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Abstract. In this study, we investigated the effects of different treatments on the physicochemical properties
of heavy metal contaminated soil. The total amounts of Hg, inorganic As, Pb, and Cd were determined in a
soil-spinach system. The results show that for all of the groups, the soil pH increased by 0.16-1.10, and the
inorganic As content of the soil increased by 0.7-6.0 mg/kg. The total content of Hg, Cd, and Pb in soil
samples after T1-T7 decreased by 0.8-1.76 mg/kg, 8.0-17.1 mg/kg, and 0.02-0.56 mg/kg, respectively. The
largest decreases in total Hg and Cd, at 1.76 mg/kg and 0.93 mg/kg, respectively were seen in group T3.
Group T5 had the largest decrease in total Pb content, i.e., by 17.1 mg/kg. After the T1-T7 treatments, the
amount of Hg, inorganic As, and Cd in the edible portion of the spinach exceed the National Food Safety
Contaminant Limit (GB 2762-2012). However, the order of the risk index of the spinach after the seven
treatments of restoration is T1 > T4 >T6 > T2 > T3 > T7 > T5. The risk index of treatment T5 is the lowest,
which indicates that 3% cassava straw biochar is better than the other two biochar treatments.

Keywords: phytoremediation technology, soil-spinach, biochar, hazard index, potential ecological risk index

Introduction

Soil is the foundation of agricultural production, and it plays an essential role in the
quality and safety of the agricultural product. Influenced by parent material (Zhuang et al.,
2013; Waterlot et al., 2013), sewage irrigation (Hernandez-Soriano et al., 2012), mining
(Wang et al., 2019), and other factors, different kinds of pollutants, especially heavy
metals, enter the soil environment through the air, water, and other avenues. According to
the 2014 Chinese National Soil Pollution Survey Bulletin, the overall soil environmental
quality is not good. The overall standard rate of cultivated soil is 19.4%, and the main
pollution type is heavy metal pollution (MEP, 2014). However, due to the lack of arable
land in China, the polluted soil is still used for food and other crop production (Xiao et al.,
2017). Heavy metal pollution in the soil is highly toxic, persistent, and bioavailable. At
present, heavy metal pollution in the soil has become a global problem (Li et al., 2014;
Toth et al., 2016). Compared to other pollutants, heavy metals can accumulate and migrate
in the soil and destroy the functionality and balance of the soil ecosystem, seriously
affecting human health (Lei et al., 2016) and causing food safety issues (Wuana et al.,
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2011). Studies have shown that an excessive intake of Pb can damage the nervous system,
the endocrine system, and the immune system (Zhang et al., 2012). When pregnant
women are exposed to Pb pollution for a relatively long period of time, the Pb can be
transferred from the skeleton of the mother to the body of the fetus at a faster rate, which
not only causes certain obstacles to the neural development of the fetus but also affects its
future life (Reuben et al., 2017). Long-term exposure to a Cd-polluted environment leads
to the risk of lung cancer, renal insufficiency, fractures, and hypertension (Li et al., 2013).
In addition, inorganic As is also highly toxic. The intake of large amounts of As strongly
interferes with blood vessels and the central nervous system, and it can also lead to gene
mutation. When the human body is exposed to As pollution for a long time, it is at risk of
lung cancer (Jarup, 2003). Compared with pesticides and other organic pollutants, heavy
metal pollution has a long-term incubation nature, which undoubtedly increases the
difficulty of treating soils that have been polluted with heavy metals. At present, the main
methods of remediating heavy metal pollution in farmland include physical remediation,
chemical remediation, biological remediation, engineering and technical measures, and
agricultural ecological remediation. However, most of these remediation techniques are
very expensive, so it is necessary to develop more cost-effective techniques that use low-
cost adsorbents (Kailash et al., 2010). At present, the application of soil amendment and
the optimization of soil nutrient management have become the most common remediation
method. It is generally believed that biochar is the most effective adsorbent for the
adsorption of heavy metals and organic pollutants in soil, and it can effectively improve
the physical and chemical properties of the soil. In addition, the cost of biochar is
relatively low (Klasson et al., 2014; Li et al., 2014).

