
4.69–22.67 mg/kg and 114.8 mg/kg, respectively (Mizwar et al., 2016;
Ye et al., 2017).

With the rapid development of social economy, the continuous
advancement of urbanization and the adjustment of industrial
structure, many enterprises, especially those that produce high
pollution in the production process, are relocated or shut down
from the city, and the industrial sites left or abandoned are Urban
development provides new land resources (Yuan et al., 2005). However,
public safety incidents caused by contaminated sites have attracted
widespread attention. In July 2006, Suzhou relocated 20 mu of toxic

land left by chemical enterprises, resulting in six construction workers
unconscious during excavation. In 2007, during the construction of
Heshan block in Wuhan, workers were poisoned and rushed to the
hospital. It was found that the place was originally a pesticide factory in
Wuhan. In April 2014, benzene pollution in tap water in Lanzhou led to
drinking water panic among citizens. It was later found that two major
pollution accidents occurred in 1987 and 2002 in petrochemical
enterprises in the region. Coupled with the existence of multiple
pollution sources around the region, long-term pollution
accumulation eventually caused soil and groundwater pollution.
Under the accumulation of human industrial activities, the
accumulation of pollutants in the contaminated site causes the
content of pollutants to exceed the standard, the physical and
chemical and biological characteristics of the soil to mutate, which
stimulates and physiologically poisons the plants and animals on which
they depend, and has a certain selection and induction effect on the
number of organisms and species (Yu, 2014). While changing the soil
environmental ecosystem, the pollutants accumulated in the soil will
eventually harm human health through the enrichment of the food
chain. On the other hand, under natural sudden factors such as rainfall
and debris flow, the transfer of pollutants will be further accelerated,
which will have a serious impact on groundwater and surrounding soil
environment and threaten the health of residents (Li Q. H. et al., 2022;
Li X. S. et al., 2022). In general, site pollution will inevitably cause soil
structure damage, and barren, water source scrapping and ecological
environment damage, etc., and the resulting direct or indirect economic
losses and ecological disasters will be unbearable to human beings.

Therefore, these sites need to be investigated for their pollution
level and pollution range before re-use, and conduct health risk
assessment to determine the risk level of the future use of the site
and to develop corresponding control and management measures
accordingly (Nam et al., 2013; Zheng et al., 2017). At present, European
and American countries are in the leading position in the research of
site health risk assessment technology. Based on different risk types
(human health ecological risk) and risk levels, they have formulated
soil screening values for different land use methods such as residential,
commercial and industrial land, and combined them with different
management strategies and remediation measures. However, the
research on health risk assessment of contaminated land in China
is still in its infancy. Zhu et al. (Zhu et al., 2013) evaluated the ecological
and health risk effects of heavy metals in pesticide enterprise sites and
surrounding topsoil by using the Nemerow composite index method,
Hankanson potential risk index method and the human exposure risk
assessment method in the United States. Most domestic scholars only
consider the comprehensive carcinogenic and non-carcinogenic risks
of all exposure pathways of pollutants when assessing site health risks
(Guo et al., 2010; Li, 2010; Luo et al., 2012). Fang et al. (Fang et al.,
2013) used the RBCA model to conduct soil stratification health
assessment of contaminated sites. According to the results of
stratified assessment, the scope of remediation of contaminated
soils at various levels was demarcated, which could reduce the
amount of soil excavation in site remediation. Dong et al. (Dong
et al., 2015) carried out a multi-level health risk assessment for an
organic contaminated site in the south and reduced the cost of repair. It
was found that the target value of the remediation of pollutants in the
soil increased with the depth of the soil layer.

The research object of this paper is an abandoned food-grade
fumarate factory. In the previous exploration, it was found that the air in
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this site was obviously aromatic, so we concluded that the soil in the site
should be polluted by organic matter. Therefore, we further carried out
on-site investigation, sampling, detection, analysis and evaluation, and
studied the pollution status and distribution characteristics of organic
pollutants in the soil of this site. At the same time, the environmental
risk status of this site was further evaluated using China’s first HERA
(Health and Environmental Risk Assessment Software for
Contaminated Sites) software developed by the Nanjing Institute of
Soil Research, Chinese Academy of Sciences in 2012. The research
results of this paper will provide a basis for the follow-up development
planning, engineering treatment measures and protection level of
construction personnel, so as to further improve the soil and
groundwater environment in the site, ensure the safety and health of
local people, and provide guarantee for the healthy development of
regional economy and society.

