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ABSTRACT

In order to achieve the goal of circular economy and sustainable development of ecological environment, it is important
to separate and recover associated elements from rare mineral resources. Compared with traditional physical and che-
mical remediation methods of contaminated soil, phytoremediation is regarded as the most promising green in-situ
restoration technology. The purpose of this review is to effectively alleviate the environmental problems caused by rare
tailings contaminated soil through phytoremediation and realize the recovery of uranium-thorium, rare earth elements
(REEs) and tantalum-niobium. This review took rare tailings with uranium-thorium, REEs, tantalum-niobium in China
as the research object, then the background, significance, mechanisms and application strategies of phytoremediation
were elaborated. In addition, the cases of species with tolerance to uranium-thorium, tantalum-niobium as well as REEs
and their remediation mechanisms were summarized, respectively. Particularly, the typical plants represented by Bras-
sica juncea, Sunflower, Phytolacca americana, Dicranopteris dichotoma, Salix spp., etc., were very effective in the reme-
diation of rare tailings. The influence factors of phytoremediation efficiency of tailings contaminated soil were discussed.
Two main factors were the mobility of heavy metals in soil (external cause) and the enrichment ability of species (inter-
nal cause). Since the traditional phytoremediation also had some limitations, in view of this, the work discussed some
auxiliary methods (such as chelating agents or microbial assisted restoration) to improve the efficiency of phytoreme-
diation. Finally, the future development of phytoremediation and potential application directions were explored.
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1 Introduction

Many high-tech industries require rare heavy metals, such as uranium (U), thorium (Th), rare earth
elements (REEs) [1], tantalum (Ta) and niobium (Nb) have been identified as mineral resources of high
strategic importance, and their production and demand are increasing [2]. Due to the chemical similarity
with REEs, uranium and thorium often occur in rare earth minerals by lattice substitution. Therefore,
uranium and thorium elements are present in the residues produced during the processing of rare earth
tailings [3,4]. Tantalum and niobium are transition metals with similar physical and chemical properties.
Since the contraction of lanthanides, tantalum and niobium are related to each other, which almost always
occur in pairs. Furthermore, they form tantalates and niobates that contain large amounts of REEs, uranium
and thorium [5]. Tantalum and niobium are also often considered critical materials for modern society.

Among the mineral resources in China, uranium-thorium, tantalum-niobium and rare earth ores are often
found in natural environments in an associative and symbiotic relationship [6]. A large contribution to ore-
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associated REEs is made by uranium-thorium minerals, additionally, tantalum and niobium are also important
elements that are closely associated with uranium-thorium minerals. Many minerals such as tantalum-niobium
ore, biotite and monazite often contain certain amounts of radionuclides (especially uranium and thorium),
along with associated REEs [7]. China is rich in reserves of uranium-thorium minerals, tantalum-niobium ores
and rare earth resources. However, these rare heavy metal tailings have complex composition, low content of
useful components, and are difficult to recover and extract of heavy metals [8–10]. Additionally, many mines
do not handle the waste properly after processing, leaving a great number of abandoned tailings, which not
only makes the utilization rate of tailings low, but also endangers the ecological environment [6]. Therefore, it
is important to recover and separate rare heavy metals from rare tailings resources.

In recent years, with the rapid development of economy, people have neglected the harm caused by the heavy
metals remaining in tailings to the biological environment of mining area while exploiting the mineral resources.
The risk of heavymetal contamination inmine waste cannot be ignored, especially when the tailings are affected by
human activities [11]. After the smelting and processing of tantalum-niobium ore or monazite, the uranium-thorium
and REEs in ore are largely retained in the tailings and slag. These toxic heavy metals are spread through water,
soil, atmosphere and other media, remain in the wastewater or soil, through the biological chain and biological
cycle eventually enter our bodies, threatening human health. Since uranium and thorium are radioactive, the
extraction of radioactive components from mine solid waste is essential for the sustainable development of the
environment and our human health. If uranium-thorium, tantalum-niobium and REEs in rare tailings can be
recovered and reused in a suitable way, it can rationally dispose of waste resources, also can provide a new
way for the source of nuclear fuel in China. In order to improve the ecological environment of mining areas
and maximize the utilization of tailings resources, researchers have carried out a lot of research on tailings
remediation technology [12]. At present, the commonly used methods include physical remediation, chemical
remediation and biological remediation [13]. Among them, the phytoremediation has been widely used as a
sustainable restoration method to improve soil quality and mitigate metal toxicity [14–16].