Biochar is produced by the slow pyrolysis (usually < 700°C) of biological residues in a
hypoxic environment (Lehmann and Joseph, 2015). Biochar is a type of insoluble, stable,
highly aromatic, and carbon-rich solid substance (Titirici et al., 2007; Tang et al., 2013).
The main elements of biochar are carbon, hydrogen, and oxygen, but it is highly enriched
in carbon (70%-80%). Biochar is made from a wide range of raw materials, mainly
including agricultural and forestry waste, such as wood, straw, fruit shell, organic waste
generated by industry, and other urban life waste, such as garbage and sludge (Brick et al.,
2010; Chen et al., 2010; Cantrell et al., 2012; Enders et al., 2012). Biochar has a large
specific surface area, pore structure, and abundant surface functional groups, which can
reduce the bioavailability of heavy metals in soil (Pan et al., 2014). Biochar also improves
the activity of soil microorganisms, thus increasing the decomposition and deactivation of
harmful substances (Baiamonte et al., 2015; Liu et al., 2016; Abujabhah et al., 2016).
Biochar not only has a significant impact on the mitigation of heavy metals in soil, but
also directly absorbs the heavy metal ions in the soil, reducing the toxicity of the polluted
soils and reducing the toxicity of the plants. In addition, biochar is used in soil
improvement (Tang et al., 2013), crop Yyield increase (Glaser et al., 2002), greenhouse gas
emission reduction (Van Zwieten et al., 2009; Woolf et al., 2010; Singh et al., 2012), and
the remediation of polluted environments (Sun et al., 2011). Therefore, it has broad
application prospects. In recent years, the adsorption of heavy metals by biochar has
attracted a great deal of attention, especially in the treatment of heavy metals in sewage
(Ahmad et al., 2014; Komkiene et al., 2016) and the remediation of heavy metal
contaminated soil (Hossain et al., 2010). For example, Choppala et al. (2012) and others
demonstrated that biochar can transform Cr®" into Cr¥, thus reducing the toxicity of Cr.
Houben et al. (2013) and others found that the addition of 10% biochar significantly
reduces the extractable Cd, Zn, and Pb content of heavy metal contaminated soil by 71%,
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87%, and 92%, respectively. Bian et al. (2014) determined that the application of crop
straw biochar to paddy soil polluted by heavy metals significantly reduced the absorption
of Cd by rice. Lu et al. (2014) found that straw biochar can effectively reduce the
concentrations of Cu and Pb in aboveground crops, and bamboo biochar can effectively
reduce the concentration of Cd in soil. We believe that the influence of biochar on heavy
metals is related to not only the raw materials from which the biochar is made and the
amount applied to the soil but also the type of heavy metals. This study shows that biochar
can effectively reduce the plant availability and ecological toxicity of heavy metals such as
Cd and Pb, and it provides a theoretical basis for the remediation of soil contaminated by
heavy metals.

In view of the rapid development of agriculture in China, the production of crop straw
is also increasing. However, the common practice in China is to burn the straw remaining
in the fields after harvest. According to statistics, the total annual output of crop straw in
China is more than 6 x 10® tons, among which the outputs of rice, wheat, and corn straw
are about 1.1 x 108, 1.3 x 108, and 2.3 x 108 tons, respectively. At present, 25% of crop
straw is burned in the open air after the harvest to remove this crop residue (Shi et al.,
2014), of which the smoke is harmful to the air quality and human health (Shen et al.,
2016). Therefore, it is necessary to find a new method of crop straw utilization. It is
cost-effective to use agricultural plant residues as biochar production materials, making it
a renewable waste (Nuithitikul et al., 2010). Cassava, rice, and reed straw are the main
agricultural waste plant fibers in China. The preparation of biochar based on this material
not only fully utilizes the waste resources but also benefits the environment. Previous
studies have focused on the remediation effect of a single type of biochar on heavy metals
in soil. In this study, different percentages of cassava straw, rice straw, and reed straw
biochar were added to heavy metal contaminated soil. The adsorption efficiency and
effectiveness of these three types of biochar on the heavy metals were compared. This
study can provide supporting data for the improvement of the resource utilization of crop
straw and remediation of heavy metal pollution.

Materials and Methods
Test material

The raw materials used in this study were produced by rice straw, cassava straw and
reed straw. The biochar sample used in the study was collected in the region of Fupin
County. All the biochar used for the tests were prepared using the temperature control
method with an oxygen limiting program. First, the cassava stems, rice stems, and reed
stems were washed with clean water and allowed to dry naturally. Second, the air-dried
and chopped raw materials were placed into closed iron containers. Each container was
filled with N2 for 10 min, the air was emptied, and they were heated in a preheated muffle
furnace with limited oxygen. Finally, the muffle furnace was set to 500°C for 4 h. The
closed muffle furnace was allowed to naturally cool to room temperature, and the samples
were removed and ground to 100 mesh. The basic properties of the biochar materials are
shown in Table 1.

