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Abstract: Abandoned mine lands (AMLs), which are considered some of the most dangerous anthro-
pogenic activities in the world, are a source of hazards relating to potentially toxic elements (PTEs).
Traditional reclamation techniques, which are expensive, time-consuming and not well accepted by
the general public, cannot be used on a large scale. However, plant-based techniques have gained
acceptance as an environmentally friendly alternative over the last 20 years. Plants can be used
in AMLs for PTE phytoextraction, phytostabilization, and phytovolatilization. We reviewed these
phytoremediation techniques, paying particular attention to the selection of appropriate plants in
each case. In order to assess the suitability of plants for phytoremediation purposes, the accumula-
tion capacity and tolerance mechanisms of PTEs was described. We also compiled a collection of
interesting actual examples of AML phytoremediation. On-site studies have shown positive results in
terms of soil quality improvement, reduced PTE bioavailability, and increased biodiversity. However,
phytoremediation strategies need to better characterize potential plant candidates in order to improve
PTE extraction and to reduce the negative impact on AMLs.

Keywords: phytoremediation; phytostabilization; phytovolatilization; phytoextraction; abandoned
mine lands; heavy metals; reclamation; oxidative stress; accumulation

1. Introduction

In recent decades, many countries have realized that abandoned metal mining op-
erations greatly contribute to environmental degradation [1]. Metal mining radically
transforms the natural environment, causing modifications to the land, as well as increased
accumulation of potentially toxic elements (PTEs) in the ecosystem, which seriously un-
dermines soil health and the viability of all living organisms [2]. The principal problem is
caused by mining activity carried out in the past using inefficient technology in the absence
of environmental protection regulations, leading to the accumulation of mining waste
which is now a source of PTEs [3]. Regarding to their role in biological systems, PTEs can
be divided into essential and non-essential categories. Despite being required by living or-
ganisms for physiological and biochemical functions, at high concentrations, essential PTEs,
such as copper (Cu), nickel (Ni), iron (Fe), and zinc (Zn), can have a toxic environmental
impact. On the other hand, living organisms do not require non-essential PTEs such as
lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As), chromium (Cr) and antimony (Sb) [4].
Large concentrations of PTEs present in abandoned mine waste can migrate to nearby
lands and cause severe agricultural soil and water pollution and undermine food safety
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and human health [5]. The 2030 Agenda for Sustainable Development, which includes
17 Sustainable Development Goals (SDGs), also refers to this problem. SDG target 15.3, in
particular, aims, by 2030, to combat desertification, restore degraded land and soil, including land
affected by desertification, drought and floods, and to strive to achieve a land degradation-neutral
world [6]. The achievement of these objectives in the near future would also necessitate the
identification, implementation, and optimization of AML reclamation strategies.

Over the last ten years, the following remediation strategies have been developed to
reclaim abandoned mine lands (AMLs): (I) surface stabilization to prevent eolian and water
erosion; (II) prevention of toxic pollutant dispersion to the surrounding environment; and
(II) restoration of the degraded natural landscape [7]. AMLs can be treated in situ using the
following physico-chemical techniques: soil isolation and containment, solidification and
stabilization, vitrification, soil flushing, and electrokinetic reclamation [8]. However, these
methods, which are expensive, time-consuming and unacceptable to the general public,
cannot be applied on a large scale [9]. On the other hand, many organic and inorganic
materials, which can be used as in-situ alternatives to expensive and disruptive physico-
chemical techniques, can potentially be used as soil amendments [10]. These organic
amendments include wood ash, manure, sawdust, compost, sewage sludge, biosolids, and
wood chips. Commonly used inorganic amendments include phosphate-derived products,
liming materials, alkaline sludge, and sugar foam [11]. However, despite their productive
results, these techniques do not eliminate PTEs from the soil.

Plant-based techniques can be used to restore degraded soil in a cost-effective and
environmentally friendly manner compared with physico-chemical processes [12]. While
physico-chemical techniques irreversibly alter soil properties, phytoremediation generally
improves the physical, chemical, and biological quality of mining lands [13]. In addition,
according to Wan et al. [14], the total cost of a two-year project devoted to the phytore-
mediation of soil contaminated by As, Cd, and Pb was estimated to be US$ 75,375.2/ hm?
or US$ 37.7/m?, which is significantly lower than that for most other techniques stud-
ied. Phytoremediation is defined as the use of living plant species to clean up soil, water
and air that have been polluted with hazardous contaminants [15]. The following phy-
toremediation strategies are principally used to restore AMLs: in situ phytostabilization
as well as phytoextraction and phytovolatilization clean-up techniques (Figure 1) [16].
These strategies involve selecting suitable plant species that can be used to decontaminate
polluted soils. A knowledge of the mechanisms involved in natural plant tolerance to
PTEs is therefore crucial in order to design new phytoremediation strategies [17-19]. The
accumulation of and tolerance to PTEs involve many different genes, whose selection and
transfer to candidate plants constitute a potential genetic engineering strategy to obtain
new organisms with characteristics more suited to environmental remediation [20,21]. It
is important to note that, apart from the need to remove human-made structures and
PTEs in AML reclamation projects, it is also necessary to restore the biodiversity [3]. Thus,
simultaneously or following phytoremediation, revegetation with native flora suited to the
specific ecosystem is required in order to return AMLs to their pre-mining state. However,
for natural colonization by native plant species to occur in most AMLs, a prior reclamation
process is essential [6].

In recent years, although considerable progress has been made in the application of
phytoremediation techniques, significant additional research needs to be carried out. In this
review, we discussed the current state of research into AML phytoremediation techniques,
analyzed some actual examples, and determined what areas require further research in the
future. Particular attention should be paid to the search for appropriate wild plants for use
in phytoremediation practices.



Sustainability 2021, 13, 6555 3 of 27

Phytovolatilizatio
(Leaves)
LY

Plant resistance
strategy against PTEs

Y Tolerance mechanisms

- Antioxidant enzymes
- Antioxidant compounds

(Leaves)

s | Accumulation mechanisms

Phytoextraction

- Sequestration
(GSH, phytochelatins...)

Phytostabilization
(roots)

PTE bioavailability

PTE concentrations Root exudates

Soil physicochemical properties Microorganisms

PTE mobilization

Figure 1. Principal mechanisms involved in phytoremediation.

2. Occurrence of AMLs and Their Ecological Impact Worldwide

Throughout history, mining activity has produced an enormous number of impacted
sites, many of which have undergone remediation, restoration, and reclamation, with
differing levels of success, aimed at reducing its environmental impact. However, too often,
ancient mining sites, such as those in Italy, Spain, and Latin America, were worked intensely
and abandoned without any restorative measures being carried out. More recently, during
the first half of the 20th century, very large French and British mining operations such as
the Sao Domingos mine in Portugal [22], the Tharsis mine in Spain [23], and the Salafossa
mine in Italy [24] left a legacy of abandonment. However, a comprehensive list of mining
activities around the world, with different degrees of disruption, is too long for inclusion
in this review. Most of these sites contain wastes accumulated in tailing dumps, which are
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major sources of pollution for the surrounding environment [25] though aerial dispersion,
percolation, water leakage, and acid mine drainage [26].

AML abandonment has had a diverse range of consequences for the local and regional
environment, some of which have had catastrophic effects, particularly in the form of waste
accumulation, direct mine residue dumps, and processed waste dams, which have passed
through various mineral processing stages, including froth flotation, calcination, and
fusion. Each stage produces modifications in the characteristics of the original accumulated
materials. Some of these changes further mobilize chemical pollutants and hence maximize
the release of chemicals into the human food chain. An important related issue is the
degradation of soil health [27], which includes a reduction in certain soil enzyme activities,
mainly dehydrogenase, as well as changes in bacterial communities [28].