Phytoremediation is an economical and solar-powered remediation technology, which is particularly
effective for shallow heavy metal contaminated soil by introducing tolerant plants to repair mine tailings
[12]. The purpose of this review is to use phytoremediation to effectively alleviate the environmental
problems caused by rare tailings contaminated soil and realize the extraction or recovery of rare critical
metals (uranium-thorium, REEs and tantalum-niobium). This is of great relevance to the protection of the
environment and human health around rare tailings areas. To this end, this review took rare tailings with
uranium-thorium, REEs, tantalum-niobium in China as the research object, followed existing theories and
cases, and discussed the research progress of phytoremediation of rare tailings. This work reviewed the
background, significance, methods, mechanisms and specific applications of phytoremediation in recent
years. In addition, we particularly summarized the cases of species with tolerance to uranium-thorium,
tantalum-niobium as well as REEs and their remediation techniques, then explained the factors influencing
phytoremediation of rare tailings. Since traditional phytoremediation also has some limitations, in view of
this, the review discussed some auxiliary methods to form an effective combination with phytoremediation
to improve the efficiency of restoration. Finally, the future development of phytoremediation and potential
application directions were explored.

2 The Necessity of Phytoremediation

The number of articles on phytoremediation in the last decade (2012–2022) are organized, and the data are
shown in Fig. 1 (data from Google Scholar, accessed 25 February 2022). We can find that phytoremediation
techniques have been studied for a long time, and the research on phytoremediation of heavy metals
accounts for a relatively large proportion. The overall increasing trend in the number of studies on all topics
in the table year by year shows that phytoremediation method gains more and more attention and becomes
a hot topic for academic research. Therefore, phytoremediation of rare tailings is necessary.
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Mine tailings are currently considered as a wide range of environmental pollutants, so it is necessary to
adopt appropriate remediation methods to treat them [12]. Traditional methods for removing heavy metal
ions from soil include adsorption, soil replacement, electrokinetic remediation and so on (Fig. 2).
However, these physical and chemical remediation methods have serious limitations in practice because
of low efficiency, expensive, disruption of soil structure, and easy secondary pollution [18–20]. In
contrast, phytoremediation, as an economical efficient, and environmental in situ remediation technology
for heavy metal contaminated soil, is considered to be the most promising green restoration method at
present [18–21]. The key is to find specific plants that are adapted to the environment of the
contaminated area, and have a high tolerance or accumulation capacity for heavy metal elements [22].

Figure 1: Number of phytoremediation articles within 2012–2022 [17]

Figure 2: Classification and comparison of remediation methods for heavy metal contaminated soils [23]
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3 The Methods of Phytoremediation

3.1 Hyperaccumulator Plants
Currently, phytoextraction is one of the most promising and discussed remediation methods among all

phytoremediation methods, and there is an important concept in phytoextraction: hyperaccumulator [12]. In
nature, some plants are super-enriched for one or several heavy metal elements and can transfer them from the
soil to the above-ground section through roots, thus reducing the content of heavy metal pollutants in the soil,
these plants are called hyperaccumulator plants [24]. Hyperaccumulator plants can uptake metals into their
above-ground biomass and absorb more than 1% of their dry weight, these plants can also be called
hyperaccumulators, indicators and accumulators [24,25]. The selection of suitable hyperaccumulator plants for
remediation of heavy metals contaminated soil is the key to the application of phytoremediation technology.