The soil used in the tests was collected from the Hg mine in Ankang City, Xunyang
County. The soil collected was all 0—20 cm topsoil, which was air-dried in a cool place
and sieved through a 5-mm sieve.
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Table 1. Basic physicochemical properties of the materials used in the experiments

Tested materials Reed biochar Cassava biochar Rice biochar
pH 10.6 11.2 10.9
Organic matter (%) 51 64 57
Conductivity (uS /cm) 677 1313 911
Organic carbon (g/kg) 392.34 591.22 658.21
Ash (%) 15.75 9.85 40.00
C/N 85.07 42.13 30.15
C/H 37.55 39.97 36.77

Note: The values in the table are presented as average values

Biochar SEM images were obtained by FEI Q45 scanning electron microscop (FEl,
USA). A CHN elemental analyzer (Flash EA 1112, Thermo Finnigan) was used to
determine the carbon (C), hydrogen (H), and nitrogen (N) contents of all biochars.

The pH of the biochar and soil were measured in a 1:10 ratio of biochar suspension
in deionized water. The concentrations of Hg and inorganic As were digested by
HNO3-H2S04, after that, atomic fluorescence Spectrometry (AFS-9760) at 253.65 nm
was used for the measurement. The concentration of Cd and Pb were digested by
HNO3-H20.-HCI with the ratio of 3:1 (hydrochloric and nitric acids), then using ICP-
MS (Agilent 7700e, USA) for their measurement.

In the experiment, 20% parallel samples, GSS9-16 and GSB-26 were used for
quality control, and the error was controlled within 5%. The reagents were of excellent
grade and the test vessels were soaked in 10% nitric acid for more than 24 h before use.

Design of experiment

The spinach was planted in the temperature room of Qinling field monitoring center,
and the indoor temperature range was 23 ~ 28°C. Each basin (18.0 cm in height, 20.0
cm in diameter, and 13.0 in bottom diameter) was filled with 3 kg of soil, and a tray
was arranged at the bottom of the basin to prevent the leakage of soil and water.
Biochar of a certain quality was applied and mixed with the soil according to the
experimental design (Table 2). The soil water content was more than 60% of the field
water capacity throughout the growth period of the spinach. After 30 days of
stabilization, the seeds were planted in the plastic basin in May of 2019, three parallel
groups were setup for each remediation method. When the spinach trilobal stage, the
seedlings were interspecific to 3 plants.

Table 2. Test design for the different biochar treatments

Treatments Specific operation procedures
T1 The control group. No heavy metal reduction
measures were taken.

T2 1% reed biochar added

T3 3% reed biochar added

T4 1% cassava biochar added

TS 3% cassava biochar added

T6 1% rice biochar added

T7 3% rice biochar added
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After about 45 days later, soil samples and plant samples were collected, after
natural air drying, 50 g of soil samples were ground and passed through nylon screen
by quartering method. The upper part of plant samples was collected, washed with tap
water, then repeatedly washed with deionized water. After being Killed at 105°C for 0.5
h, dried at 75°C to constant weight, the soil samples were crushed, passed through 60
mesh nylon screen and bagged for standby.

Data analysis method

SPSS 20.0 was used for statistical analysis, one-way ANOVA was used to compare
the treatment, Duncan method was used to analyze the difference significance, and
Excel 2010 and sigmaplot 10.0 were used to create the plots. The potential ecological
risk index was used to evaluate the soil, and the risk index was used to evaluate the
heavy metal content in the spinach.

Evaluation method
Potential ecological risk index method

The potential ecological risk index method was proposed by Swedish scientist
Hakanson in 1980. Because it considers the toxicity differences of the different heavy
metals and the sensitivity of the environment to heavy metal pollution, this method
more accurately expresses the impact of heavy metals on the ecological environment.
The calculation equations are as follows:

i
C =—is (Eq.1)
C
n
i i~
Er :Tr fo (Eq.2)
RI :gEi (Eq.3)

In these equations, C. is the measured value of the sample (mg/kg); C, is the soil
background value of Shaanxi Province (mg/kg); T; is the toxicity response coefficient
of the i-th heavy metal; E; is the potential ecological risk factor of the i-th heavy metal;
RI is the potential ecological risk index of the pollutant; and C; is the pollution
coefficient of the i-th heavy metal. The classification of the potential ecological risks is
shown in Table 3.