3. Plant Remediation Technologies for AML Restoration

Over the last thirty years, the use of phytoremediation for AML regeneration has been
gaining in importance. Plant-based remediation, which is eco-friendly, innovative, cost-
effective, practical, accepted by the general public, and carried out in-situ, can increasingly
be used for PTE-contaminated soils [29]. The use of plants on AMLs enables PTEs to be
extracted and immobilized without damaging the soil structure while regenerating soil
fertility and quality [16]. The potential negative effects of metal-tolerant and hyperaccumu-
lator plants are offset by their efficient uptake and accumulation of toxic elements. This,
together with their adaptation to most environmental conditions, makes these plants a
versatile remediation tool [30]. However, the use of plants for AML remediation has certain
limitations; with their low organic content, plant nutrient levels and pH, as well as high
toxic element levels, mine tailings usually lack the appropriate edaphic characteristics to
establish vegetation [31]. Consequently, phytoremediation, which involves the selection
of suitable plants and their establishment in AMLs, could be slower or even a long-term
process as compared with physico-chemical processes [32]. In addition, implementation ini-
tially requires AML evaluation, mineralogical and physico-chemical analysis, monitoring
of pH extremes, salinity and erodibility, as well as plant nutrient and microbial community
analyses (Figure 1) [28,33,34]. Another important factor to be taken into account is that
phytoremediation, which most often involves AML revegetation, can be considered a
reconstruction and reestablishment of the original ecosystem [35].

3.1. Clean-Up Technigues

Despite being thought of as the most effective and practical plant-based PTE removal
technique [30,36], phytoextraction is the most difficult to carry out given the need to find
good plant candidates [16]. This technique involves selecting plants that can grow in con-
taminated soils and of taking up large amounts of PTEs from the soil for final accumulation
in the aerial part of the plant [30]. At the end of this process, plants are harvested and
incinerated after drying, which generates concentrations of ash pollutants, which need
to be properly disposed of, processed to recover the metals, or simply used for landfill,
with their incineration potentially producing an alternative source of energy [37]. While
the removal of PTE contamination from a two-acre site to a depth of 18 inches normally
produces 5000 tons of contaminated soil, the ash produced by phytoremediation techniques
would only amount to between 25 and 30 tons [38]. On the other hand, PTE-contaminated
biomass combustion can be hazardous due to metal dispersion through flying ashes. How-
ever, this can be counteracted using scrubbers, filters, and electrostatic precipitators which
remove most PTEs and flying ash from incinerator air emissions to comply with regulatory
thresholds [39]. In addition to cleaning up toxic metal-contaminated areas, at the current
world prices of some PTEs, phytoextraction could be an economically viable phytomining
alternative [40]. Phytomining is a phytoextraction-based technology that uses hyperaccu-
mulator plant capacity to extract valuable elements from metal-contaminated soils; this
process produces bio-ore from the harvested biomass, which facilitates metal recovery
through smelting [41]. Thus, mine tailings could be used as secondary sources of valuable
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metals through the incineration of the harvested biomass to obtain bio-ore in much higher
concentrations. Li et al. [42] reported that the 20,000 pg g~ ! Ni contained in Alyssum murale
biomass became 32 wt.% in ash. Recently, the establishment of the first tropical ‘metal farm’,
using the ‘metal crop’ species Phyllanthus rufuschaneyi, was reported in Malaysia [43]. Metal
extraction from ash could, in turn, be carried out using different processes. For example, an
efficient method to recover valuable elements from the ash of hyperaccumulating Alyssum
murale plants by leaching the ashes using a sulphuric acid solution has been reported [44].
Other similar processes that could be used to recover metals from incineration ashes from
solid municipal waste, including magnetic separation for ferrous compounds, Eddy cur-
rent separation for non-ferrous metals, and X-ray transmission sorting for light/heavy
metal separation [45], could also be applied to plant ashes. The benefits and limitations of
phytoextraction were elegantly reviewed by Corzo et al. [40].

The most critical step in the implementation of phytoextraction is the selection of
hyperaccumulator plants capable of accumulating at least 10 g kg ! (1%) of Mn and Zn,
lg kg’1 (0.1%) of As, Co, Cr, Cu, Ni, Pb, Sb, Se, and T], and 0.1 g kg’l (0.01%) of Cd in
the aerial parts of the plant without affecting its survival [16]. Research carried out on
plant populations collected from soils severely contaminated with PTEs has identified
many plant species with high PTE tolerance and accumulation capacities, although this
is not the only requirement. According to Alkorta et al. [36], the appropriate plants for
phytoextraction should have the following features: high tolerance to PTE exposure, PTE
accumulation in the aerial parts of the plant, rapid growth rates, high biomass production, a
proper root system, easy crop management, genetic stability, and non-edibility for animals.
Table 1 provides a summary of potentially good hyperaccumulator candidates for use in
phytoextraction strategies. However, these plant populations cannot easily compensate
for all the contaminated AMLs, where hyperaccumulator plants growing on this land
are highly sensitive to changes in prevailing soil and climate conditions. In addition, as
the tolerance and accumulation mechanisms of these plants are usually PTE-specific, the
presence of other contaminants could negatively affect plant growth [7,16]. Some studies
have found that a plant’s phytoextraction capacity is linearly correlated with the amount of
PTEs in the soil, meaning that, after successive crops, phytoextraction ceases to be effective,
with a certain amount of contaminants remaining in the soil [46].

As phytoextraction can be a very slow process as compared to other physico-chemical
techniques [16], plant communities and high biomass generation capacity need to be
established for one or more seasons, depending on whether herbaceous, shrub, or arboreal
plants are used. The need for long periods of time to remediate polluted soils sometimes
renders phytoextraction nonviable and impractical [16]. In order to accelerate the extraction
process, the use of soil amendments, such as compost and shredded tree bark, with their
higher seed germination rate and plant growth potential due to their enhanced physico-
chemical soil properties and organic matter supply [31], as well as the use of chelators,
which increase the plant metal absorption, have been proposed [47]. For example, the
use of ethylenediamine disuccinic acid (EDDS) and vermicompost in Helianthus annuus L.
exposed to Cd and Pb has notably been found to increase the extraction of the metals
mentioned above [48]. Similarly, marble waste, when added to the soil, increased leaf
Pb accumulation 2.5-fold and that of Cd by 55% in Atriplex halimus as compared with
control plants [49]. On the other hand, despite the reported induced phytoextraction
potential of ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic
acid (DTPA), these chelators exhibit poor biodegradability, which may trigger groundwater
contamination [50,51]. This was demonstrated by Gréman et al. [47] in soil from a former
Pb and Zn industrial smelter site. Despite its enhancement of PTE accumulation in the
green parts of Brassica rapa L. var. pekinensis, they showed that the addition of EDTA
also caused Pb, Zn, and Cd leaching through the soil and increased the toxic effects on
test plants and soil microorganisms. Many studies have investigated the possibility of
using other less toxic compounds for the environment than EDTA and DTPA. Meers
et al. [52] evaluated whether the biodegradable chelator EDDS could be used to enhance
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phytoextractive processes. EDDS, which initially sparked an intense mobilization of PTEs,
followed by a sharp decrease due to its rapid degradation over a 3.8-7.5 day period, was
judged as unsuitable for phytoremedial use. Similarly, nitrilotriacetic acid (NTA) and other
organic acids were found to require continuous supplementation in large quantities due to
their rapid biodegradation also [53]. Although the addition of citric acid, NH4-citrate / citric
acid, oxalic acid, EDDS, and NTA to Brassica juncea and Lolium perenne sharply increased
PTE phytoextraction, their use was found to be impractical due to the time required to
achieve acceptable levels of reduction in soil contaminant concentrations [54]. The goal
of many studies to obtain compounds to facilitate absorption by the plant without any
adverse effects [53,54] has yet to be achieved. Thus, improvements in phytoextraction
techniques are currently based on appropriate plant selection and soil enhancement.

