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Abstract

Purpose
HDS sediment is a type of solid waste produced when the high-concentration mud method (HDS) is
adopted to treat acid wastewater from copper mines. It can rationally utilize sediment resources by using
phytoremediation.

Methods
To reveal the effect of different phytoremediation on the heavy metal, enrichment capacity and microbial
diversity of the HDS sediments of copper mines, in this experiment, the HDS sediments of a copper mine
without phytoremediation were selected as the control group, while the sediments of black locust
(Robinia pseudoacacia), slash pine (Pinus elliottii Engelmann) and Chinese white poplar (Populus
tomentosa Carr.) were used as test groups to analyze the physical and chemical properties, heavy metal
pollution and bioaccumulation capacity of HDS sediments under three phytoremediation.

Results
The results show that different phytoremediation can reduce the sediment's conductivity and adjust the
sediment's pH value to the range suitable for plant growth. The BCFShoot and BTF values of Chinese white
poplar to Cd and Zn and slash pine to Pb were both greater than 1.

Conclusions
As discovered from the bioconcentration coe�cient and biotransport coe�cient results, Chinese white
poplar is an enriched plant of Cd and Zn, while slash pine is a plant full of Pb.

1 Introduction
With the rapid development of the world’s economy and industrialization, the demand for copper
resources has progressively increased[1]. At the same time, a large amount of acid wastewater will be
generated during the mining of copper mines. In this context, the High-density Sludge (HDS) process is
the main effective method used to treat acid mine wastewater and thus improve the recovery rate of
mineral resources[2]. The HDS process �ow is shown in Fig. 1. In the HDS treatment process, many heavy
metal elements in the ore will enter the HDS sediment with the wastewater. After their introduction into
HDS sediment, heavy metal elements affect the physicochemical properties and microorganisms of HDS
sediment directly or indirectly. As the accumulation time of HSD sediment increases, the heavy metal
elements in it will gradually transfer to the soil of the dumpsite. Then, the pollution caused by heavy
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metals is a severe risk to the surrounding ecosystem because of its toxicity[3], non-biodegradability, and
bioaccumulation[4]. Heavy metals in soil may transport and accumulate in the human body along the
food chain[5]. In this case, heavy metal pollution has become one of the most serious environmental
problems in mining areas.

Nowadays, a variety of remediation approaches, including physical remediation (guest land methods,
electro-remediation methods and thermal desorption methods), chemical remediation (Add �xative or
acid-base leaching agents containing porous structure material, etc.), and biological remediation
(microbial remediation and phytoremediation) approaches[6][7] have been developed to reclaim heavy
metal-polluted soils. The physical repair method is widely used in engineering, but it is featured with a
large amount of engineering, short-time effect, and high cost. The chemical remediation method has a
large amount of precipitated sludge and is environmentally damaging. Whereas, phytoremediation
adopts the ability of plants to remove the heavy metal of soil[8] which is regarded as the most cost-
effective and environmentally friendly technique for remediation of heavy metal-contaminated soils[9];
besides, it uses plants to extract and transport elemental pollutants in the soil, thus stabilizing the fertility
of plant growth substrates[10]. Actually, more than 400 plants have been found to have the ability to
super-enrich heavy metals[11]. For example, the ryegrass possesses a strong cadmium ion enrichment
ability, and there are differences between different types of ryegrass[12]. B. papyrifera has an excellent
enrichment ability for lead, cadmium and zinc ions, and different ions feature different enrichment levels
in different parts of the plant[13]. Pteris vittata L. is also called "As hyperaccumulator plant" due to its high
ability to accumulate arsenic[14]. In recent years, applications of phytoremediation technology to the
heavy metal pollution of solid waste in mining areas have been rapidly advancing. Solid waste in mining
areas includes tailings generated during bene�ciation and HDS sediment generated in mine wastewater
treatment. Solanum viarum Dunal is used for solving heavy metal problems in tailings[15], and shows
potential applicability for the treatment of areas contaminated by heavy metals in the mining area.
Quercus spp. and Salix spp. were planted into the tailings containing lead and zinc ions. Due to the
different mechanisms operated to confer tolerance of heavy metals, the root systems for heavy metals
transhipment showed obvious differences[16]. When being planted in mine tailings containing copper,
manganese, zinc and lead, even if the concentration of heavy metals in the tailings is different, ryegrass
can still treat heavy metals there[17]. Clearly, it is found that little research is carried out on the use of
phytoremediation techniques to repair HDS sediments contaminated by heavy metals.