2 Materials and methods

2.1 Site overview

The site studied in this paper is located in the eastern part of
Weinan City, Shaanxi Province, China. The geomorphic unit belongs
to the first-order terrace of the Weihe River. The elevation is between
342.79 m and 351.17 m. The terrain is relatively flat, covering an area
of about 8,690 m2. The lithology is light yellow and brownish yellow
sandy clay, with a layer of brown viscous layer on the upper part, with
a thickness of about 1–1.5 m. After investigation, we learned that the
site is a contaminated site left by a fine chemical enterprise. It has
always been an industrial land. It was originally a chemical plant that
produces pesticides. After restructuring, it mainly produces food-
grade fumaric acid, cold water-soluble food-grade fumaric acid, ultra-

fine-grained fumaric acid, cationic etherification agent and other
products. The annual production capacity is 10 million tons,
1,500 tons, 1,000 tons, and 500 tons, respectively. Phthalic acid is
usually used as raw material to produce phthalic anhydride by
fixed bed catalytic oxidation technology. Phthalic acid is heated
under the action of catalyst and mixed with hot air to produce
phthalic anhydride. The by-product is maleic anhydride, which is
converted into maleic acid after cooling, switching, condensing and
washing (Zhang andMin, 2002; Li et al., 2005). Finally, fumaric acid is
further isomerized to fumaric acid by using the solubility of fumaric
acid in water is less than the solubility of maleic acid in water.

The staff dormitory is located in the southeast of the plant, the
workspace is located on the south side of the plant, and the
distillation zone, factory building, benzene reaction zone, and
sewage pool are distributed in the north and central parts of the
plant. The floor plan and the layout imagery of the factory are shown
in Figure 1 and Figure 2, respectively.

2.2 Sampling point layout and sample
collection and preparation

According to technical guidelines for environmental site
investigaiton (Ministry of Ecology and Environment of the
people’s republic of China, 2014a), the partitioning layout
method and the system layout method were combined for on-site
sampling. On the basis of site pollution identification, and taking
into account the distribution of the entire plant area and the external
environment of the plant, the sampling area is divided into 8 (as
shown in Figure 2).

Due to the unresolved demolition in the chemical plant, some
areas such as the distillation zone, benzene reaction zone, plant zone,

FIGURE 1
The floor plan of the chemical factory.
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east side sewage pool and dormitory area of the chemical plant are
temporarily unable to be sampled and investigated under the effect
of hardened ground or undismantled workshops. The organic
pollution investigation is carried out in the office area, reactor,
distillation zone and other areas that meet the sampling conditions,
and 3 sampling points are set in each area. Each sampling point is
centered on this point, and five equal soil samples are uniformly
collected at the circumference and center of the circle with a
diameter of 10 m. After sampling, the samples are immediately
loaded into a sealed container to reduce the exposure time. W19-
W21 and W25-W27 were selected as control monitoring points in
the external area of the site.

At the same time, deep soil sampling points were set up in
several suspected contaminated areas, such as distillation area,
sewage tank in distillation area, reactor and benzene reaction
area, so as to further judge the longitudinal pollution range of
pollutants in soil. Surface soil samples were collected by drilling
method. The basic requirement of soil sampling is to minimize soil

disturbance and ensure that soil samples are not secondary polluted
during sampling. The collection of deep soil is mainly based on the
manual drilling of the tubular sampler, supplemented by the
hydraulic soil sampling drill (Phino HPD60). The sampling
sequence is from bottom to top. First, the bottom samples of the
profile are collected, then the middle samples are collected, and
finally the upper samples are collected. The sampling points in
different regions are shown in Table 1.

Remove the impurities on the surface soil before sampling, and
mix the soil sample into a sealed bag, then transfer it to a brown glass
bottle so that the soil sample fills the entire glass bottle. At last, Seal it
with a sealing film and stick the label, then store and transport in an
incubator below 4°C, which refers to the requirements of “The
Technical Specifications for Soil Environmental Monitoring”
(Ministry of Ecology and Environment of the people’s republic of
China, 2014b) for details.