Phytovolatilization clean-up involves plant uptake of contaminants and their release
into the atmosphere in a less toxic form [32]. This technique, which enables gaseous
volatilized PTEs to be redeposited in surrounding lands, lakes, and oceans, can be precisely
analyzed [15]. In particular, the most common PTEs, Hg, As, and Se, can be removed by
their conversion into volatile forms [29]. Some interesting examples of plants with a phyto-
volatilization capability are shown in Table 2 and many more exist in the literature, some
of which are described below. Pteris vittata has been shown to efficiently volatilize approxi-
mately 90% of total As uptake from contaminated soils in greenhouse experiments [55].
A bio-phytoremediation technique was tested for As remediation potential by adding
Stenotrophomonas maltophilia and Agrobacterium sp. to the roots of Arundo donax. By the
end of the experiment, ~25% of As remained in the sand, ~0.15% was accumulated in the
plant, while the remaining 75% was volatilized by transpiration [56]. Another experiment
with Zea mays exposed to Hg showed that plants inoculated with Serratia marcescens and
Pseudomonas sp. increased mercury volatilization by 47.16% and 62.42%, respectively [57].
Although phytovolatilization could be used for effective AML remediation, prior evalua-
tions of possible environmental risks linked to certain volatilized PTEs are required.

3.2. On-Site Stabilization Techniques

Phytostabilization, a remediation technique currently attracting increasing interest,
involves the use of plant roots to limit PTE mobility and bioavailability in the soil [6].
Plants used for AML phytostabilization need to: (I) decrease the amount of water in the
soil matrix, which prevents metals from leaching into aquifer systems; (II) prevent soil
erosion and reduce PTE dispersion to other areas; (III) act as a barrier to reduce direct
contact between animals and contaminated soils; (IV) sequester large amounts of PTEs
through plant roots, thus reducing their bioavailability and leaching; and (V) to promote
PTE immobilization in the rhizosphere through complexation/precipitation associated
with the production of certain root exudates [16,58]. As with the other techniques described
above involving PTE-tolerant plant selection, in the case of phytostabilization, the plant
species selected also need a high root biomass production capacity, as well as root systems
with PTE accumulation and uptake capabilities [59]. Most phytostabilization research has
focused on the initial stage of selecting appropriate candidate plant species, some of which
are listed in Table 3. These species accumulate large pollutant concentrations in the roots
rather than in the aerial part of the plant, thus avoiding the drawbacks associated with
phytoextraction, such as the final harvesting and the possible ingestion of the green parts
and fruits by animals [7,36]. However, as these species have other drawbacks such as their
inability to reduce the total amount of PTEs in the soil, plants with a long lifespan are
preferable to ensure long-term phytostabilization [60].

In order to effectively establish appropriate plant communities to implement phytosta-
bilization programs, the use of soil amendments has been proposed to improve nutritional
status and soil structure [59]. The treatment of Pb/Zn mine tailings with Fe-rich com-
pounds, furnace slag and red mud, combined with Miscanthus sinensis and Pteridium
aquilinum, led to a sharp decrease in Pb, Cd, and Zn bioavailability following phytosta-
bilization. Treatment with various amendments and the use of M. sinensis decreased the
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mobility of Cd, Pb, and Zn to 72-92%, 83-90%, and 79-88% of control, respectively, while,
with P. aquilinum, the decrease in Cd, Pb, and Zn mobility was 79-96%, 77-91%, and
77-96% of control, respectively [61]. Another study found that a combination of compost,
cyclonic ash, and steel shots had a beneficial effect on the plant growth and colonization
of an industrial soil highly contaminated with Zn (1620 mg kg~'), Cd (60 mg kg~!), Cu
(319 mg kg 1), and Pb (756 mg kg 1), suggesting that these amendments could also be
used to enhance phytostabilization [62]. Similarly, the addition of manure was shown to
be effective for PTE stabilization by enhancing the phytostabilization capacity of Brassica
juncea [63]. In summary, soil amendments can be combined with phytostabilization to
overcome physico-chemical limitations and to establish green cover.

It is important to note that many microorganisms in the rhizosphere play an impor-
tant role in soil structure maintenance and plant nutrient recycling as a barrier against
pathogens, as well as in the detoxification of some PTEs [64]. These microorganisms can
modify soil metal speciation and PTE bioavailability and enhance phytostabilization in
some cases [53]. However, the ecological effect of foreign bacteria on indigenous microbial
communities and their possible impact on human health need to be taken into account. It
has been reported that the addition of Pseudomonas fluorescens and Microbacterium sp. to
Brassica napus stimulates plant growth and Pb accumulation [65] and that the addition of
Sanguibacter sp. and Pseudomonas sp. increases Nicotiana tabacum growth, as well as Cd, Fe,
and Zn uptake [66]. It is important to point out that changes in the plant rhizosphere can
also enhance tolerance to certain PTEs. Thus, Quifiones et al. [67] found that Lupinus albus
plants inoculated with a Bradyrhizobium canariense bacterium became more Hg-tolerant as
compared with control plants. In summary, increases or modifications in the rhizosphere
enhance phytoextraction, phytostabilization, and adaptation to AMLs and also increase
PTE uptake and immobilization by the plant.

4. Selection of Suitable Plants for AML Restoration

Plant selection is critical for the development of an effective phytoremediation strat-
egy. It is vital to carry out a preliminary study of the AMLs to be restored and to set clear
objectives [17]. The major plant selection criteria for phytoremediation include a good
level of tolerance to the PTEs present in the AMLs, a sufficiently high potential level of
PTE accumulation, translocation, and uptake, a high growth rate, and biomass yield and
extreme weather tolerance. Soil physico-chemical properties, the plant’s terrestrial, aquatic,
or semi-aquatic habitat, as well as the characteristics and depth of roots, also need to be
considered [18]. However, exotic plants, even those with good phytoremediation, rapid
growth, and excellent colonization capacity, which could lead to unwanted invasions of
whole ecosystems, should not be used [68]. In general, the marketing of plants, which have
highly specific PTE accumulation and tolerance capacities, as well as specific climate and
soil requirements, may not be economically viable [16]. Plants also have certain mainte-
nance requirements such as the addition of fertilizers, periodic replanting and harvesting,
as well as the implementation of feasibility studies [29]. In summary, for the purposes of
AML remediation, it is necessary to select plants with sufficient growth capacity in the
degraded areas and with specific PTE detoxification characteristics [19,69,70]. Researchers
have also tried to identify natural metallophyte species that could be useful for AML
reclamation. In recent years, molecular genetic techniques, which can be used to improve
plant phytoremediation capacity, have been playing an increasingly important role.

4.1. Wild Plant Species

Great strides have been made in the search for and characterization of PTE hyper-
accumulating and hypertolerant plants to PTEs. All these data have been collected in
databases such as PHYTOREM in Canada and the metal-accumulating plants database
METALS funded by the Environmental Consultancy of the University of Sheffield (ECUS)
in the UK [71]. However, their use by phytoremediation researchers has been limited.
Unfortunately, PTE accumulation and tolerance are influenced by many variables such
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as AML physico-chemical characteristics and climatic conditions, in addition to plant
physiology. Thus, given the extreme difficulty of using non-native plants for remediation
of specific AML areas, the first step in any phytoremediation strategy remains the selection
and characterization of AML native plants.