As adaptability to the growth environment varies with plants, the growth environment has a great
in�uence on the effect of phytoremediation[18]. Therefore, it is the key to phytoremediation technology to
�nd heavy metal-rich plants suitable for growth in contaminated soil[19][20]. Native plant species are
generally superior to introduced plants in terms of growth and reproduction under environmental stress[21]

[22]. The use of native plant species for phytoremediation is of great importance, which is a key element in
the e�ciency of phytoremediation strategies[23][24]. After testing and analysis, the bottom mud contains
multiple heavy metals such as Cu, Cd, Zn, Pb, Cr and Hg, when four heavy metals namely Cu, Cd, Zn, and
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Pb have the highest content, so that the subsequent tests are all about these four heavy metals. In fact,
the heavy metals in the sediment are easy to form and accumulate, which will eventually threaten the
ecological environment of the mining area. Considering that, in this experiment, three native plant species,
including slash pine (Pinus elliottii Engelmann), Chinese white poplar (Populus tomentosa Carr.) and
black locust (Robinia pseudoacacia), grown in the experimental area were used to remediate heavy
metals in HDS sediments. Besides, the accumulation and transportation of heavy metals in different
plants were analyzed, and its rules were also explored. At the same time, the thermogravimetric analysis
on the sediments after different phytoremediation was carried out to identify the changes in the
properties of the sediments before and after the improvement, which provides data support for the
phytoremediation of heavy metals in the experimental area and similar areas.

2 Materials And Methods

2.1 Study area
The test area is located in a mining area in southeastern China and covers about 100 km2. The mining
area is a typical northwest low mountain and hilly region, featured with the topography of rolling hills in
the southeast. It has a subtropical monsoon humid climate with a mean annual temperature of about
16–18°C, about 70–550 m, and its rainfall is abundant, and the mean annual precipitation is 1970–1990
mm, where around 70–90% of the precipitation is in May and June. The HDS sediments of this
experiment were taken from the dumpsite of the mining area, the southwest direction of which was the
test site with a total area of about 2620 m².

2.2 Materials
Plants selected in this experiment, including black locust (Robinia pseudoacacia), slash pine (Pinus
elliottii Engelmann) and Chinese white poplar (Populus tomentosa Carr. ), were obtained commercially
from Muyangdou Seed Research Industry Co., LTD and all comply with Chinese phytosanitary
regulations.

2.3 Experimental design and treatments
According to the climate conditions of the test area and the genetic resources of native plant species, in
April 2017, a test area was established. Then, slash pine (Pinus elliottii Engelmann), Chinese white poplar
(Populus tomentosa Carr.) and black locust (Robinia pseudoacacia) were planted there. The HDS
sediment thickness in the test area was about 80 cm, and about 2000 cubic meters of HDS sediments
were used. The species planted and plant root stem and leave samples grown in the experimental area
are shown in Fig. 2. The root, stem, leaf and sediment of the above three plants were collected in July
2021. In this experiment, four groups of different treatments were set, when the sediment without planting
any plant was employed as the control group (CK), while those planted with slash pine, Chinese white
poplar and black locust were the test groups. Besides, these plants in the �gures and tables in this study
were marked as 1#, 2# and 3#, respectively. Before starting sample collection, the samplers such as
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garden shears and machetes were wiped with alcohol disinfection equipment. Here, it should be noted
that this step should be repeated each time when the sample plot was replaced so as to reduce errors.
Apart from that, these samples were collected in three randomly selected 2 m × 2 m quadrats, in each of
which three plants have similar growth. Then, gardening shears and machetes were used to obtain plant
branches and roots, and collect leaf, stem and root samples, while sediment samples were acquired
within the range of 0–25 cm from the main plant stem. After that, all samples were put into a sealed
sample bag and placed in a low-temperature incubator. Furthermore, the quality of all samples in the
sealed sample bag was controlled to about 80 g, which was then brought back to the laboratory to
determine the heavy metal content.