The depth of sampling should remove the thickness of surface
non-soil hardened layer. The sampling interval of 0–3.0 m is set to

FIGURE 2
The layout imagery of the chemical factory and Sampling point diagram (W1: Distillation Zone A 0~1 m; W2: Distillation Zone 1.5–2.0 m; W3:
Distillation Zone 2.0–2.5 m; W4: Distillation Zone 2.5–3.0 m; W5: Distillation Zone 4.0–5.0 m; W6: Distillation Zone 5.0–6.0 m; W7: Distillation
Zone >6.0 m;W8: Distillation Zone B 0~1 m;W9: Distillation Zone C 0~1 m;W10: Reactor Zone A 0–0.5 m;W11: Reactor Zone B 0–0.5 m;W12: Reactor
Zone C 0–0.5 m; W13: Reactor Zone 0.5–1.0 m; W14:Reactor Zone 1.0–1.5 m; W15: Reactor Zone 1.5–2.0 m; W16: Reactor Zone 2.0–2.5 m; W17:
Reactor Zone 2.5–3.0 m; W18: Reactor Zone 3.0–4.0 m; W19: North Side of Chemical Plant A; W20: North Side of Chemical Plant B; W21: North Side of
Chemical Plant C; W22: Benzene Reaction Zone A; W23: Benzene Reaction Zone B; W24: Benzene Reaction Zone C; W25: East side of chemical plant A;
W26: East side of chemical plant B; W27: East side of chemical plant C; W28: Benzene Reaction Zone D; W29: Benzene Reaction Zone E; W30: Benzene
Reaction Zone F).

TABLE 1 Sampling points in different areas.

Sampling region Sampling depth/m Number of sampling points

Distillation zone >6 9

Reactor zone 4 9

Benzene reaction zone 0.2 6

North side of the plant 0.2 3

East side of the plant 0.2 3
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0.5 m, the sampling interval of 3.0–6.0 m is set to 1.0 m, the
sampling interval below 6.0 m to the groundwater level is
planned to be 2.0 m. The specific interval can be adjusted
according to the actual situation. The mutual pollution and
disturbance between different soil layers should be avoided
during sampling.

2.3 Sample analysis methods

The collected soil samples were subjected to rapid on-site
analysis of organic matter using a portable gas chromatography
mass spectrometer Mars-400 Plus (The mass range is 15-550 amu,
and the detection limit is less than ppb), which in order to quickly
predict the pollution level of the chemical plant. According to the
results of rapid detection, the soil samples with higher rapid
detection values were taken and further sent to Focused
Photonics Inc. (Hangzhou) Co., Ltd., which has the qualification
of organic matter detection, to determine the degree and depth of
pollution in the organic area. The detection methods of organic
matter in soil samples were tested according to the standard
methods given in Soil environmental quality-Risk control
standard for soil contamination of development land (Ministry of
Ecology and Environment of the people’s republic of China, 2018).
Microsoft Excel 2010 and Origin Pro 2021 were used for data
recording and preliminary analysis, and the Health and
Environmental Risk Assessment Software for Contaminated Sites
(HERA) was used to assess the ecological risk of the site.

2.4 Method of environmental quality
evaluation of soil

2.4.1 Evaluation method
In this paper, the Nemerow comprehensive pollution index

method (Nemerow, 1974) is used to evaluate the degree of soil
organic matter pollution. This method not only considers the
average value of the single factor pollution index, but also
considers the prominent factors of the heavier pollution factor,
which can comprehensively reflect the overall quality of soil organic
matter.

Single gene index: Pi � Ci/Si
N. L. Nemerow:

PN � P2
i max + P2

i ave( )/2[ ]
1/2

Where Ci is the concentration of organic matter i; Si is the soil
evaluation standard, taking the screening values in land of Class I of
Soil environment quality risk control standard for soil
contamination of development land (Ministry of Ecology and
Environment of the people’s republic of China, 2018)as the
evaluation standard, and Pi and PN are the single factor pollution
index and Nemerow comprehensive pollution index, respectively.