Most of the hyperaccumulators are very special and can absorb metals from their roots, accumulating
100–1000 times more pollutants than normal plants [26]. Species are considered hyperaccumulators if the
dry weight of most metals absorbed is greater than 1000 mg/kg [27]. Hyperaccumulator plants emphasize
the fact that plants should be highly tolerant of the heavy metal elements to survive and reproduce
successfully [28]. Hyperaccumulator plants carry out normal metabolic activities and physiological
functions without showing any obvious symptoms of stress when the growing environment is exposed to
excessive metal concentrations [29]. Root systems have a greater relationship with plant mass, and
species with higher transpiration are also characteristics of hyperaccumulator plants [30]. In conclusion,
hyperaccumulator plants exhibit the following main characteristics: (i) high accumulation; (ii) large
translocation (translocation factor > 1); (iii) very high tolerance (no toxicity symptoms during growth);
(iv) rapid growth cycle; and (v) large above-ground biomass [31,32].

Typically, hyperaccumulator plants take up large amounts of one or more heavy metals and other pollutants
from the soil. Variant Sedum alfredii Hance is a typical example that can act as a hyperaccumulator for the
simultaneous removal of uranium and thorium from root system [33]. As of March 2020, the Global
Hyperaccumulator Database has reported 759 species (82 families) of heavy metal hyperaccumulators around
the world [34]. Most of these plants have been identified as hyperaccumulators in nickel, zinc, cadmium,
copper and so on [34,35]. Compared with these common elements, research on hyperaccumulator plants of
important rare heavy metal elements such as uranium-thorium, tantalum-niobium, and REEs has lagged
behind. We hold the opinion that the core principle of phytoremediation of rare tailings is to explore the strong
tolerance and super-enrichment ability of certain special species to heavy metals such as uranium-thorium,
REEs, tantalum-niobium, etc. Furthermore, to remediate the contaminated soil by removing toxic heavy metal
elements from the external environment through hyperaccumulator plants. Therefore, phytoremediation of rare
tailings using hyperaccumulators is one of the main purposes of this review. It should be noted that there are
differences in the repair efficiency of hyperaccumulators. Two main factors are the mobility of heavy metals in
soil [36] (external cause) and the enrichment ability of species [37] (internal cause). Furthermore, Stojanović
et al. [27] believed that the level of uptake of heavy metals by hyperaccumulators is not only related to the
type of substrate (soil or tailings), plant species and organs, but also to the cultivar. So the factors influencing
the phytoremediation of heavy metal elements are also within the scope of our study.

3.2 Addition of Chelating Agents
The addition of biodegradable physicochemical factors such as chelating agents and micronutrients can

increase the uptake of heavy metals by plants [38]. The use of chelating agents as nutrients can alter the
coordination structure and presence mode of heavy metal elements, because chelating agents have oxygen-
containing groups that can complex with metal ions, thus enhancing the migration of heavy metals. Nutrients
are very effective in the mobilization of heavy metals by plants. By applying chelates to the soil, the uptake of
many metal compounds by plants is increased, but at the same time the effects on other phytoremediation
functions must be taken into account [30]. The chelate induction can enhance heavy metal elements uptake
and transport. Khalid et al. believe the utilization of chelating agents to treat contaminated soil can increase
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the efficiency of phytoremediation by 200 times, moreover, it can reduce the time required for remediation [23].
The addition of chemical amendments to the soil can reduce the biological effectiveness and biotoxicity of
inherent heavy metals, then provide a better environment for plants [39].

For example, additives such as SDS (Sodium Dodecyl Sulfate), EDTA (Ethylene Diamine Tetraacetic
Acid), and EGTA (Ethylene Glycol Tetraacetic Acid) can improve phytoremediation [40]. Chen et al.
[41] studied biodegradable chelators to promote the remediation of cadmium and uranium in sunflower.
Phytoremediation effect of CA (Citric Acid), OA (Oxalic Acid), and EDDS (Ethylene Diamine
Disuccinic Acid) on uranium contaminated soil was also investigated, the result showed that the chelating
agents maximized the uptake of uranium and facilitated the phytoremediation of uranium-contaminated
soil by hyperaccumulator plants [42]. Similarly, phosphate strongly inhibits the accumulation of uranium
and thorium in roots, while CA enhances their transport from roots to stems [43,44]. Therefore, we can
know that chelating agents such as OA and inorganic phosphates can be used as auxiliary tools for
phytoremediation to help modify the plants to improve the remediation effect.