2.3 Sediment analysis and statistical analysis
The sediment and plant samples were put into a drying box and dried at 40°C for 48 hours. Then, the
dried samples were crushed, thoroughly mixed, screened with a 40-mesh sieve and loaded into a sample
vial. After that, heavy metal analysis was performed by weighing 0.2 mg of samples taken in a conical
�ask, and adding 5 ml nitric acid and 1 mol perchloric acid, followed by placing it on the Graphite
Digestion Instrument at 200℃ until the solution in the conical �ask became colorless. Afterwards, it was
poured into a 50ml volume. The volume was increased to 50 mL with distilled water. Other than that, the
metal content was measured by ICP-MS. As for thermogravimetric analysis experiment, weigh 15–20 mg
of samples; place them in an alumina crucible, and then put them into the WCT-122 thermogravimetric
analyzer. Nitrogen was used as the protective gas, at a �ow rate of 18mL min− 1, while the temperature
range was from 25°C to 1000°C with a heating rate of 20°C min− 1. In order to eliminate experimental
errors, a baseline calibration under the same conditions was performed before each sample test.
Moreover, the pH and electrical conductivity of the sediment were determined by the water extraction
potential method and the conductivity meter respectively.

The experimental data was processed, analyzed, and graphed by SPSS 22, Origin 8, and Microsoft Excel
2016 software.

The bioconcentration factor (BCF)[25] represents the ability of a certain metal in plant stems and leaves or
roots[26][27]. The bioconcentration factor of plant aerial parts (stems and leaves) is calculated by formula
(1), while that of the plant underground part (plant root) is by formula (2):

where [Metals]Shoot represents the total concentration of heavy metals in plant stems and leaves;
[Metals]Root refers to the total concentration of heavy metals in the roots of the plant, and [Metals]Sediment
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indicates the concentration of heavy metals in the bottom silt of plants.

The biological transport factor (BTF)[28] re�ects the ability of plants to transport heavy metals, and is the
ratio of the concentration of heavy metals in the above-ground and underground parts of the plant[29][30].
The biological transport coe�cient is calculated by formula (3):

where [Metals]Shoot represents the total concentration of heavy metals in plant stems and leaves, while
[Metals]Root means the total concentration of heavy metals in the roots of the plant.

3 Results

3.1 Phytoremediation effects of different plants on the pH
value and conductivity of HDS sediment
The pH of the plant growth substrate will directly affect its biochemical characteristics, thereby affecting
plant growth. As shown in Fig. 3, the pH of the control group was 7.97, which was alkaline. After three
kinds of phytoremediation, the pH value of the sediment decreased slightly. Among them, the pH of the
sediment of the black locust group decreased most signi�cantly, reaching 7.71, while the effect of other
test groups on improving the pH value of sediment was: slash pine (7.81) > Chinese white poplar (7.86).

The conductivity of the sediment is a parameter of sediment salinity, which can indicate the salt content
in the sediment and is an important factor that highlights the presence of nutrients in the soil. As shown
in Fig. 2, after phytoremediation, the HDS sediment content showed a certain upward trend. The
conductivity of the control group, the black locust group, the slash pine group and the Chinese white
poplar was 213 ms s-1, 241 ms s-1, 226 ms s-1, and 235 ms s-1, respectively, when there was an increase
of 13.1%, 6.1%, and 10.3% accordingly, compared with the control group.