Hazard index method

The hazardous impact of heavy metals on human health is the result of a
combination of various elements. Therefore, the hazard index (HI) used to conduct a
comprehensive evaluation of the health risk of heavy metals to the human body. The
calculation equation is as follows:

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(2):1049-1066.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/acer/1902_10491066
© 2021, ALOKI Kft., Budapest, Hungary



Wang et al.: Characteristics and assessment of the heavy metal content of soil and spinach with different remediation
- 1054 -

4
HI = > HQ (Eq.4)

Table 3. Potential ecological risk assessment and corresponding pollution degree

Potential ecological risk factors, E; Potential ecological risk index, RI
Single heayy metal Risk factor classification Threshgld range for Risk index classification
threshold interval multiple metals
(-0, 40) A, Slight ecological harm (-o0, 150) 1 \* ROMAN No risk
[40, 80) B, Moderate ecological damage [150, 300) 2 \* ROMAN Mild risk
[80, 160) C, Strong ecological harm [300, 600) 3 \* ROMAN moderate risk
[160, 320) D, Very strong ecological harm [600, +c0) 4\* ROMAN Serious risk
[320, +0) E, Extreme ecological harm -- --

In Eq.(4), HQ is the health value of a single heavy metal. If HIE (-0, 1.0], the heavy
metals have no negative impact on human health; if HI€(1.0, 10), the heavy metals may
have a relatively negative impact on human health; and if HI€ [10, + o), the heavy
metals have a toxic impact on human health.

CID.

__ i
HQ, = RfDi (Eq.5)

In Eq.(5), CIDi is the daily intake of the heavy metal i (mg/kg-d), and RfD; is the
oral dose of heavy metal i (mg/kg-d). According to the EPA health risk model of the
United States, the oral reference doses of Hg, As, Pb, and Cd are 0.0003, 0.0003, 0.004,
and 0.001 mg/kg-d, respectively.

CixIRxEFxED
BW x AT

(Eq.6)

CIDi =

In Eq.(6), Ci is the content of heavy metal i in the edible part of the spinach (mg/kg);
IR is the average daily meal of adults, 0.389 kg (person-d); EF is the exposure
frequency, 350 d/a; ED is the lifetime exposure time, we use 65 a; BW is the average
weight of an adult, 62.7 kg; and the life expectancy in days is 65 x 365 d.

Results and Analysis
Surface characteristics of the biochar

Figure 1 shows picture from a scanning electron microscope of the three types of
biochar. As can be seen in Figure 1, there are differences among the apparent
morphologies of the three types of biochar, which is due to the natural differences in the
tissue morphology of the different plants. All three types of biochar have porous
structures and large specific surface areas. The biochar of the reed pole is relatively
smoother, with some long and narrow filaments and noticeable surface gullies. The
structure of the cassava biochar is clear and honeycombed, and the number of
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micropores is greater than those of the other biochar. The surface of the rice biochar is
rough, and there are many small particles on the surface. The results show that the
average pore size of the cassava biochar is 12.08 um, followed by rice biochar (4.26 pum)
and reed biochar (2.53 um).

Reed stalk biochar Cassava stalk biochar

Rice stalk biochar

Figure 1. SEM images of the biochar surfaces

Analysis and evaluation of the physical and chemical properties and heavy metal
content of unrepaired soil

The assessment results of the potential ecological risk factors revealed that the Pb
and Cd pollution levels of the soil from the sampling point is level A, i.e., it caused
slight harm to the ecological soil environment. The pollution level of inorganic As in
the soil is level B, i.e., an intermediate degree of ecological harm; and the Hg pollution
level of the soil is level E, i.e., it is very harmful to the ecological soil environment. The
potential ecological RI of Hg, Cd, As, and Pb was 2901.59, indicating a serious degree
of risk (Table 4).

Changes in the organic matter and pH of soil after biochar treatment

The effects of treatments T1-T7 on soil pH and the organic matter are shown in
Figure 2. As can be seen in Figure 2, the pH and organic matter in the soil changed
after each treatment. The pH range of the soil before treatment was 6.33-8.46; after the
T1-T7 treatments were applied, the pH value of soil increased by 0.16-1.10. The soil
organic matter (SOM) content before the treatments were applied ranged from 33.126
to 65.332 g/kg and the change in the SOM content caused by the treatments ranged
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from 31.218 to 63.023 g/kg. Specifically, after treatments T2, T6, and T7 were applied,
the SOM content increased by 2.10, 1.92, and 2.64 g/kg, respectively; however, for T1,
T3, T4, and T5, the SOM content decreased after treatment by 1.91, 2.75, 1.60, and
3.91 g/kg, respectively. The above results show that the pH and organic matter content
of the soil changed after the different treatments were applied, but no pattern was
revealed in these changes. This could be because the physical and chemical properties
of the soil are affected by a variety of factors such as the test temperature and microbial
activity.