3.3 Microbial Assisted and Electrokinetic-Enhanced Phytoremediation
Many microorganisms have the special potential to promote phytoremediation. The use of

microorganisms such as specific degrading bacteria, endophytic bacteria and plant growth promoting
bacteria in association with phytoremediation can enhance the degradation of heavy metals in soil by
plants [45]. Bacterial genera Mycobacterium, Alcaligenes, Pseudomonas, and Bacillus have been used
widely in phytoremediation [46–48]. The metabolites (siderophores, organic acids, etc.) produced by
microorganisms have been proposed to be involved in plant rhizosphere geochemical processes [49].
Endophytic bacteria with plant growth-promoting activity can facilitate plant adaptation to heavy metal
polluted soil environment [50]. Rhizosphere microorganisms can promote plant growth and improve the
tolerance of species to heavy metals by altering the mobility of heavy metal ions in contaminated soil
[51]. During phytoremediation, plant growth–promoting bacteria tends to be more competitive in the
process of plant-microbe interactions [52]. Plant growth-promoting bacteria enriches in rhizosphere soil,
providing a new idea for phytoremediation of rare tailings. In addition to the above, the application of
transgenic plants with restorative properties can also increase the content of antioxidant enzymes and
metal detoxifiers, which increasing the ability of the species to enrich heavy metals [23].

Electrokinetic-enhanced phytoremediation is also widely used in the restoration of soil contaminated by heavy
metals such as uranium. Electric fields can enhance the removal of heavy metals from soil by increasing the
bioavailability through desorption and transport of contaminants [53]. Phytoremediation also helps to restore soil
properties and improve soil structure damaged by electric remediation [54,55]. Experiments showed that the use
of direct current electric fields in the vicinity of ryegrass had a positive effect on germination rate and plant
growth [56]. The accumulation of heavy metals in the ryegrass rhizosphere was greatly increased by the
optimization of electrochemical and biological processes in soil under the polarity reversal direct current field
[57]. Li et al. [58] found that the potential feasibility of electrokinetic-enhanced phytoremediation of uranium
polluted soils by sunflower and Indian mustard. The coupled phytoremediation–electrokinetic technology
improves biomass, enhances uptake of heavy metals by plants, and facilitates the transfer of toxic elements from
the roots to aboveground parts [53]. Furthermore, soil electrical conductivity may also be an important factor in
the efficiency of phytoremediation enhanced by electric field [57].

3.4 Mechanisms
Phytoremediation technology is a current hot topic of academic research which has been discussed by

numerous experts and scholars. Some specific methods on phytoremediation have been elaborated before. In
this part, we summarize the latest mechanism of phytoremediation based on previous literature research
results to understand more deeply the way of phytoremediation of rare tailings. Phytoremediation is a
universally accepted and sustainable bioremediation method that uses green plants to remove heavy metal
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contaminants from soil [59]. Phytoremediation includes several technologies and applications that vary
greatly in the processes and mechanisms by which heavy metals are fixed, removed, or degraded by
plants. Depending on the different uptake mechanisms, phytoremediation is mainly classified as
phytoextraction, phytostabilization, phytovolatilization, and rhizofiltration [23].

Firstly, the most important mechanism is phytoextraction. Phytoextraction is the uptake of pollutants from
soil or water by plant roots and their transport to accumulate in above-ground biomass (branches or leaves) [36].
Generally, plants used for phytoextraction should have the ability to produce high biomass or accumulate
contaminants [60–62]. The phytoextraction strategy is based on three types: (i) hyperaccumulator plants
selected from natural populations; (ii) plants characterized by high growth rates and high biomass yields;
(iii) plants obtained through genetic engineering strategies with high heavy metal tolerance and improved
phytoextraction efficiency [26,62]. Mahar et al. [63] considered that phytoextraction allows for large-scale
cleanup of soils with uneven contamination patterns. Because natural processes are used to treat metal-
contaminated sites in situ without any excavation or physical removal, phytoextraction has long-term
effects, however, storage, handling, and placement of contaminated plant biomass may affect the outcome
of phytoremediation [23]. For example, Salix spp. shows great potential for phytoextraction because it can
accumulate heavy metals, and has the ability to recover from heavy metal toxicity [64].