Hyperaccumulator and hyper-tolerant plants often appear to be restricted to metallifer-
ous soils, where their tolerance and accumulation mechanisms operate against PTEs [69,72].
The collection and spread of hyperaccumulators may therefore present challenges due
to the difficulty of harvesting, separating, and cleaning natural seeds, as well as to the
germination and cultivation requirements of the places where hyperaccumulators natu-
rally grow [73]. The characteristics of hyperaccumulator plant populations often depend
on whether they come from metalliferous or nonmetalliferous soils [74]. In research car-
ried out by Poscic et al. [72], thallium tolerance and accumulation were compared in one
non-metallicolous and three metallicolous populations of T1 hyperaccumulator Biscutella
laevigata. Their results show that Tl hyperaccumulation and hyper-tolerance are population-
specific traits of B. laevigata. In research by Ke et al. [75], a Rumex japonicus plant population
from a copper mine and another from an uncontaminated site were exposed to Cu. Their
results showed that metallicolous plant populations had higher tolerance to Cu and lower
nutrient availability than populations from the uncontaminated site. This indicated that
the tolerance and accumulation of certain PTEs are population-specific.

Once the plants to be used have been selected, a preliminary study of their PTE
accumulation capacity and tolerance mechanisms is recommended (Figure 1) [17,18] in
order to assess the suitability of these plants for AML phytoremediation.

4.1.1. Metal Uptake and Accumulation Mechanisms

Several mechanisms enable accumulator plants to absorb PTEs into the roots which
are then translocated via various systems to the plant’s aerial parts for eventual storage [76].
PTE accumulation goes through four main stages: (1) PTE phytoavailability and uptake
from the soil through the roots; (2) accumulation in the roots; (3) translocation from roots
to shoots through xylem bundles; and (4) accumulation in the aerial parts of the plant
through various mechanisms [33]. PTE phytoavailability depends on soil characteristics
such as pH [63,77,78], salinity [79], humidity [80], soil organic matter content [63,77,79],
speciation [81], inter-metal competition [78], and cation exchange capacity [77]. These
characteristics enable plants to accumulate PTEs in different forms such as free ions or
complexes containing organic and inorganic matter [82]. The synergism and antagonism
among PTEs and other elements can also have a major impact on their absorption, translo-
cation, and accumulation. In research carried out by Dong [83], competition between Cd
and Mn absorption and translocation was observed in Lycopersicon esculentum exposed to
Cd. Similarly, the addition of Ca reduced Cd absorption by soybean and wheat roots, while
the addition of K only diminished Cd absorption by wheat roots [84]. On the other hand,
plant roots produce chelating agents and compounds which promote changes in soil pH,
as well as redox reactions. Thus, plants are able to solubilize and absorb PTEs present in
the substrate [85]. Triticum aestivum and Sorghum bicolor, which produce phytosiderophores
under Fe deficiency stress, facilitate the uptake of other PTEs [86]. Similarly, the use of
root exudates from Belamcanda chinensis in Echinochloa crus-galli exposed to Pb, Cd, and
Cu increases plant metal uptake levels [87]. An opposite pattern is observed with respect
to Medicago polymorpha, whose root organic acid production reduces PTE phytoavailabil-
ity [88]. The ability of this plant to produce certain compounds that facilitate PTE uptake
may be of particular interest with regard to enhancing phytoremediation efficiency.

Once phytoavailable, PTEs can enter roots via apoplastic and symplastic pathways.
In the apoplastic pathway, PTEs enter the cells through intracellular spaces, while in the
symplastic pathway they are absorbed by the roots through protein transporters located in
the membrane [30]. These transporters specialize in the translocation of nutrients within
the root, although some PTEs, whose chemical characteristics are very similar to those of
certain nutrients, can use the same entry channels [17]. Since PTE uptake depends on the
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number of membrane proteins present, PTE absorption is saturable according to Michaelis-
Menten kinetics [89]. Each species contains different types and numbers of transporters in
each cell, thus making the absorption of a certain element characteristic of the species [76].
Numerous studies of these transporters have been carried out, with the most important
Cd transporter families being ZIP, YSL, and NRAMP [90-92], while those for Cu uptake
are ZIP, COPT, Cu-ATPases, ATX, CCS, and YSL [93-96]. Thus, PTE absorption by plants,
which is influenced by many factors, is a highly complex process. After entering the root,
PTEs are translocated to the aerial parts of the plant through xylem bundles, which are
involved in the transport of water and dissolved salts [97]. This energy-consuming process
only permits the entry of metals through the symplastic pathway, as the Casparian strip in
the endodermis closes off access during transport to the xylem [30]. Many natural chelates
are synthesized in order to transport the metal to the xylem, which is then transported to
the aerial part of the plant. Glutathione, phytochelatins (PCs), organic acids, histidine, and
nicotinamide have been reported to facilitate this process [98-102].

After their translocation from the roots to the aerial part of the plant, a large number
of chelator compounds play an important role in the accumulation of PTEs, which bind
to thiol-rich peptides and phytochelatins (PCs) to facilitate their accumulation in specific
locations in the roots and aerial parts of plants [19,69,103-105]. PCs are enzymatically
synthesized from glutathione or its homologs through a reaction catalyzed by the PC
synthase (PCS), a PTE-activated enzyme [105,106]. These peptides are made up of three
amino acids with a typical (y-GluCys) n-Gly (n = 2-11) sequence. In some plants, the C-
terminal glycine is replaced by serine, glutamine, glutamate, and alanine with (y-Glu-Cys)n-
3-Ala, (Y-Glu-Cys)n-Ser and (y-Glu-Cys)n-Glu sequences [107-111], whose mechanisms
of action have been elucidated in Nicotiana tabacum in response to Cd. After crossing the
plasma membrane, Cd forms complexes with PCs in the cytosol, which are then actively
transported into the vacuole [112]. This mechanism facilitates the sequestering of Cd,
which is kept away from cellular machinery to prevent any toxic effects on the plant [15].
PCs are induced in response to many PTE ions such as Ag*, HyAsO3~, HyAsO4 ™, Cd?+,
Cu?*, Cadt, Hg2+, Ln3*, Ni%*, Pb%*, SeO,4%~, and Zn2* [107].

Hyperaccumulating plants are usually characterized by limited compartmentalization
of PTEs in root vacuoles, which are mainly translocated to the aerial parts of the plant.
This was demonstrated by Yang et al. [113], who compared two populations of Sedum
alfredii. Their results showed that the non-accumulating plant population retained 2.7 times
more Zn in root vacuoles than the hyperaccumulating population. The bioaccumulation
factor (BF) and translocation factor (TF) are used to evaluate the phytoextraction potential
of a given species. The BF indicates a plant’s PTE accumulation efficiency in leaves
as compared to PTE soil concentrations, while the TF indicates a plant’s efficiency in
transporting PTEs from roots to leaves [114]. Thus, the BF, which was found to be less
than one in metal excluder species, was greater than one in metal hyperaccumulator
species [64]. The TF, which indicates where most of the metal is accumulated in roots
and shoots, could be an accurate indicator of whether a species is a good phytoextraction
or phytostabilization candidate. A TF of less than one indicates that the metal is mainly
accumulated in roots, while a TF of greater than one indicates that most of the metal is
accumulated in leaves [19,69,70].