3.2 Thermogravimetric analysis of sediment after different
phytoremediation
Thermogravimetric (TG) pro�les of selected samples together with the derivative thermogravimetric
(DTG) curves are displayed in Fig. 4 and Fig. 5. Through the TG and DTG curves, each group of
sediments at different stages of thermal weight loss, the maximum thermal weight loss rate and the
corresponding peak temperature can be obtained. Table 1 shows the temperature range, quality change
and peak temperature of each group of sediments at different stages of thermal weight loss. With the
continuous increase of pyrolysis temperature, the sediments of the control group, the black locust group
and the Chinese white poplar group mainly experienced four thermal weight loss stages, while the slash
pine group was more complicated and featured with �ve thermal weight loss processes. The initial
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thermal weight loss of the four groups of samples occurred between 25°C and 136°C. In this stage, the
peak temperature of the black locust group was 118.6℃, followed by the Chinese white poplar group, the
slash pine group, and the control group with the peak temperature of 116.0°C, 109.7°C, and 109.2°C in
sequence. At this stage, the quality loss of the control group, the black locust group, the slash pine group,
and the Chinese white poplar group was 22.3%, 26.8%, 25.6%, and 26.8%, separately. The second-stage
thermal weight loss process of the four groups of samples appeared between 128°C and 259°C. In this
stage, the black locust group had the highest quality loss rate of 6%, followed by the Chinese white poplar
group, the slash pine group, and the control group, with that of 4.4%, 3.7%, and 3.7% accordingly. The
third-stage thermal weight loss process of the control group, the locust group and the Chinese white
poplar group existed between 259℃-791℃. Within a similar temperature range, the Chinese white poplar
group showed two thermal weight loss stages (stage III and IV), and the mass-loss rates were 1.5% and
11.4%, respectively, which was lower than that of the black locust group and higher than that of the
control and slash pine groups. Furthermore, the quality loss rates of the control group, the black locust,
the slash pine group, and the Chinese white poplar group in the last thermal weight-loss stage were 2.5%,
3.4%, 3.5%, and 3.4%, respectively. After the four groups of sediments were pyrolyzed at 25-1000℃, the
unburned residues of the original sediments were the most, reaching 62.6%, followed by the slash pine
group, the black locust group, and the Chinese white poplar group with that of 58%, 54.1%, and 52% in
order.
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Table 1
The temperature range, quality change and peak temperature of the sediment after phytoremediation at
different stages of thermal weight loss. CK, the sediment without phytoremediation; T1, planted black

locust; T2, planted slash pine; T3, planted Chinese white poplar.
Sample Weight loss

stages
Temperature ranges
(℃)

Quality change rate
(%)

Peak temperatures
(℃)

CK 25.0-134.8 22.3 109.2

134.8-249.6 3.7 167.5

249.6-756.3 8.9 279.1

756.3–1000.0 2.5 815.8

T1 25.0-135.4 26.8 118.6

135.4-258.1 6.0 195.8

258.1-790.1 15.7 667.1

790.1–1000.0 3.4 854.4

T2 25.0-128.7 25.6 109.7

128.7-241.4 4.4 171.3

241.4-437.7 1.5 415.6

437.7-767.8 11.4 457.6

767.8–1000.0 3.5 807.1

T3 25.0-133.5 26.8 116.0

133.5-246.2 3.7 193.8

246.2-770.9 12.1 604.9

770.9–1000.0 3.4 839.1

3.3 Plant heavy metal content under different
phytoremediation
The contents of heavy metals in the sediments and plants of each group are shown in Table 2. The Cd,
Cu, Zn, and Pb contents of the sediment after planting black locust were 1.47 mgkg-1, 414.27 mg kg-1,
272.09 mg kg-1, and 15.55 mg kg-1, respectively, while the contents of four heavy metals in the sediment
after planting slash pine were 0.90 mg kg-1, 561.69 mg kg-1, 237.59 mg kg-1, and 10.66 mg kg-1,
respectively. After planting Chinese white poplar, the contents of heavy metals in the sediments were 1.18
mg kg-1, 594.20 mg kg-1, 251.84 mg kg-1, and 13.15 mg kg-1, accordingly. In addition, the heavy metal
content of the aerial parts of plants is equal to the addition of the heavy metal content of plant leaves
and stems. As for the Cd content in the aerial parts of the three plants, it was Chinese white poplar (2.93
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mg kg-1) > slash pine (0.92 mg kg-1) > black locust (0.57 mg kg-1), while the Cu content was the black
locust (233.65 mg kg-1) > slash pine (82.16 mg kg-1) > Chinese white poplar (44.16 mg kg-1); the Zn
content was Chinese white poplar (553.74 mg kg-1) > slash pine (84.99 mg kg-1) > black locust (57.69 mg
kg-1); and the Pb content was slash pine (17.59 mg kg-1) > black locust (11.45 mg kg-1) > Chinese white
poplar (8.67 mg kg-1). Different from that, the Cd content in the roots of the black locust, slash pine, and
the Chinese white poplar was 0.67 mg kg-1, 0.27 mg kg-1, and 0.69 mg kg-1; the Cu content was 148.78
mg kg-1, 39.53 mg kg-1, and 86.12 mg kg-1, and the Zn content was 86.44 mg kg-1, 27.86 mg kg-1, and
93.89 mg kg-1, separately, while Pb content was 4.99 mg kg-1, 0.99 mg kg-1, and 1.88 mg kg-1,
respectively. The data results show that the black locust has the strongest absorption capacity for Cu
among the three plants, and the absorption of Zn by the Chinese white poplar group is more than 20
times that of other plants.