Phytostabilization is different from phytoextraction, phytoextraction is the extraction of heavy metals from
contaminated soil and their transfer to the harvestable above-ground parts of plants, while phytostabilization
immobilizes heavy metals in the plant root zone [65]. Phytostabilization does not reduce contaminant
concentrations, but contaminants remain in place, so the contaminated area needs to be monitored regularly
to ensure optimal stabilization conditions are maintained [23]. Phytostabilization involves the use of plants
to absorb or immobilize high levels of contamination in the soil [30]. The aim of this technique is to reduce
the mobility and biological effectiveness of metal contaminants in the soil-plant system, thereby limiting
heavy metal ion entry into the food chain [30,66]. The task of phytostabilization is not to remediate
contaminated soil, but to reduce contamination of media and passivate sequestration of metal contaminants,
so various organic and inorganic soil amendments can promote absorption of heavy metals [63].

The next step is phytovolatilization. Phytovolatilization is the process of absorbing pollutants from the soil,
transporting them through the xylem, converting them into less toxic volatile substances, and releasing them into
the atmosphere [38]. However, because phytovolatilization just transfers pollutants from the soil to the atmosphere
and redeposits them there without fully immobilizing, phytovolatilization has some limitations [23].

Finally, there is the rhizofiltration process. In rhizofiltration, we can use plants to extract impurities from
contaminated soil and water environments, then plants transfer them through the root system [67,68]. Some
plants are highly tolerant to heavy metals in the inter-root soil and can significantly reduce the concentration
of heavy metals [59,69]. The uptake or the precipitation of heavy metals by the root system limit the transport
of contaminants in the soil, in which the species used to achieve remediation change the soil chemical
properties, thus facilitating the uptake and precipitation processes of heavy metals in the soil [70,71].
Plants that accumulate large amounts of heavy metals in roots with minimal impact on growth are
desirable characteristics for phytoremediation, as this indicates that they are tolerant [72]. It should be
noted that plants used for rhizosphere filtration should be harvested and treated only when root sorption is
at its maximum [73,74]. Various phytoremediation mechanisms are described in Table 1.

Table 1: Different mechanisms of phytoremediation [75]

Mechanisms Description

Phytoextraction Plants accumulate contaminants in harvestable biomass

Phytofiltration Sequestration of pollutants from contaminated soil by plants

Phytostabilization Limiting the mobility and bioavailability of polluting substances by prevention of
migration or inmobilization

(Continued)
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4 Phytoremediation of Different Heavy Metals

4.1 Uranium-Thorium

4.1.1 Significance of Phytoremediation of Uranium and Thorium
Uranium and thorium often coexist, which inevitably leads to the joint pollution of uranium and thorium

in the environment [76]. Due to the high toxicity of radionuclides to human health and ecosystems, methods
for efficient removal and recovery of uranium and thorium from tailings are of great interest [77].
Phytoremediation is increasingly regarded as an important tool for in-situ remediation of uranium-thorium
contaminated soils because of its high efficiency and environmental friendliness in terms of its ability to
absorb and accumulate heavy metals [78,79]. This method is currently one of the most promising
technologies for large-scale treatment of radionuclide contaminated soil shown in Fig. 3 [80].

Under natural conditions, uranium and thorium are released into the soil through weathering, erosion,
and deposition in the surface environment, and secondary waste from the phytoremediation process may
produce leachate containing heavy metals, which are harmful to the environment [81]. Specific plants
cultivated for remediation of radionuclide contaminated sites need to meet two key factors: (i) the ability
to absorb radioactive material to relatively high levels (ii) without affecting growth or high biomass
production [81]. Since uranium and thorium are not essential elements for plants, their uptake process
may be a passive uptake mechanism, and it has been hypothesized that radionuclide absorption is the
main enrichment mechanism [82].