4.1.2. Tolerance Mechanisms

Plant growth and development are directly dependent on optimal environmental and
nutritional factors, any changes in which produce stress [115]. PTE-related stress can lead
to multiple toxic effects of differing intensities depending on plant species, concentration,
and phytoavailability, as well as the duration of exposure [16]. PTE toxicity triggers
morphological and physiological imbalances in plants [19,48,69,70,116,117]. This is mainly
due to the inhibition of most cellular processes at different metabolic levels caused by the
appearance of reactive oxygen species (ROS), which produces a state of oxidative stress
in the plant [19,118]. From a physiological perspective, it is important to highlight the
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decrease in photosynthetic pigment content and in leaf water potential and stomatal closure
due to oxidative stress and reduction in photosynthesis [119]. At the biochemical level,
the similarity of some PTEs to certain essential elements can result in the replacement of
elements in active enzyme sites with PTEs. This results in a reduction or inhibition in
enzyme activity which undermines the correct functioning of the entire system [120]. Many
PTEs also affect the uptake of essential nutrients which compete for the same transporters,
thus causing deficiencies in nutritional status [121].

PTE-related stress is directly correlated with an increase in the accumulation of ROS,
which are a group of free radicals produced by sequential reductions in molecular oxygen
(O3). The most common ROS include singlet oxygen (10,), hydrogen peroxide (H,0O,), as
well as superoxide (O, ™) and hydroxyl (-OH) radicals [122], which play important roles
in the plant’s normal metabolism by maintaining a balance between their production and
elimination by antioxidant systems. However, exposure to PTEs can cause ROS to exceed
the threshold levels required for plant metabolism and trigger damage to proteins, lipids,
and nucleic acids, which are the main cellular macromolecules [123]. Tolerance to PTEs
in plants is dependent on their ability to activate certain tolerance systems that enable
ROS levels to be maintained within normal limits [124]. Plants have complex enzymatic
and non-enzymatic antioxidant defenses, which are their main protection against PTEs
and enable them to maintain ROS levels compatible with those of regularly functioning
cells [124]. The principal enzymatic antioxidative defenses are catalase (CAT), superoxide
dismutase (SOD), peroxidase (POD), NADP-dependent dehydrogenases, glutathione S-
transferase (GST), and the Foyer-Halliwell-Asada cycle enzymes ascorbate peroxidase
(APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR),
and glutathione reductase (GR) [122]. SOD, which removes O, is one of the primary
antioxidative defenses against PTE toxicity [125]. An increase in SOD activity against a
large number of PTEs, such as Pb [69], Cd [126], Cu [127], Hg [128], As [129], Sb [130],
Cr [131], and Zn [132], has been reported. To deal with an increase in H,O,, plants
activate different enzymes, particularly CAT, POD, and the Foyer-Halliwell-Asada cycle
enzymes. Many studies have shown that, by using these enzymes to increase the rate of
H,0O, removal, certain plants can better tolerate PTEs such as Cd [19], Cu [70], As [129],
Sb [133], Cr [131], and Hg [134]. The correct functioning of the Foyer-Halliwell-Asada
cycle is promoted by an increase in the NADP-dehydrogenase activities NADP-G6PDH,
NADP-IDH, and NADP-MS, which supply the reduction power required by the AsA-GSH
cycle [135]. An induction of certain NADP dehydrogenases against Cd [19], Cu [70], and
As has been reported [136]. GST enzymes are a diverse group of enzymes which catalyse
the conjugation of electrophilic xenobiotic substrates with GSH, thus removing cytotoxic
and genotoxic compounds that could damage the cells [137]. This group of enzymes plays
an important role in defenses against As [129,137], Cd [19], Cu [70], Zn [138], and Cr [139].
Non-enzymatic components of the antioxidative defense system include ascorbate (AsA),
glutathione (GSH), tocopherol, carotenoids, and phenolic compounds [118]. GSH, which
is the most abundant low-molecular weight thiol-bearing molecule in cells, constitutes
an essential component of PTE resistance due to its role as a substrate in enzymatic
antioxidant systems and as a precursor of the PTE chelating molecules phytochelatins and
metallothioneins [140]. More recent studies have reported that nitric oxide, (NO), which
can prevent oxidative damage by enhancing antioxidant defenses, could be a key factor in
tolerance to PTEs [124,141].

4.2. Genetically Modified Plants

Although plants use their natural metabolic mechanisms to take up PTEs from the
soil, these mechanisms are often insufficient for the purposes of phytoremediation, which
is sometimes ruled out due to the difficulty of finding plants with all the characteristics
required [30]. The use of genetic engineering to modify plant characteristics has emerged
as a promising solution to overcome the common drawbacks of conventional plants used
in phytoremediation strategies [142]. Scientists have managed to develop genetically mod-
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ified (GM) plants to overcome the limitations of natural plants, including low biomass
production, slow growth, and the lack of tolerance and accumulation mechanisms [143].
However, certain safety and regulatory requirements can limit the commercial use of
GM plants [29]. The main problem associated with these types of plants, which show
greater survival potential than wild plants, is their possible invasiveness [144]. Conse-
quently, phytoremediation techniques involving GM plants are still at the initial stage
of seeking genes that improve the efficiency and development of new transgenic plants
which are then tested under laboratory conditions. Several studies, including one carried
out by Sanz-Fernandez et al. [20], have assembled a “molecular toolbox” of genes for
phytoremediation purposes which could be used by other scientists to obtain GM plants.
Research carried out on these types of plants shows that genetic engineering could become
an important remediation tool. After exposure to PTEs, Beta vulgaris L. plants, which
were transformed by gamma-glutamylcysteine synthetase (GGCS)-glutathione synthetase
(GS) from Streptococcus thermophilus, accumulated more Cd, Zn and Cu than wild-type
plants and showed higher GSH and PC levels [145]. PpMT2, a metallothionein-encoding
gene from Physcomitrella patens, was used to improve the tolerance of Arabidopsis thaliana
plants to high concentrations of Cu and Cd [146]. Similarly, Arabidopsis thaliana transgenic
plants, expressing the natural resistance-associated macrophage protein 6 (Nramp6) gene
from Sedum alfredii, exhibited higher Cd accumulation levels as compared with wild-type
plants [91]. Although GM plants have yet to be tested on natural AMLs, the ability to
genetically engineer plants with ideal characteristics, unlike other remediation techniques,
could be of great significance in the future.

5. Real Examples of Using Plants for AML Restoration

Although often misunderstood as simply the removal of human-created structures
and waste, AML restoration involves the regeneration of all previously existing biodiversity
in an area prior to the commencement of mining operations [3]. While the removal of PTEs
accumulated over decades in the environment is insufficient, it is essential to study the
whole range of organisms that previously inhabited the location to be returned to its initial
state [147]. AML restoration projects initially involve field experiments to regenerate the
essential soil fertility conditions through the removal and immobilization of PTEs and
through soil restoration. Once this initial stage is completed, the next step will be the
restoration of the entire ecosystem.