Table 2
The contents of heavy metals in the sediments and plants. Values are means ± standard

error. According to Duncan's multiple range test, the data followed by a different letter
are signi�cantly different (P ≤ 0.05). CK, the sediment without phytoremediation; T1,

planted black locust; T2, planted slash pine; T3, planted Chinese white poplar.
Sample Heavy content (mg kg− 1)

Cd Cu Zn Pb

T1 Sediment 1.47 ± 0.34 414.27 ± 87.69 272.09 ± 9.19 15.55 ± 0.50

leaves 0.17 ± 0.06 37.96 ± 3.05 27.58 ± 6.81 2.09 ± 0.61

rhizome 0.4 ± 0.15 195.69 ± 297.55 30.11 ± 3.31 4.37 ± 1.99

root 0.67 ± 0.24 148.78 ± 33.05 86.44 ± 22.28 4.99 ± 1.65

T2 Sediment 0.99 ± 0.15 561.69 ± 131.92 237.59 ± 21.46 10.66 ± 2.96

leaves 0.2 ± 0.05 19.87 ± 3.61 41.66 ± 10.21 3.99 ± 1.98

rhizome 0.72 ± 0.15 62.29 ± 21.38 43.32 ± 26.72 12.62 ± 6.88

root 0.27 ± 0.14 39.53 ± 11.65 27.86 ± 10.34 0.99 ± 0.58

T3 Sediment 1.18 ± 0.04 594.2 ± 80.13 251.84 ± 18.80 13.15 ± 1.82

leaves 1.87 ± 0.30 20.35 ± 5.38 420.22 ± 132.12 4.25 ± 0.92

rhizome 1.06 ± 0.12 23.81 ± 13.71 133.53 ± 6.99 2.53 ± 0.50

root 0.69 ± 0.09 86.12 ± 44.12 93.89 ± 18.02 1.88 ± 0.84

3.4 Heavy metal enrichment and transport characteristics
under different phytoremediation
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The bioconcentration factor (BCF) and bio-transport factor (BTF) can evaluate the plant's ability to enrich
and extract heavy metals from the plant substrate. From Table 2 and formulas (1), (2) and (3), the
aboveground bioconcentration coe�cient (BCFShoot), the underground bioconcentration coe�cient
(BCFRoot), and the transport coe�cient (BTF) of the four heavy metals in each plant can be calculated.
The calculation results are shown in Table 3, from which, it can be seen that the BCFShoot values of
Chinese white poplar to Cd and Zn and slash pine to Pb are all greater than 1; the BTF value of the black
locust to Cu and Pb is greater than 1; the BTF values of slash pine to Cd, Cu, Pb and Zn are all greater
than 1, and the BTF value of slash pine to Pb is as high as 16.75; besides, the BTF values of Chinese
white poplar to Zn, Cd and Pb were greater than 1, being 5.895, 4.244 and 3.608, respectively.
Furthermore, the BTF values of the three plants to Cd were the Chinese white poplar group (4.244) > Slash
pine group (3.403) > black locust group (0.311), to Cu being slash pine group (2.086) > black locust group
(1.571) > Chinese white poplar group (0.510), to Zn being the Chinese white poplar group (5.895) > Slash
pine group (3.060) > black locust group (0.670), and to Pb being the Slash pine group (16.750) > Chinese
white poplar group (3.608) > black locust group (1.293).