Table 4. Evaluation of the heavy metal content of the unamended soil

E,

Item measured Average value Standard value Numerical valuel Pollution class
Hg (mg/kg) 5.14+1.35 2.4 2901.59 E
Inorganic As (mg/kg) 75.71£2.76 30 68.21 B
Pb (mg/kg) 94.33+2.69 120 22.04 A
Cd (mg/kg) 0.73+0.33 0.3 28.82 A
pH 6.71+0.85 -- -- --
Organic matter (g/kg) 2.86+0.56 -- -- --
Cation exchange capacity 15.960 99 _ _ _

(cmol/kg)

RI -- -- 3014.66 1\

10 4 & Before repair 80 & = Before repair

u After repair m After repair

60

pH value

40 f

Organic matter content (g/kg)

iii}iii}iii}iii;iii}iii;iii}iii;iii}iIiﬂ_.

,d
o

T1 T2 T3 T4 T5 Té T7
Treatments

2 T3 T4 TS T6 T7
Treatments

Figure 2. Changes in the pH value and organic matter content of the soil before and after the
different treatments were applied, Error bars represent standard deviation (n =3). The same as
below

Detection and evaluation of the heavy metal content in soil after the different biochar
treatments

Characteristics and evaluation of the total Hg content of the soil

The effects of the different remediation treatments on the total Hg content of the soil
are shown in Table 5. As can be seen in Table 5, there is a certain difference in the total
Hg content of the soil after treatments T1-T7. Compared with T1, the total Hg content
in T2-T7 decreased by 0.97-2.29 mg/kg, and the largest reduction was seen in T3. The
results show that the effect of the reed biochar on the total Hg content was the best, and
the higher the amount of reed biochar, the stronger its repairing ability. The potential
ecological risk assessment index shows that the pollution level of the total Hg content
of the soil after treatments T1-T7 were applied was level E. Although the total Hg
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content of the soil was lower after treatments T1-T7, it was still high enough to cause
serious harm to the ecological soil environment.

Table 5. Hg content of soil and evaluation of the different treatments (N=3)

. E.
Repair treatments Mean Value Pollution level
T1 5.89+0.19 3739.68 E
T2 4.92+0.64 3121.69 E
T3 3.60+0.44 2285.71 E
T4 3.89+0.46 2467.72 E
T5 3.85+0.49 2442.33 E
To6 4.22+0.63 2679.37 E
T7 3.62+0.49 2296.30 E

Note: Every treatment has three parallel (The same as below)

Characteristics and evaluation of the inorganic As content of the soil

The effects of the different remediation treatments on the inorganic As content of the
soil are shown in Table 6. As can be seen in Table 6, compared with T1, after
remediation treatments T2-T7 were applied, the inorganic As content of the soil
decreased by 0.6-9.8 mg/kg. Among all of the remediation treatments, the inorganic As
content of the soil decreased the most after method T3 was applied, with a value of 9.8
mg/kg. The results show that the effect of reed stalk biochar was better than that of the
other two materials, and the higher the amount of reed stalk biochar, the better the
effect of the remediation. The potential ecological risk assessment index shows that the
inorganic As pollution level in the soil after treatments T2 and T3 were applied was
level A, i.e., it still causes a slight degree of ecological risk. After treatments T1 and
T4-T7 were applied, the pollution level of the inorganic As in the soil was level B.
Although the inorganic As content decreased, it still resulted in a moderate degree of
harm to the ecological environment.

Table 6. Inorganic As content and evaluation of the soil after different treatments (N=3)

E,
Treatment Mean Value Pollution level
T1 49.0+3.68 4414 B
T2 4324237 38.89 A
T3 39.2+3.12 3532 A
T4 46.7+3.41 42.07 B
TS 48.4+1.94 43.63 B
T6 47.2+2.16 42.49 B
T7 4532327 40.84 B

Characteristics and evaluation of the total Pb content of the soil

The total Pb contents of the soil after treatments T1-T7 were applied are shown in
Table 7. As can be seen in Table 7, there is a difference in the total Pb content of the
soil after treatments T1-T7 were applied. Compared with method T1, after treatments
T2-T7 were applied, the total Pb content of the soil decreased by 10.8-24.1 mg/kg, and
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the total Pb content of the soil after T3 was applied decreased by 24.1 mg/kg. The effect
of T3 on the recovery of Pb from the soil was better than those of the other treatments,
and the higher the content of biochar used, the better the recovery effect. The potential
ecological risk index shows that the pollution level of the total Pb in the soil after
treatments T1-T7 were applied was level A. Although the total Pb content of the soil
after treatments T1-T7 were applied was lower, it was still high enough to cause a
slight amount of harm to the ecological soil environment.