Given the extent of the progress made, one of the most interesting examples of using
plants for AML restoration is the area affected by a mining accident in Aznalcéllar in
southwestern Spain in 1998. It was caused by a dam collapse due to an excessive volume
of mining waste deposits. The spill affected approximately 4286 ha of alluvial soil, which
were flooded by slurry containing high PTE concentrations, including 0.27 mg L~! of
As, 0.85 mg L1l of Cd, 3.6 mg L~ ! of Pb, and 463 mg L~ of Zn, a few hours after the
accident [148]. Following the accident and clean-up operations, a large number of studies
were carried out on the defensive behavior of herbaceous plants against PTEs accumulated
in nearby areas for at least 20 years [149-152]. Later studies focused on testing the potential
of using different plant species for phytoremediation purposes. For example, Helianthus
annuus plants, which were grown in the spill-affected soil, were evaluated for their PTE
removal capacity. Unfortunately, the results showed that plant growth in contaminated
soils was negatively affected and that amount of PTEs absorbed was very low. Though
ruled out for use in phytoextraction, some studies favored this plant species for use in soil
conservation [153]. Similarly, two Brassica juncea crops containing different organic soil
amendments were analyzed on the site affected by the toxic spillage. However, as in the
previous case, total PTE uptake was relatively low, rendering its use in the phytoextraction
of pluri-contaminated sites ill-advised [154]. Likewise, two cereal crops, barley and triticale,
and two Brassica sp. crops were grown, whose absorption rates were excessively slow,
which cast doubt on the viability of using these crops for decontamination [155]. On the
other hand, despite their slow PTE uptake rates, Lupinus albus plants showed an increase
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in acid soil pH, a decrease in soluble As and Cd fractions, as well as high As and Cd
accumulation levels in roots. According to the results obtained, it would be possible to
extract approximately 0.54 g Cd ha~! year~! and 5.26 g As ha~! year~! from the contam-
inated soil by harvesting and removing the lupin shoots. Given these positive results,
this plant species was recommended for use in the phytostabilization and revegetation
of the affected area [156]. Large samplings were carried out to determine which plants
could be used in phytoremediation programs. It is important to highlight the research
by Del Rio et al. [149], who carried out periodic field surveys to identify spontaneously
growing metal-tolerant species in the area affected by the Aznalcollar accident. Their
results show that, of the 99 plants studied, Anchusa azurea, Beta vulgaris, Chamaemelum fusca-
tum, Convolvulus arvensis, Cynodon dactylon, Diplotaxis virgata, Erodium aethiopicum, Lavatera
cretica, Malva nicaeensis, Silybum marianum and, particularly, Amaranthus blitoides could be
used in the remediation of the contaminated area. A phytoremediation experiment was
therefore performed to assess the potential use of native shrub species for soil restoration
in Aznalcollar. The results showed that Retama sphaerocarpa was the most effective plant
for use in phytostabilization programs [157]. Later on, an afforestation soil remediation
program was carried out involving the planting of Mediterranean riparian woodland
species, such as Populus alba, Tamarix africana, Fraxinus angustifolia, and Salix atrocinerea, and
the usual drier upland trees such as Quercus ilex subsp. ballota, Olea europaea var. sylvestris,
Phillyrea angustifolia, Pistacia lentiscus, Rosmarinus officinalis, and Retama sphaerocarpa [158].
Dominguez et al. [159] monitored survival and growth patterns in these plantations over
a 3-year period. Plant survival rates reached nearly 100% in riparian sites, while some
species in the upland terrace sites showed the lowest survival rates. They did not find any
relationship between plant efficiency and soil pollution, with PTE accumulation rates found
to be very low, except for the Salicaceae species, which showed high Cd and Zn accumula-
tion rates (1 and 200 mg kg !, respectively). Another study carried out in the area found
that nurse shrubs, such as Retama sphaerocarpa, were highly effective in reducing Quercus
ilex mortality, and thus are a promising tool for the revegetation of polluted areas [160].
Retama spaherocarpa, which recorded the highest survival rates and strong tolerance levels,
was found to be the most effective plant species for the restoration of these soils [161].
In addition to the revegetation mentioned above, plant growth phytostabilization had
a considerable impact on PTE bioavailability [148,157]. In general, the amount of PTEs
accumulated in the aerial parts of trees and shrubs was usually observed to be at the very
low normal levels for higher plants [158,159], while different levels of accumulated PTEs
were recorded in roots [157,162]. For example, Quercus ilex was capable of accumulating
up to 7 g kg ! of Cd in its fine roots [162] and Myrtus communis, Arbutus unedo, and Retama
sphaerocarpa accumulated As in their roots [163]. The area affected by the Aznalcollar
mining accident has become an exceptional location for studying the phytoremediation
potential of numerous species in a realistic context and for providing input for future
phytoremediation projects.

Given Spain’s long history of a highly dynamic mining industry, large areas of the
country have been affected by abandoned mining waste [164]. Some studies have collected
the results of different plant-based rehabilitation projects in these locations [10,49,165,166].
For example, a reclamation project involving the plantation of Pinus sp. or Eucalyptus
sp. trees and waste material amendments (sewage sludge and paper mill residues) in
a Cu mining area located in Touro (Galicia, Spain) [165]. An evaluation of the different
reclamation practices showed that soil planted with pines and eucalyptus trees increased
Ni, Pb, and Zn retention in non-mobile soil fractions, while the amendments also attenuated
Cr- and Cu-related pollution. The results obtained showed that vegetation provided by
these tree species, together with the amendments, decreased PTE pollution in the area
affected [165]. A field experiment involving the agricultural crop plants Hordeum vulgare,
Triticum aestivum, and Lupinus luteus was also performed in an area called Almadén (Ciudad
Real, Spain) containing the most unusual large soil concentrations of Hg in the world [167].
The wheat crop was found to extract concentrations of Hg of up to 0.479 ug g~ !. However,
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the most interesting plant subjected to phytoextraction was barley, which accumulated up
to 719 mg ha~! of Hg [168]. Later studies carried out in this area showed that most Hg
uptake by plants was through leaves, with root uptake rates being rather slow [169]. The
Cartagena-La Union mining district, located on the Mediterranean coast in the southeast of
Spain, is also affected by high levels of PTE accumulation (221100, 4700 and 5000 mg kg~
of As, Pb, and Zn, respectively) [49,166]. A remediation experiment combining red mud,
compost, and hydrated lime soil amendments with the halophyte plant species Atriplex
helium and Zygophyllum fabago was performed. On the whole, soil amendments increased
tailing pH and reduced PTE solubility and extractability, while the halophytes tested,
which managed to grow only in amended tailings, accumulated low levels of Al, As, Cd,
and Zn. This research showed that the combined use amendments and halophyte plant
species is an effective AML phytostabilization strategy [166]. A large-scale field experiment,
also conducted in this area, involved the reclamation of a tailing’s disposal pond through
the spontaneous colonization of native species mediated by tilling, marble waste, and
pig slurry. Five years later, Atriplex halimus, showing high metal concentrations, mainly
in leaves, had become the predominant species. Accumulation levels were increased
differentially using different amendments, with pig slurry increasing Cu concentrations
and marble waste increasing Pb and Cd accumulation levels. In summary, Atriplex halimus
could be a good candidate for AML phytoremediation [49]. Another study carried out in
the Sarzedas mining area (Castelo Branco, Portugal), which was greatly affected by As
(11.1-651.1 mg kg 1), Sb (30.5-5986.4 mg kg 1), and W (0.8-684.0 mg kg ') contamination,
analyzed spontaneous vegetation growth. The results showed that the following plants
could be used to reduce PTE bioavailability: Pinus pinaster for As and W, Cistus ladanifer and
Cistus vulgaris for Sb and W, Digitalis purpurea and Erica umbellata for Sb, and Quercus ilex,
Chamaespartium tridentatum, and Eucalyptus globulus for W [170]. Elsewhere in Europe, with
its large number of AMLs, a study of a tin mining area in Abbaretz (Loire-Atlantique, Pays
de la Loire, France) highlighted the importance of improving soil conditions to establish
vegetation correctly. In this research, the effect of biochar amendments combined with
iron sulphate supplements on the growth and uptake of three Salicaceae species was
evaluated. The results showed that these amendments improved soil health and raised
PTE concentrations in the roots of Salix purpurea, which could be a good candidate for
PTE phytostabilization [171]. Similarly, a field experiment was conducted in the Campo
Pisano mining area (Sardinia, Italy), with 3250 mg kg~! of Pb and 11,949 mg kg~! of Zn, to
study the feasibility of using Pistacia lentiscus and Scrophularia bicolor combined with soil
amendments for phytoremediation purposes. The results showed that the plant species
Pistacia lentiscus could be used effectively for PTE phytostabilization due to its capacity
to accumulate PTEs in roots, as well as its high resistance and biomass production [172].
Other studies have investigated the establishment of plant cover to improve soil quality.
For example, in two AMLs in northwestern Transylvania (Romania), a study was carried
out to monitor the effect of different plant covers on soil health after 40 years of vegetation
growth. The results revealed that the chemical, physical, and biological properties of
the soil, which improved significantly during the period of the study, depended on the
plant cover [35].