Table 3
Bioconcentration coe�cient and transport coe�cient of

various heavy metals in different plants. CK, the
sediment without phytoremediation; T1, planted black

locust; T2, planted slash pine; T3, planted Chinese white
poplar. BCFShoot represents the total concentration of

heavy metals in plant stems and leaves. BCFRoot
represents the total concentration of heavy metals in

the roots of the plant. BTF is the ratio of the
concentration of heavy metals in the above-ground and

underground parts of the plant.
Sample Cd Cu Zn Pb

T1 BCFShoot 0.143 0.564 0.213 0.415

BCFRoot 0.456 0.359 0.318 0.321

BTF 0.311 1.571 0.670 1.293

T2 BCFShoot 0.929 0.146 0.358 1.558

BCFRoot 0.273 0.070 0.117 0.093

BTF 3.403 2.086 3.060 16.750

T3 BCFShoot 2.483 0.074 2.199 0.516

BCFRoot 0.585 0.145 0.373 0.143

BTF 4.244 0.510 5.895 3.608

4 Discussion
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As the HDS process is followed to treat acid mine wastewater, a certain amount of alkaline substances
such as lime and calcium hydroxide will be used to recover Cu2+ in the mine acid wastewater, which also
makes the HDS sediment alkaline[31]. After different phytoremediation, the pH of HDS bottom mud
decreased slightly, maybe because the bottom mud is the product of acid wastewater treatment in the
mining area, and it contains a lot of heavy metals, such as Cu, Zn, Cd and Pb[32]. When adopting
phytoremediation technology to repair HDS sediment, each plant has a certain transport effect on the
heavy metals in the sediment[33][34]. When the content of heavy metals in the sediment decreases, the pH
value of the sediment will show a certain downward trend. Besides, by comparing the pH measurement
results a year ago[35], it can be found that the pH value of the sediment without planting any plant ranges
from 7.5 to 9.5. Regardless of whether phytoremediation increases or decreases the pH of the sediment,
phytoremediation can always adjust the pH of the plant growth substrate to a range suitable for plant
growth.

The conductivity of the sediment is an indicator of salinization degree of the sediment[36][37]. The
increase in electrical conductivity of each group after phytoremediation may be because the water
content of the sediment before remediation is much higher than that of the test group[38]. The decrease in
water content of each group after phytoremediation affects the salinity of the sediment, which leads to
the increase of the conductivity of each group after phytoremediation. As is known to all, water exists in
clay in four forms: adsorbed water, interlayer water, crystal water and structured water[39], and their
dehydration temperature is 0-100°C, 100–250°C, 200–500°C, and 600–1000°C accordingly[40]. The
evaporation of adsorbed water mainly causes the initial thermal weight loss of the four groups of
sediments in the sample[41]. The peak temperature of the black locust group is the highest at this stage,
which indicates that the water retention performance of the bottom mud after restoration by the black
locust is the best[42]. In addition, the peak temperature of the bottom sludge after phytoremediation is
higher than that of the original bottom sludge at this stage, which reveals that the water retention
capacity of the bottom sludge after phytoremediation has been improved to a certain extent. Other than
that, volatile organic compounds play a key role in plant growth. Biological volatile organic compounds
are derived from the release of soil bacteria, fungi and other rhizosphere microorganisms in plant-derived
and plant growth substrates[43], a compound with a low melting point. The second stage thermal weight
loss of the four groups of sediments may be caused by the volatilization and thermal decomposition of
volatile organic compounds in the sediments[44]. In the second stage of thermal weight loss, the black
locust group had the highest total mass loss rate, showing that the bottom sludge planted with black
locust contained the highest content of low boiling point compounds non-biopolymer components[45],
followed by the Chinese white poplar group, the slash pine group and the control group. Unlike the second
stage, the third stage of weight loss in the control group, the black locust group, and the Chinese white
poplar group may be due to the decomposition and volatilization of organic matter and stored organic
carbon in the bottom mud after heating[46]. Here, it should be mentioned that the third and fourth stages
of slash pine may be for the same reason. At this stage, the mass-loss rates of the three sediments after
phytoremediation are higher than those of the control group, meaning that the organic matter and �xed
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carbon content of the sediments after phytoremediation have increased partly[47], which is in accordance
with previous �ndings[48]. The �nal stage of the thermal weight loss of the four groups of bottom sludge
may result from the further combustion of residual coke products produced during the previous pyrolysis
process[49]. After the pyrolysis process, the unpyrolyzed residue of the original bottom mud is the largest,
displaying that the original sediment contains higher mineral elements, and also verifying to a certain
extent that phytoremediation has a transport effect on the mineral elements in the sediment[50].