Table 1 (continued)

Mechanisms Description

Phytovolatilization Conversion of pollutants to volatile form followed by their release to the atmosphere

Phytodegradation Degradation of organic xenobiotics by plant enzymes within plant tissues

Rhizodegradation Degradation of organic xenobiotics in the rhizosphere by rhizospheric
microorganisms

Phytodesalination Removal of excess salts from saline soils by halophytes

Figure 3: Land plants accumulate uranium [83]
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4.1.2 Plants Capable of Accumulating Uranium and Thorium
The ability of hyperaccumulators to accumulate and translocate heavy metals varies depending on plant

species and heavy metals, and even within the same plant, the absorption effect ratio of uranium and thorium
varies greatly under different conditions [84]. Therefore, the selection of suitable plant species is of great
importance for soils contaminated with heavy metals [85]. There are three indicator factors to evaluate
the phytoremediation effect, which are transfer factor [86] (TF = target element concentration in the plant
above ground/target element concentration in the plant roots); bioconcentration factor [86] (BF = target
element concentration in the plant/target element concentration in the soil) and phytoremediation factor
[86] (PF = target element concentration in plant above ground × plant above ground biomass/target
element concentration in soil). For example, the Boehmeria nivea accumulates large amounts of uranium
in the aboveground, and it was found the BF > 4, TF > 1.5, which suggests that Boehmeria nivea may be
a potential hyperaccumulator of uranium [87].

Helianthus annuus L. [88], Brassica juncea [89], and Arabidopsis thaliana [90] can also enrich uranium
from the soil. In uranium-contaminated soils, Brassica juncea has a significant increase in above-ground
uranium concentration and a strong extraction, accumulation and tolerance capacity for uranium, making
it a better candidate plant for remediation of soils [89,91]. Qi et al. [89] investigated the effect of a low
molecular weight organic acid mixture on uranium, and the results showed that the mixture acid
promoted uranium uptake by Brassica juncea roots and root-to-ground translocation in uranium-
contaminated soils. By releasing uranium from the soil into solution, the mixed acid increased the
exchangeable uranium content of the contaminated soil, and reduced the uranium content of carbonate
and Fe-Mn oxides, which favored the accumulation of uranium in mustard [89]. As for Arabidopsis
thaliana, different pH levels affect the uptake and translocation of uranium by Arabidopsis thaliana, high
absorption and low translocation at low pH, low absorption but higher translocation at high pH [90].
Sunflower (Helianthus annuus L.) contained more than 15,000 mg/kg dry weight of uranium and was
considered by the researchers to be a typical hyperaccumulator [27]. The translocation factors show that
uranium is mainly enriched in the root of sunflower, and the migration of uranium to the aboveground is
limited, thus achieving the mitigation of the damage to the aboveground [92].

The vetiver grass plays an important role in the immobilization of uranium in soil by preventing the
contamination of soil with harmful heavy metals through the absorption of uranium [93]. Sha et al. [94]
found that Salix spp. could also accumulate large amounts of uranium in the above-ground portion after
remediation treatment of contaminated soil, which significantly remediated the uranium-contaminated
soil. The accumulation of uranium in plant tissues showed the following trend: root > leave > stem >
flower/fruit, which confirms the unique efficiency of roots in accumulating radionuclides from the soil
[83]. Vicia faba L. is considered to be an excellent specie because of its ability to exhibit high root
accumulation and low translocation [95,96]. Moreover, the Vicia faba L. roots are well developed and
tolerant to uranium, and can obtain uranium from contaminated sites and accumulate in the cell walls of
the roots [95,97]. By analyzing uranium tailings samples, Yan et al. [86] concluded that the
concentrations of 238U, 232Th in the samples exceeded the natural radionuclide content of Chinese soils,
and used pokeberry as a candidate specie for phytoremediation of radionuclide-contaminated soils based
on TF, BF, and PF. However, since the pokeberry is an invasive plant in China, we need to study it in
depth in order to carry out phytoremediation in a rational manner.