2.4.2 Evaluation standard
The evaluation standard adopts “Soil environment quality risk

control standard for soil contamination of development land”, and
the Nemerow comprehensive pollution index is shown in Table 2.

2.5 Health risk assessment

Health risk assessment is a process to quantify the potential
harm of environmental problems to human health. There are eight
ways in which organic pollutants in the soil may cause harm to
human health. They are oral intake of soil, skin contact with soil,
inhalation of indoor soil particles, inhalation of outdoor soil
particles, inhaling gaseous pollutants from the surface soil in the
outdoor air, inhaling gaseous pollutants from the subsoil in the
outdoor air, inhaling gaseous pollutants from the subsoil in the
indoor air, and leaching from soil to groundwater. According to the
planning of the area, it is designated as sensitive land. For
carcinogenic effects, consider the lifetime exposure risk of the
population, generally assess the lifetime cancer risk of the
pollutant according to the exposure of childhood and adult; for
non-carcinogenic effects, children are lighter in weight and have
higher exposures, and the non-carcinogenic hazard effects of
contaminants are generally assessed based on childhood exposure.

The HERA software used in this study is China’s first
contaminated site health and water environment risk assessment
software developed by the Nanjing Institute of Soil Research,
Chinese Academy of Sciences. It is based on Standard Guide for
Risk-Based Corrective Action (ASTM International, 2015) in the
United States, and Updated Technical Background to the CLEA
Model (UK EA, 2009) in the UK, and Technical Guidelines for Risk
Assessment of Contaminated Sites (Ministry of Ecology and
Environment of the people’s republic of China, 2014c) in China.
It is suitable for multi-level soil and groundwater risk assessment of
contaminated sites, and can be used for quantitative risk assessment
based on the protection of human health and water environment.

3 Results

3.1 Analysis of main polluted organic matter
in soil

There are 30 testing points of soil in the chemical plant area, and
most of the sites have detected organic pollutants, especially
distillation zones and reactors. A total of 87 organic substances
were detected in each soil testing point, and 17 organic pollutants
exceeded the screening value in land of Class I, of which more than
65% existed in the range of 0–1.0 m in the reactor zone and
1.0–1.5 m in the distillation zone, as shown in Table 3. The
highest rate of benzene and 1, 2, 3-trichloropropane is 40%,

TABLE 2 Classification of environmental quality assessment by Nemerow
comprehensive pollution index.

PN Soil level Pollution level

PN≤0.7 I safety

0.7< PN≤1.0 II Warning line

1.0< PN≤2.0 III Light pollution

2.0< PN≤3.0 IV Medium pollution

PN>3.0 V heavy pollution
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which is basically distributed in the reactor from 0 to 1.5 m, and the
distribution in the distillation zone is as deep as 6 m or more.
Benzene and 1, 2, 3-trichloropropane have the highest over-limit
ratio, both are 40%, which is basically distributed in the reactor zone
from 0 to 1.5 m, and the distribution in the distillation zone is as
deep as 6 m or more. 1,2,3-trichloropropane has the highest single
factor pollution index, which is 11,311 times higher than the
screening value in land of Class I. Followed by 1,1,2,2-
tetrachloroethane, its exceed multiple is 4,751 times. Since the
benzene reaction zone in the chemical plant is basically hardened
ground or undismantled workshops, the actual soil sample is dust
collecting on the surface of the road. Only the presence of
nitrobenzene is found in the test, which is 0.44 times higher than
the first type of screening value.

3.2 Site soil pollution assessment

Through the Nemerow Index method, we can further
understand the soil pollution status of the chemical plant. Firstly,
after analyzing the soil pollution of different surface areas, the soil in
the distillation zone and the reactor is already heavily polluted. The
dust on the hardened road surface of the benzene reaction zone is
light pollution, while the soil on the north and east sides of the
chemical plant is not polluted, which belongs to the security level, as
shown in Table 4.