In the United States, over 550,000 abandoned mining sites have generated 45 billion
tons of mining waste, including waste rock and tailing material, containing worrying
levels of PTE concentrations [3]. While some researchers have been evaluating emerging
phytoremediation technologies, most researchers have focused on the use of revegetation
techniques to improve soil health. A revegetation study of three mining sites in Ohio,
using different mixes of standard reclamation and native plants, compared the growth of
each type of revegetation and its impact on soil microorganisms over a 2-year period. The
results obtained highlighted the importance of using native plants which can improve soil
health more effectively than non-native plants [173]. An Iron King Mine and Humboldt
Smelter Superfund (IKMHSS) field study carried out by Gil-Loaiza, which found over
2000 mg kg ! of Pb, As, and Zn, also demonstrated the importance of incorporating good
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native plant cover in AMLs [174]. Six different treatments containing different amounts of
compost and a mix of native plants, which were pre-tested in the laboratory, were studied.
It is interesting to note that plant growth in tailing soils was found to stabilize pH levels
through rhizosphere alkalinisation and to prevent smelter tailing acidification. In summary,
both studies showed that the establishment of vegetation cover improved soil quality
through increased microbial activity and PTE phytostabilization [173,174].

In China, about 2.88 Mha of land, which is increasing at an alarming rate of 46,700 ha
per year, has been degraded by mining operations [175]. The many studies of phytore-
mediation techniques used in China, outlining the most important advances made in
this field, are reviewed below. The remediation of the Dabaoshan polymetallic mining
area in the Guangdong province, with 681, 343 and 339 mg kg~ ! of Pb, Cu and Zn,
respectively, combining lime, organic fertilizer, and biochar soil amendments with Hibis-
cus cannabinus and Boehmeria nivea plant species, was studied. The results showed that
amendments and plant growth improved soil health by reducing PTE bioavailability, sol-
ubilization, and migration in mine tailings [176]. The phytoextraction capacity of heavy
metal-accumulating plants and chemical chelators has also been evaluated in Guangdong
paddy fields that had been continuously irrigated with mining wastewater for 55 years
(868.5, 433.6, 58.6, and 2.2 mg kg’1 of Pb, Zn, Cu, and Cd, respectively). The results
suggested that Amaranthus hypochondriacus was highly effective for in situ PTE phytore-
mediation and that the application of ethylenediaminetetraacetic acid (EDTA) accelerated
the phytoextraction effect [177]. A field experiment involving plants, microorganisms,
and amendments was also carried out on the Anshan Mining Group Corporation’s metal-
contaminated mine tailings in the Liaoning province (51.7, 151.5, 43.6, and 1960.0 mg kg_1
of Cu, Zn, Pb, and Mn, respectively). The experiment, which combined Glycine max and
Mucor circinelloides fungi, as well as the application of rice husk, biochar, and ceramsite soil
amendments in 17 phytoremediation tree plots, was carried out over a period of 105 days.
The combination of these techniques was found to improve PTE phytoextraction capacity,
reduce PTE soil concentrations, and to increase microbial soil activity [178]. Similar results
were reported by Yu et al. [179] using Celosia argentea and ammonium chloride, Bacillus
megaterium, and citric acid soil amendments for 10 months in mine tailing-contaminated
soil in southern China (3.68 mg kg ! of Cd). Soil Cd concentrations were decreased after
three harvesting events, with overall reductions in Cd of 40.5%, 46,1%, and 105% following
applications of ammonium chloride, B. megaterium, and citric acid, respectively. The study
showed that the use of C. argentea combined with soil amendments could greatly improve
soil enzyme activity and the quality of Cd-contaminated soils. Another experiment in
Chenzhou (Hunan province), one of the largest ferrous metal mines in China, assessed the
restoration and accumulation potential of selected hybrid sweet sorghum species in contam-
inated areas (288-1270, 97.7-1250 and 2-5.7 mg kg ! of Zn, Pb, and Cd, respectively). The
results showed that hybrid sweet sorghum species had greater accumulation and tolerance
capacity than local species. The study concluded that it would be economically viable
to use sweet sorghum, which densifies biofuel production, for PTE remediation in this
mining area [180]. Similarly, an evaluation of the Manihot esculenta bioethanol plantation
in a severely PTE-contaminated mining area found that Manihot esculenta could produce
3680-4160 L of bioethanol per hectare (L ha~!) on contaminated soils. Manihot esculenta
also improved soil fertility by reducing mobile and bioavailable metal fractions. The culti-
vation of Manihot esculenta could therefore be used for AML remediation and also generate
economic benefits [181]. Other AML phytoremediation projects have evaluated the rela-
tionship between revegetation and improved chemical, physical, and microbiological soil
properties. Research conducted in the AnTaibao, Anjialing, and East opencast coal mining
areas analyzed the effects of revegetation on physical, chemical, and microbiological soil
properties in nine plots for 1-13 years. The results obtained showed that the plant species
significantly enhanced soil health by improving soil field capacity, organic content, aggrega-
tion, microbiological composition, and total microorganisms excluding other factors such
as soil texture in these areas [175]. Revegetation projects were carried out in the Lechand
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Pb/Zn mine in Guangdong province, which is severely contaminated by Pb (29.9 mg kg 1),
Zn (50.7 mg kg 1) Cu (14.7 mg kg 1), and Cd (0.52 mg kg !). A combination of domestic
waste and complex fertilizer amendments and plants was evaluated to assess their suitabil-
ity for revegetation purposes. The results showed that Vertiveria zizanioides was the best
plant species for tailings revegetation, followed by Paspalum notatum, Cynodon dactylon, and
Imperata cylindrica var. major [182]. Similarly, research carried out in the Jiangxi province,
which is affected by ionic rare earth element mine tailings, showed that a combination
of organic amendments and plants could regenerate bacterial community structures and
diversity, improve soil quality, and possibly reduce PTE bioavailability [183]. Similar results
were reported by Mi et al. [184] in the Kee Open Pit Mine in Shanxi province, where the use
of mine dumps for crop cultivation improved soil health as measured by soil properties
and microbial communities. On the other hand, different periods of revegetation were
evaluated in metal mining dump areas (up to 306.5, 1863.9, 494.5, 353, and 133.3 mg kg’l
of Cu, Mn, Cr, Ni, and Zn, respectively) in the Sichuan province to determine the long-term
impact of revegetation. The results showed that plant species with low vegetation diversity
had a strong impact on PTE remediation, but that the effect of soil fertility restoration was
less than that of natural vegetation, while spontaneous vegetation succession reduced the
rate of PTE remediation. The study suggested that revegetation techniques need to be
monitored to ensure that succession does not disrupt soil remediation [185]. Finally, it
is important to highlight the study carried out by Wan et al. [14], in which the costs and
benefits of a phytoremediation project involving soil contaminated with As, Cd, and Pb are
calculated. They concluded that phytoremediation costs for this project were lower than
those reported for other remediation projects. Moreover, given the cost of environmental
pollution, the benefits of phytoremediation are expected to offset project costs in less than
seven years.