Table 7. Pb content and evaluation of soil after different treatments (N=3)

Treatment Mean L
Value Pollution level
T1 82.6+13.76 19.30 A
T2 63.1+£8.31 14.74 A
T3 58.5+5.99 13.66 A
T4 64.7+3.09 15.11 A
TS 71.8+3.67 16.77 A
T6 63.4+8.49 14.82 A
T7 64.8+3.02 15.13 A

Characteristics and evaluation of the total Cd content of the soil

The total Cd content of the soil after treatments T1-T7 were applied is shown in
Table 8. As can be seen in Table 8, compared with method T1, after treatments T2 and
T5 were applied, the Cd content of the soil increased by 0.08 and 0.15 mg/Kkg,
respectively. After treatments T3, T4, and T6 were applied, the Cd content of the soil
decreased by 0.20, 0.13, and 0.07 mg/kg, respectively, and the total Cd content of the
soil after method T6 was applied decreased more than those of treatments T3 and T4. In
general, the remediation effect of each treatment on the Cd in the soil was not
significant. The potential ecological risk index shows that the pollution level of the total
Cd in the soil after treatments T2 and T5 was level B, i.e., a medium degree of harm to
the ecological soil environment. The pollution level of the total Cd in the soil after the
other remediation treatments was level A. Although the total Cd content of the soil was
low, it was still high enough to cause a slight amount of harm to the ecological soil
environment.

Table 8. Cd content and evaluation of the different repaired soils (N=3)

Treatment Mean E.
Value Pollution levels
Tl 0.98+0.09 38.68 A
T2 1.06+£0.41 41.97 B
T3 0.78+0.09 30.79 A
T4 0.85+0.05 33.42 A
T5 1.13+0.05 44.74 B
T6 0.91+0.05 36.05 A
T7 0.98+0.07 38.68 A
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Changes in the Hg, Pb, Cd and inorganic As content of the soil before and after
treatment

Comparisons of the total Hg, Pb, Cd and inorganic As content of the soil before and
after the treatments were applied are shown in Figure 3. As can be seen in Figure 3, the
total Hg, Pb, and Cd content of the soil after treatments T1-T7 were applied are lower
than those before treatment, with decreases of 0.8-1.76 mg/kg, 8.0-17.1 mg/kg, and
0.02-0.56 mg/kg, respectively. Among all of the groups, the total Hg and Cd content of
the soil after T3 was applied show the most improvement, with a decrease of 1.76
mg/kg and 0.93 mg/kg, respectively. After T5 was applied, the total Pb content of the
soil decreased the most (17.1 mg/kg). According to the comparison of the specific
operation procedures for treatments T1-T7 (Table 2), T3 involves the addition of 3%
reed biochar, and T5 involves the addition of 3% cassava biochar. Thus, it can be
concluded that the addition of 3% reed biochar has a better effect on reducing the total
Hg and Cd content of the soil. The addition of 3% cassava biochar can reduce the total
Pb in soil. In addition, the inorganic As content of the soil after remediation treatments
T2-T7 were applied increased by 0.7-6.0 mg/kg compared with the amounts before
remediation. Combined with the results of previous studies (Wei et al., 2016), the pH
value in the soil has a significant influence on the effectiveness of available As in the
soil. In an acidic environment, the inorganic As in the soil exists in the form of H3AsO:s.
With increasing pH, the inorganic As in the soil is released in the form of dissociation
at all levels, which increases the inorganic As content of the soil.
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Figure 3. Changes in the total Hg, Pb, Cd, and inorganic As content of the soil for the different
treatments
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Effect and evaluation of the different remediation treatments on the Hg, Pb, Cd, and
inorganic As content of spinach

The Hg, Pb, Cd and inorganic As content of the edible parts of spinach after
treatments T1-T7 were applied are shown in Table 9 (Aboveground part). As can be
seen in Table 9, the average total Hg, Cd, and inorganic As content of the edible part of
the spinach after treatments T1-T7 were applied are 0.360-1.059, 0.790-2.605, and
0.540-1.143 mg/kg, respectively. They are all over the threshold of pollutants in foods
according to the National Food Safety Standard (GB 2762-2012). The average total Pb
content of the edible part of the spinach after treatments T1-T7 was 0.211-1.321 mg/kg.
With the exception that the total Pb content of the edible part of the spinach after T1
was slightly higher than the threshold set by GB 2762-2012, the results of the other
groups are all below the threshold of the national standard. Among them, the total Pb
content of the edible part of the spinach after T1 reached 1.321 mg/kg, which is 1.32
times higher than the limit of pollutants set by GB 2762-2012. Combined with the risk
index evaluation, except for T5, the risk index HI of the edible part of the spinach after
treatments T1-T7 were applied is greater than 10, which indicates that the total Hg, Pb,
Cd and inorganic As content of the spinach have toxic effects on human health. The HI
ranking of the edible parts of the spinach follows the order T1-T7 of T1 > T4 > T6 >
T2>T3>T7>T5.