For the heavily polluted area, such as reactor zone, distillation
zone, further analysis of longitudinal pollution conditions is shown
in Table 5. For the reaction zone, 0–2.0 m soil belongs to class V
heavy pollution, and there is no pollution after 2.0 m. The degree of
vertical soil pollution increased first and then decreased with the
increase of soil depth. Among them, the pollution of 0.5–1.0 m was
the most serious, and the comprehensive pollution index of
Nemerow was as high as 3360.7. It is presumed that there are
about 7980 m3 of contaminated soil in this area. The soil with a
depth of more than 6 m in the distillation zone is lightly and
moderately polluted. The change of the degree of vertical soil
pollution is consistent with the reactor, and it also increases and
then decreases with the increase of soil depth, at a depth of
1.5–2.0 m. The pollution level is the largest. The Nemerow

TABLE 3 Main contaminated organic matter in soil of the chemical plant.

Major pollutant Maximum concentration
(mg/kg)

Maximum single factor
pollution index

Excess
rate (%)

Excess site

1,1,1,2-
tetrachloroethane

483.8 186.06 23.3 W2, W10, W11, W12, W13

1,1,2,2-
tetrachloroethane

7604.4 4752.75 23.3 W2, W10, W11, W12, W13

1,1,2-trichloroethane 289.5 482.47 13.3 W10, W11, W12, W13

1,1-dichloroethylene 3310 275.82 23.3 W2, W10, W12, W11, W13

1,4-dichlorobenzene 55.3 9.88 26.7 W2, W3, W10, W11, W12, W13,

benzene 542 542 40 W1, W2, W4, W5, W6, W7, W8, W9, W10, W11,
W12, W13

Chloroform 174.2 580.53 13.3 W2, W3, W10, W11, W12, W13

Naphthalene 821 32.8 26.7 W2, W3, W10, W11, W12, W13,

Trichloroethylene 84.1 120.2 26.7 W2, W3, W10, W11, W12, W13

Tetrachloroethylene 162 14.72 26.7 W2, W3, W10, W11, W12, W13

Ethylbenzene 222 30.84 26.7 W2, W3, W10, W11, W12, W13

1,2-dichloropropane 317.92 317.92 6.7 W2, W6

1,2-dichloroethane 3.56 6.8 3.3 W2

1,2,3-trichloropropane 565.60 11,312.0 40 W1, W2, W3, W5, W6, W7, W8, W9, W10, W11,
W12, W13, W14, W15

O-xylene 249 1.1 3.3 W2

2,4-dinitrotoluene 1.93 1.1 10 W10, W11, W12

Nitrobenzene 48.8 1.44 20 W22, W23, W24, W28, W29, W30

TABLE 4 Soil pollution level in different areas of the chemical plant.

Area PN Soil level Pollution level

Distillation zone 44.42 V heavy pollution

Reactor 336.58 V heavy pollution

Benzene reaction zone 1.02 III light pollution

East side of chemical plant 0.36 I Safety

North side of chemical plant 0.17 I Safety
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comprehensive pollution index is 7999.8, which is 2.38 times of the
highest reactor index. It is estimated that the contaminated soil is
about 30,000 m3.

4 Discussion

4.1 Hazards of main organic pollutants in soil

According to the assessment results, the contamination of
chlorinated hydrocarbons, benzene and its homologues and
derivatives were relatively severe, especially chlorinated
hydrocarbons. As an important organic solvent and product
intermediate, chlorinated organic compounds are widely used in
many industries. This fumaric acid plant is no exception, but these
substances are often carcinogenic, teratogenic and mutagenic. Since
the chemical plant is a non-sensitive land, the adult has a long
exposure period and a high frequency of exposure. And the
carcinogenic risk (CR) and hazard quotient (HQ) of the
pollutant are generally evaluated according to the adult exposure.
There are 8 kinds of exposure pathway. Firstly, in the CR of each

pathway (Figure 3) from HERA analysis results, whether in the
reactor or in the distillation zone, the CR leaching from soil to
groundwater (CRs

sl−TOX) is the highest, and the relation of all the
pathway is: the CR leaching from soil to groundwater (CRs

sl-TOX)>
the CR of inhaling gaseous pollutants from the subsoil in the indoor
air (CRs

iv)> the CR of inhaling gaseous pollutants from the subsoil in
the outdoor air (CRs

sub-ov)> the CR of oral intake of soil (CRs
ing) > the

CR of skin-contacted soil (CRs
der)> the CR of outdoor steam inhaled

into the surface soil (CRs
sur-ov)> the CR of inhaling of indoor soil

particles (CRs
ip)> the CR of inhaling outdoor soil particles (CRs

op).
The total carcinogenic risk in all pathways (CRs

T-on) up to 11.7.
Similarly, the HQ leaching from soil to groundwater (HQs

sl-TOX) is
the highest in the distillation zone. But HQs

iv is the highest in the
reactor zone. Furthermore, the HQ of each pathway of the reaction
zone is larger than the distillation zone, up to 15–130 times.
Therefore, the groundwater near the chemical area should be the
key monitoring area, and the lower soil should be strictly treated and
monitored before secondary development.