In addition to the plants mentioned above, some other species capable of absorbing uranium are shown
in Table 2 (under pot experiments and hydroponic experiments), and most of the plants in the Table 2 had
greater root accumulation than above ground, showing a strong root accumulation capacity of uranium.
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Understanding the phytotoxic mechanism of thorium is important to improve the accumulation of
thorium in plants. Fu et al. [105] analyzed the toxic response of Vicia faba seedlings to thorium, they
found that thorium is mainly distributed in cell walls and present in roots as residues, and that high
concentrations of thorium cause abnormal root growth. In Nicotiana glutinosa L., the content of thorium
in the roots was higher than that in the aboveground, and the transfer to the aboveground was greatly
restricted [106]. Tobacco plants also have a good potential for thorium accumulation, because the
transport of heavy metals to the upper part of the plant is very limited, the highest content of thorium is
found in the roots of tobacco plants [107]. The uptake and distribution of thorium can be improved by
changing growing conditions. The absorption of thorium is greatly increased when the environmental
medium is free of phosphate ions, in addition, the presence of high concentrations of organic acids (such
as CA, OA or tartaric) increases the accumulation of thorium in plant tissues [107].

Phragmites australies has a strong absorption capacity for thorium and uranium [108].M. floridulus and
rice flat sedge are superior in terms of concentration as well as TF, BF and PF, and have better potential for
treating thorium-contaminated soils in southern uranium tailings [109]. By comparing with the world
average, it is known that both Fagonia boveana and Zilla spinosa accumulate uranium and thorium, and
their enrichment capacity is many times higher than the average of other plants, which can be used for
exploration and phytoremediation of radioactive elements [110]. The mixed culture of Avena sativa L.
with Lupinus albus L. increases the concentration of REEs and uranium-thorium in the soil, therefore,
mixed culture may be a promising method for phytoremediation [111]. The concentration of heavy metal
elements has an important effect on the uptake of uranium-thorium in plants. The variant Sedum alfredii
Hance can be used as a specie for the simultaneous removal of uranium and thorium from plant roots
[33]. Huang et al. [112] conducted experiments on the perennial variant Sedum alfredii Hance and found
that low concentrations of thorium stimulated plant growth and thus uranium uptake, but as thorium
concentration increased, variant Sedum alfredii Hance inhibited the uptake of uranium. Similarly,
Brassica juncea var. foliosa is also a promising thorium plant extract specie due to its high biomass, fast
growth rate and excellence tolerance to thorium, in addition to its ability to absorb uranium. The low

Table 2: Some species capable of absorbing uranium

Plant species Root
(mg/kg)

Above ground
section
(mg/kg)

Results Reference

Water lily 1538 3446 55 mg/L U (VI) (Hydroponic experiment) [98]

Wild ramie 21.85 35.88 7.98 mg/kg U (VI) (Pot experiment) [87]

Sesbania
rostrata

20.61 23.74 80 mg/kg U (VI) (Pot experiment) [99]

Leptochloa
fusca

408 15 200 mg/kg U (VI, UO2(NO3)2⋅6H2O) (Pot
experiment)

[100]

Sunflower 136 4.08 82 mg/kg U (VI, UO3) (Pot experiment) [101]

Bidens pilosa 721.46 661.36 480 μ mol/L U (VI) (Hydroponic experiment) [102]

Macleaya
cordata

36.8 12.5 18 mg/kg U (VI) (Pot experiment) [42]

Garden peas 2327.5 11.16 25 μ mol/L U (VI) (Hydroponic experiment) [103]

Bean 1243.48 4.15 500 μ mol/L U (VI) (Hydroponic experiment) [104]
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concentrations of thorium promoted plant growth at the whole plant level, while high concentrations of
thorium cause damage to organelles and limit plant growth [113].

4.1.3 Other Phytoremediation Methods for Uranium and Thorium
Ancillary measures such as the application of chelating agents [79], plant growth promoting bacteria

[78] and plant growth regulators [114] are also important methods to improve the efficiency of plant
extraction of uranium and thorium. Some complexing agents in the environment can form complexes
with heavy metals, thus affecting the bioavailability, which is important for the uptake of uranium and
thorium by plants [43,44]. Low molecular weight organic acids are bioactive compounds in plant root
secretions that significantly enhance the uptake of radionuclides by plants in the soil [99]. Application of
chelating agents such as EDDS can enhance the bio-availability of uranium-contaminated soil and
promote the uptake of uranium in the soil-plant system [41,79]. Phosphate strongly inhibits the
accumulation of uranium and thorium in plant roots, while CA enhances their transport from roots to
stems [43,44]. In addition to these, the combination of multiple species close to their natural environment
is more effective than the usual single species culture selection [82].