Table 9. Content and evaluation of the total Hg, Pb, Cd, and inorganic As content of the
spinach after the different treatments

Total Hg Inorganic As Total Pb Total Cd .
Treatment content content content content Hazall’_(IiImdex

(mg/kg) (mg/kg) (mghkg) |  (mglkg) @D

T1(control group)| 0.759+0.067 2.452+0.376 1.321+0.269 | 0.783%0.110 12.99
T2 0.737+0.008 2.32240.302 0.584+0.074 | 0.872+0.188 12.12

T3 0.468+0.059 2.508+0.131 0.451£0.103 | 0.908+0.055 11.97

T4 1.059+0.152 1.923+0.265 0.593£0.094 | 0.965+0.119 12.60

TS 0.482+0.044 0.790+0.020 0.527+0.208 | 0.759+0.104 7.82

T6 0.360+0.065 2.2194+0.511 0.211+0.061 1.143+0.067 12.23

T7 0.851+0.154 2.605+0.222 0.338+0.058 | 0.540+0.094 10.57

GB 2762-2012 0.01 0.5 1.0 0.2

Discussion

It is well known that the pH value is one of the main factors that affects the
adsorption of heavy metals. The total Hg, Pb, and Cd content of the soil after
remediation treatments T2-T7 were applied were lower than those before the
remediation, while the inorganic As content of the soil after remediation was slightly
higher than that before remediation. This may be due to the increase in the soil pH
caused by the addition of the biochar, which promoted the release of inorganic As into
the soil (Hartley et al., 2009). Among the soil properties, the soil pH value has a
significant influence on the solubility and form of the metals in soil and plays a vital
role in the form of the metals as well as the solubility, migration, and final
bioavailability of the minerals (Zeng et al., 2011). In addition, pH value also affects the
surface charge of the adsorbent and the ionization adsorption (Yu et al., 2013). Xiao et
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al. (2017) pointed out that the degree of the adsorption of the heavy metals onto the
biochar is closely related to the acid-base degree of the biochar in addition to the
pyrolysis temperature and the ionic strength of the biochar. As the pH value increases,
the adsorption of the heavy metals onto the biochar increases significantly. For example,
Rahman and Islam (2009) reported that the adsorption capacity of biochar for Cu in
solution is very low under acidic conditions, only 28.66%. When the pH value reached
7, the adsorption capacity increased significantly, reaching 83.25%. Kilic et al. (2013)
investigated the adsorbtion of Ni and Co in an agueous solution onto almond shell
biochar. The results revealed that when the pH is increased from 2 to 6, the adsorption
capacity of the Ni and Co ions increased, and the surface of the adsorbent was
negatively charged, which increased the interaction between the Ni (1) and Co (I1) and
the binding sites. Zeng et al. (2011) found that under acidic conditions, soluble trivalent
Cr was reduced to pentavalent Cr, and the mobility and effectiveness of Cr increased
with increasing pH. Houben et al. (2013) showed that biochar increased soil pH and
reduced the extractability and bioavailability of the Cd, Zn, and Pb in the soil. The
positive correlation between the available Cr and the soil pH has also been reported in
previous studies (Guo et al., 2017). However, several studies have shown that when the
pH exceeds a certain value, the adsorption efficiency of biochar for metal ions
decreases, which may be due to the formation of soluble hydroxylation complexes of
the metal ions and their competition with the active centers (Sari et al., 2007).

In addition to pH, the organic matter in the soil also affects the availability of the
heavy metals. The effect of organic matter on the availability of heavy metals has been
widely studied. Studies have shown that as the organic matter content of the soil
decreases, the adsorption capacity of the heavy metals in the soil components also
decreases (Hettiarachchi et al., 2003; Antoniadis et al., 2008). Bradl (2004) also
reported that the organic matter content of the soil is the main characteristic of heavy
metal adsorption, and the combination of metal ions and organic matter often reduces
the concentration of free heavy metal ions in a soil solution and the toxicity of the
heavy metals Abollino et al. (2003). Pichtel et al. (2008) and Gunadasa et al. (2012)
determined that as the organic matter content of the soil increases, the Cd content of the
plants grown in the soil significantly decreases. Pichtel and Bradway (2008) also
pointed out that the addition of organic fertilizer to the soil significantly reduced the
bioavailability of Cd. Bolan et al. (2014) and others found that adding organic
modifiers to soil contaminated with heavy metals can reduce the mobility of the heavy
metals.