Refer to the technical guidelines for the assessment of
contaminated sites. If the CR value of a single pollutant exceeds
10−6 or the sampling point of the HQ exceeds 1, the area of the site

TABLE 5 Vertical pollution level of soils in key pollution areas.

Reactor Depth/m PN Soil level Benzene reaction zone depth/m PN Soil level

0–0.5 336.58 V 0–1.0 44.42 V

0.5–1.0 3360.70 V 1.5–2.0 7998.80 V

1.0–1.5 107.48 V 2–2.5 920.94 V

1.5–2.0 9.73 V 2.5–3.0 1.77 III

2.0–2.5 0.21 I 4–5 5.93 V

2.5–3.0 0.25 I 5–6 9.87 V

3.0–4.0 0.20 I >6 21.93 V

FIGURE 3
Soil environmental risk assessment of key pollution areas.
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represented should be classified as an unacceptable contaminated
area. As shown in Table 6 from HERA analysis results, 18 kinds of
pollutants in the reactor area have a CR value of more than 10−6,
mainly chlorinated hydrocarbons, benzene series, etc. Among them,

1,2,3-trichloropropane has the highest CR, which has reached 8.51,
and followed by 1,1,2,2-tetrachloroethane, which is 3. In the
distillation zone, there are 10 kinds of pollutants with a CR of
more than 10−6, and the CR of 1, 2, 3-trichloropropane is also the

TABLE 6 Carcinogenic risk and hazard quotient of major pollutants.

Organic pollutants Reactor Distillation zone

CRsT-on (× 10−6) HIson CRsT-on (× 10−6) HIson

benzene 1.50 0.406 0.066 0

Ethylbenzene 296 0 104 208 2.11

Toluene — 25 — —

Xylene — 282 — —

Naphthalene 1.90 1.32 16.2 4.61

Dibenzoanthracene 2.89 — 0.203 —

Benzo(a)pyrene 2.53 — 0.028 —

1,1,1,2-tetrachloroethane 36,500 1,087 0 0

1,1-dichloroethane — — 53.6 0.392

1,1,2,2-tetrachloroethane 3000000 41,800 0 0

1,1,2-trichloroethane 52,800 194,000 — —

1,1-dichloroethylene 905 90,500 — 0

1,2,3-trichloropropane 8510000 20,500 2240000 661

1,4-dichlorobenzene 769 28.9 112 1.83

1,2-dichlorobenzene — — — 1.39

Styrene — 4.95 — 0.547

1,2-trans-dichloroethylene — 2,830 — 0

O-xylene — 112 — 0.148

chlorobenzene — 136 — 0.518

Chloroform 83,700 5,680 4,880 122

Trichloroethylene 15,200 73,200 12,500 11,300

1,2-cis-dichloroethylene — 9,340 — 178

Tetrachloroethylene 1,350 7280 583 720

Indene — 1960 — 54.6

Pentachloroethane 12.6 — — —

1,2,4-trimethylbenzene - 2,130 — —

Hexachloroethane 1.85 3.24 — 0.073

N-Nitrosodi-n-propylamine 38.7 — — —

Hexachlorobutadiene 2.33 1.42 0.176 0.021

3-nitroaniline — 5.01 — 0.084

P-chloroaniline — 1.29 —

Dibenzofuran — 2.83 — 0.013

4-nitrophenol — 4.76 — 0.019

Dichloromethane 0.0187 — 100 121
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highest, which is 2.24. For the HQ, there are 21 kinds of pollutants in
the reaction zone and 10 kinds of pollutants in the distillation zone
exceed the safety value, respectively. Overall, the CR and HQ of the
reaction zone are higher than the distillation zone, and both zones
are unacceptable contaminated area and must be properly repaired.