The Asia-Pacific region, one the largest producers of coal, accounts for over 67% of total
world production. Land degradation due to coal mining operations is reported to affect
1400 additional hectares each year [186]. Several studies have described phytoremediation
projects, in which different soil restoration strategies involving herbaceous plants and trees
in coal mining areas have been used [186-189]. The use of Miscanthus x giganteus as an
effective plant to restore soil in a lignite mine has been analyzed by Jezowski et al. [188].
This 3-year field study of lignite mining waste heaps showed positive results in terms of soil
regeneration. A phytoremediation study of the removal of toxic iron and sulphur aqueous
waste spilled on soils around coal mines was also carried out in the Jaintia hills (Meghalaya,
northeastern India). The use of agricultural lime and organic manure soil amendments,
together with plants, reduced sulphate concentrations from 22 to 5 mg kg ! and soluble
iron from 476 to 109 mg kg~!. Moreover, this reclamation strategy improved soil fertility
by increasing plant nutrients, pH (up to normal levels) and microbial biomass [186]. The
phytoextraction capacity of Eucalyptus sp. was evaluated in the Jharia coal mine (Dhanbad,
India), the results of which were compared with PTE content measured in soil and trees
in 1995. The study concluded that plant-based reclamation reduced Pb, Zn, and Cu
concentrations to their levels in 1995, while PTEs mainly accumulated in the stem bark
(Pb), leaves (Zn and Mn), and roots (Cu and Co) of trees [189].

The results of AML restoration projects described above showed that the establishment
of vegetation cover in these areas effectively reduced PTE bioavailability and increased soil
quality, which constituted a further step towards a total restoration of the ecosystem.

Table 1. List of hyperaccumulator plants that could be used for phytoextraction. Asterisks indicate
approximate values (*).

Maximum Data of PTEs Concentration
in Leaves (mg kg—1 DW)

Alyssum sp. Ni 20,100 [190]

Species References
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Table 1. Cont.

Maximum Data of PTEs Concentration

Species in Leaves (mg kg~1 DW) References
Arabidopsis halleri cd o722 [191]
Zn 9491
Arabis gemmifera cd 1810 [192]
Zn 20,300
Atriplex halimus Cd 850 * [193]
Berkheya coddii Ni 31,300 [194]
Bidens pilosa Cd 144.1 [195]
Biscutella laevigata Tl 66.7 [196]
Brassica pekinensis Pb 2670 [197]
Carpobrotus rossi Cd 172 [198]
Lantana cimara Cd 423.06 [46]
Leersia hexandra Cr 5005 [199]
Lonicera japonica Cd 57.22 [200]
Phytolacca acinosa Mn 19,300 [201]
Polygonum lapathifolium Mn 18,841.7 [202]
Pteris vittata As 1530 [203]
Schima superba Mn 9975.61 [204,205]
Sedum alfredii cd 9000 [206]
Zn 4807 [207]
Sesbania drummondi Pb 5000 * [208]
Solanum sp. Cd 142.7 [209]
Cd 164 [210]
Thlaspi sp. Ni 16,600 [190]
Zn 19,070 [210]
Table 2. List of plants capable of volatilizing PTEs.
Species PTEs References
Pteris vittata [211]
Arundo donax [56]
Transgenic Arabidopsis thaliana (fungal gene WaarsM) As [212]
Dittrichia viscosa [213]
Oryza sativa [214]
Zea mays (571
Transgenic Nicotiana tabacum (bacterial gene merA and merB) Hg [215]
Haliminone portulacoides [216]
Arabidopsis thaliana [217]
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Table 2. Cont.

Species PTEs References
Brassica juncea [218]
Oryza sativa
Brassica oleracea
Daucus carota
Hordeum vulgare
Lyco];gijgccsioesscaftllzeﬁtum [219]
Cucumis satious Se
Gossypium hirsutum
Solanum melongena
Zea mays
Populus tremula x alba [220]
Stanleya pinnata [221]
e =
Table 3. List of suitable plants for phytostabilization purposes.
Species PTEs References
Acanthus ilicifolius Cd [223]
Agrostis capillaris Pb [224]
Arundo donax Ni, Pb and Hg [225]
Atriplex halimus Pb and Cd [49,94]
Biscutella auriculata Pb, Cuand Cd [19,69,70]
Brassica juncea Cuand Zn [63]
Ductyls glomrat Cd, Pband Zn [226]
Casdaminopsis arenosa Zn, Cd and Pb [227]
o s 21
Dahlia pinnata As [229]
Imperata condensata Cu [230]
Iris lactea Cd [126]
Jatropha curcas Al, Zn and Cu [231]
Lolium perenne Cu [232]
Lupinus albus Cd, As and Pb [156,233]
Miscanthus sacchariflorus Cd [234]
Miscanthus sinensis x giganteus Zn, Cd and Pb [235]
Pistacia lentiscus Pb [236]
Pteridium aquilinum Cd, Cu, Pb and Zn [236]
Quercus ilex Cd [162]
Ricinus communis Pb [237]
Salix purpurea As [171]
Typha latifolia Co, Cd, Ni, Mn, Cr and As [238]
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6. Conclusions

Soil restoration in accordance with ecologically sustainable development norms is
essential once mining operations are closed. The goal of land reclamation is to return de-
graded AMLs to their original state and to ensure that the ecosystem’s normal interactions
between biotic and abiotic components take place. Plant-based techniques, which include
phytoextraction, phytostabilization, and phytovolatilization, are environmentally-friendly
and cost-effective alternatives to traditional remediation procedures which are usually
more destructive to soils. However, the principal drawback of this remediation strategy
is the need to select plants that can meet the objectives set out in the strategy. Their PTE
tolerance and accumulation systems must enable the plants selected to play an effective role
in AML reclamation. Implementation of a phytoremediation strategy will therefore include
the following steps: (a) soil physical-chemical characterization; (b) description of climatic
conditions; (c) identification of plants capable of growing in the area; (d) assessment of
phytoremediation capacities; (e) characterization of PTE tolerance and accumulation mech-
anisms; and, finally, (f) in situ experiments to assess the success of the strategy. In many
cases, little is known about the underlying tolerance and accumulation mechanisms. A bet-
ter understanding of these mechanisms is crucial to decipher and thus to enhance a plant’s
capacity to be used for phytoextraction, phytostabilization, and phytovolatilization. This
will also facilitate the development of transgenic plants, which may be of great potential
significance in the future. In situ phytoremediation studies of AMLs demonstrated that
plant-based techniques regenerate soil fertility, reduce PTE bioavailability, and increase
biodiversity on-site. New market opportunities in mine land phytoremediation, which
uses plants and bio-ores to obtain, in particular, critical precious metals, should be explored.
However, research in this field, which is still in its infancy, needs to better identify plants
suitable for these purposes in order to enhance their capacity to extract, reduce, and sta-
bilize PTE concentrations in AMLs, as well as to accumulate metals in shoots to facilitate
precious metal recovery.
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