In this study, seven different remediation treatments were investigated to determine
their impacts on the Hg, inorganic As, Pb, and Cd content of soil and spinach, and their
impacts were found to be different. Among them, the risk index of the heavy metals in
the spinach after treatments T2-T7 were applied was lower than that of T1, because no
biochar was added to T1, while the other factors, e.g., temperature, climate, and water
content, were exactly the same as in treatments T2-T7. The risk index of the heavy
metals in the spinach was the lowest after method T5 was applied, and the remediation
measure taken in method T5 was the addition of 3% cassava stem biochar. The pore
diameter of the cassava stem is larger than those of the other types of biochar, which is
conducive to the adsorption of heavy metals. However, the pH value of the soil treated
using method T5 was higher after the biochar was added. In addition, 3% biochar is
higher than 1% biochar, and the application of 3% cassava stem biochar can more
effectively remediate the heavy metal pollution in soil and prevent the migration of
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heavy metal ions into plants. Compared with treatments T3, T5, and T7, the content of
the other heavy metals in the soil after the three remediation treatments were applied
were significantly lower than the contents before the remediation, except for inorganic
As. The risk index of the heavy metals in the spinach after treatments T3, T5, and T7
were applied was lower than that for treatments T2, T4, and T6. This result shows that
the adsorption of heavy metals in soil by biochar decreases as the amount of biochar
added increases, and it can effectively inhibit heavy metals from entering plants
through bioconcentration. The above results show that cassava stem biochar has a better
adsorption effect on heavy metals than the other types of biochar, and the application of
biochar can not only improve the physical and chemical properties of soil and decrease
the contents of heavy metals but also significantly reduce the risk index of spinach,
which is worth promoting in future research and production.

Conclusions

(1) Before remediation, the total Pb and Cd content of the soil indicated slight
pollution, the inorganic As content indicated moderate pollution, and the total Hg
content indicated extreme pollution. The potential ecological RI of the total Hg, Pb, Cd,
and inorganic As was 3014.66, and the pollution level was extremely high, indicating
that there was a certain degree of heavy metal pollution in the soil from the collection
area (Hg mining area, Xunyang, Ankang).

(2) Compared with the conditions before remediation, the organic matter content and
pH value of the soil after remediation treatments T1-T7 were changed. The pH values
of the soil increased by 0.16-1.10, indicating that treatments T1-T7 have a certain
impact on the physical and chemical properties of the soil.

(3) Compared with the conditions before remediation, after treatments T2-T7 were
applied, the inorganic As contents of the soil increased by 0.7-6.0 mg/kg, and after
treatments T1-T7 were applied, the total Hg, Cd, and Pb content of the soil decreased
by 0.8-1.76 mg/kg, 8.0-17.1 mg/kg, and 0.02-0.56 mg/kg, respectively. After T3 was
applied, the total Hg and Cd contents of the soil decreased by 1.76 mg/kg and 0.93
mg/kg, respectively. After T5 was applied, the total Pb content of the soil decreased the
most, i.e., by 17.1 mg/kg.

(4) After treatments T1-T7 were applied, the average total Hg, Cd and inorganic As
content of the edible part of the spinach were 0.360-1.059, 0.540-1.143 and
0.790-2.605mg/kg, respectively, which exceeds GB 2762-2012. After method T1, the
total Pb content of the edible part of the spinach was 1.321 mg/kg, which exceeds GB
2762-2012. The amount of Pb pollutants in the spinach was 1.32 times the limit of GB
2762-2012. In addition, the risk index of the spinach after treatments T1-T7 were
applied is greater than 10, which indicates that the crops in the soil collection area
(Ankang, Xunyang Hg mining area) are more likely to cause harm to human health, and
more attention should be paid to farming in this area.

(5) All in all, biochar can improve soil physical properties and heavy metal content,
and significantly reduce the risk index of spinach edible parts, which is worthy of
popularization and application. However, in the study, the remediation effect of biochar
on heavy metals is not obvious. In the later research, we should focus on the properties
of different raw materials and the adsorption mechanism of heavy metals.
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