4.2 Brownfield development based on man-
land relationship

Urban development is a dynamic process. In the process of rapid
urban expansion, land use patterns are also changing (Wang et al.,
2018). Although the urbanization rate has increased, the urban
ecological environment has deteriorated and the urban function has
been missing. In this context, the development of urban brownfields
is inefficient and unsafe. In this study, the study area was originally
an industrial agglomeration area. Although the chemical plant has
been abandoned for secondary development, the nearby area not
only bears some urban functions, such as logistics and warehousing,
but also lives some local villagers. From the above analysis, it can be
seen that some areas of the chemical area have become risk
unacceptable pollution areas, and their CR values and HQ values
are very high, and after redevelopment, the organic pollutants in the
lower soil steam will pose risks to indoor and outdoor people.
However, through on-site investigation, it can be found that
there are still places where people are active. It looks like a small
community, involving a variety of activities, such as living and
dining, not affected by the pungent smell of the area, posing a great
threat to the ecological environment and human health.

In recent years, people have become more sensitive to the way
land is used. The improvement of ecological environment quality is
the core of urban development. In the process of brownfield
development, we should pay attention to the connection with the
surrounding land. The development of brownfields is of great
significance to the improvement of urban functions and the
improvement of land economic benefits. More importantly, the
development of brownfields is of great significance for ensuring
land security and regional ecological environment construction. On
the one hand, it is necessary to fully protect and rectify land
pollution and avoid the destruction of the ecological environment
to the surrounding areas. On the other hand, the development of
brownfields needs to start from people’s needs, especially the needs
of surrounding residents. From the perspective of city managers,
public participation of stakeholders will help to develop more
reasonable site land use planning programs, rather than
spontaneous programs.

In general, the environmental risk, remediation cost, redevelopment
environment, social and economic benefits of multiple contaminated
plots in the region should be considered in the sustainable brownfield
regeneration of regional scale sites, so as to provide a basis for the
decision-making of regional land safety utilization planning. However,
at present, the development structure of China’s environmental
restoration industry is not perfect. In recent years, due to the
increasingly urgent needs of China’s soil remediation market, the
continuous investment of national and local laws and regulations
and national special funds, the rapid expansion of China’s site
remediation market has led to a large number of state-owned and
social capital investment. However, from the perspective of restoration

engineering technology, most of the restoration institutions are
transformed from traditional construction earthwork or solid waste
disposal projects. Professional environmental restoration equipment
and institutions are still scarce, environmental restoration supervision is
insufficient, and there is a lack of professional technical guidance,
evaluation institutions and personnel. The proportion of environmental
investigation and evaluation is very small, which leads to the lack of
refined-whole-process site investigation, which indirectly causes a lot of
waste of repair resources (Zhang et al., 2017). Therefore, the sustainable
reuse of brownfields and the healthy development of environmental
industry in China still face great room for improvement.

5 Conclusion

Based on the detection of more than 80 organic pollutants in
the soil in the chemical plant area that has been shut down, this
study found that 17 organic pollutants exceeded the standard and
were basically distributed in the reaction zone and distillation
zone, and the main pollutant were chlorinated hydrocarbons and
benzenes. The pollution levels of both areas have all reached Class
V and the pollution depth is up to 6 m. Among them, 1,2,3-
trichloropropane has the highest single factor pollution index,
which is 11,311 times higher than the screening values in land of
Class I. In the reaction zone and distillation zone, its CR and HQ
are also the highest, which has exceeded hundreds or even millions
of times than safety value. At the same time, more than a dozen
other organic pollutants have the carcinogenic risk and hazard
quotient that exceed safety limits, indicating that the sites should
be classified as unacceptable contaminated areas. Therefore, before
the land development in this area, it is necessary to take
appropriate measures to first repair the soil, such as thermal
desorption, gas phase extraction, chemical leaching, etc. to
achieve sustainable development. However, Due to the
limitation of site conditions, the setting of soil sampling points
is less, which may affect the prediction accuracy of pollutant
distribution results. According to the project advancement,
sampling points should be increased in the later stage to
improve the accuracy of soil restoration prediction.
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