Planting plants into heavy metal-contaminated plant growth substrates can be classi�ed into enrichment
plants, root hoarding plants and avoidance plants according to the characteristics of plants BCFShoot,

BCFRoot, and BTF[51]. When the BCFShoot value and BTF value of a plant are greater than 1, the plant is

considered an enriched plant[52]. When the BCFRoot value is greater than 1, and the BTF value is less than

1, the plant is considered a root hoarding plant[53]. When the BCFShoot value and the BCFRoot value are

less than 1, the plant belongs to the evasive plant[54]. From Table 3, the BCFShoot value and BTF value of
the Chinese white poplar for Cd and Zn are greater than 1, so the Chinese white poplar is an enriched
plant of Cd and Zn. The BCFShoot of the slash pine to Pb > 1 and BTF > 1, so slash pine is a Pb-rich plant.

5 Conclusions
Phytoremediation is considered to be one of the friendliest methods of treating heavy metal pollutants. In
summary, the results of this study show that phytoremediation can adjust the pH value of the plant
growth substrate to a range suitable for plant growth, and it can also enhance the electrical conductivity
of the plant growth substrate to a certain extent. In the treatment of heavy metals, phytoremediation has
also shown a positive enrichment effect. Chinese white poplar is an enriched plant of Cd and Zn, and
slash pine is an enriched plant of Pb. With the development of mineral resources, the problem of heavy
metal pollution from mine waste will become increasingly serious, which will severely threaten the safety
of global people and the development of the world economy. Considering that, this experimental method
can solve the above problems from an environmentally friendly perspective and reduce the impact of
heavy metals in mine waste.
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Figures

Figure 1

Flow chart of the High-density Sludge process. The acidic mine wastewater is added to the lime mud
mixing tank, passes through reaction tanks 1 and 2, and the �occulant is poured into it and �ows into the
sedimentation tank for precipitation to realize the separation of mud and water. The supernatant is
discharged out after over�ow, a part of the sedimentation tank bottom sludge is returned to the bottom
sludge-lime mixing tank. The excess sediment is discharged to the sludge tank, directly pumped from the
bottom of the sedimentation tank to the �lter press room for pressure �ltration, and then discharged to
the dumpsite Pileup.
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Figure 2

Species planted and plant roots stem and leave samples grown in the experimental area. (a), (d), (g) and
(j) are black locust, black locust leaf, black locust stem, and black locust root, respectively. (b), (e), (h),
combined with (k) are slash pine, slash pine leaf, slash pine stem, and slash pine root, respectively. (c), (f),
(i), (l) are Chinese white poplar, Chinese white poplar leaf, Chinese white poplar stem, and Chinese white
poplar root, respectively.
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Figure 3

Effects of different phytoremediation on pH value and conductivity of HDS sediment. Values are means ±
standard error. According to Duncan's multiple range test, the data followed by a different letter are
signi�cantly different (P≤0.05). CK, the sediment without phytoremediation; A, planted black locust; B,
planted slash pine; C, planted Chinese white poplar.
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Figure 4

Thermogravimetric (TG) curves of HDS sediment after phytoremediation. CK, the sediment without
phytoremediation; T1, planted black locust; T2, planted slash pine; T3, planted Chinese white poplar.
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Figure 5

The derivative curves of mass loss (DTG) curves of HDS sediment after phytoremediation. CK, the
sediment without phytoremediation; T1, planted black locust; T2, planted slash pine; T3, planted Chinese
white poplar.