4.1.4 Influence Factors
In general, the uptake of radionuclides by plants depends on soil type, soil pH, plant species, root

development, target element concentration, organic matter content and so on [109]. The content of
uranium and thorium in plant species varies widely, mainly due to differences in the enrichment
characteristics of the plants themselves and the concentration of the elements in the tailings [37]. The
capacity of plants to absorb uranium and thorium is inseparable from plant species and cultivars, and the
accumulation capacity of different types of species varies [27,115]. In addition, soil pH has a strong
influence on transport of heavy metal elements and ion exchange reactions, which in turn affects the
absorption of uranium-thorium [116]. Uranium and thorium uptake by plants is dependent on pH because
it affects the chemical form of elements, the bioavailability and the physiological properties of plants
[83]. The potential of a plant for phytoremediation also depends on the ability of radionuclides to
translocate and accumulate, which is closely related to its chemical properties [86]. Likewise, carbonates,
phosphates, and organic acids play an important role in the accumulation of thorium, the presence of
carbonate or phosphate anions inhibit the absorption of thorium, and the acids promote the accumulation
of thorium above ground but hinder the uptake of thorium in roots [44]. It should be noted that the many
influencing factors mentioned here are only relative to the overall situation, not absolute, and still need to
be analyzed according to specific plants, environments, and elements.

4.2 REEs

4.2.1 Hyperaccumulation Plants of REEs
The widespread mining of ion adsorption-type rare earth deposits in China has led to large tailings ponds

[117]. It is a feasible method to extract REEs by plants in situ phytoremediation, therefore, the selection of
suitable species is important for tailings restoration and soil improvement.

Among the plants found to be super-enriched in REEs, most of them are ferns. It is one of the few
published flowering species with high rare earth concentration. Phytolacca americana L. has a fast
growth rate and high biomass, and its accumulation of REEs in roots and leaves is as high as 386 and
1040 mg/kg, respectively, much higher than normal plants, and it grows naturally as an exotic weed in
rare earth mining sites in China [118]. Phytolacca americana L. has a certain potential in phytoextraction
of REEs, and can accumulate many heavy metals such as aluminum, manganese, iron and zinc at the
same time in addition to REEs [119]. The content of REEs in the leaves is positively correlated with the
content of Al, Fe and Zn, which indicating that the coexistence of REEs with these elements. However,
the content of light REEs was negatively correlated with the content of P, which indicating that the
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uptake of REEs and phosphorus was competitive. In terms of plant modification, the extraction of REEs from
plants modified with organic materials and biochar was explored. Phytolacca americana L. treated with both
modified materials significantly improved soil properties, particularly, biochar at low doses was an effective
way to enhance the extraction efficiency of REEs by phosphorus [120]. Liu et al. [121] revealed the effect of
organic acids on the uptake and transfer mechanism of REEs in root systems, providing a basis for improving
the phytoextraction efficiency.

Two rare earth hyperaccumulator species, Dicranopteris dichotoma (or Dicranopteris linearis) and
Pronephrium simplex in Table 3, both preferentially accumulate light REEs, are found in the rare earth
mines [28]. Dicranopteris dichotoma has been found to have the ability to remove REEs from
contaminated soil and is widely grown as a part of the remediation process of soil contaminated with
REEs [122]. As an effective remediation phytoextractor of REEs, Dicranopteris dichotoma extracts more
light rare earths than heavy rare earths, and it can be used for phytoextraction and phytostabilization
[123]. Pronephrium simplex was also confirmed to be a rare earth hyperaccumulator collective in both
outdoor and indoor experiments [28].

Among the recorded REEs hyper-enriched plants,Dicranopteris pedata is very typical for the extraction
of REEs with high efficiency [125]. Furthermore, Salix spp. is also a suitable material for rare earth mine site
remediation, and the uptake and accumulation pattern of REEs is mainly shown as root > stem > leaf, expect
for La, Salix spp. accumulates small amounts of Y, Nd, Ce, Tb, and Dy [126]. Mikołajczak et al. [127] studied
the phytoremediation potential of five herbaceous plants (Papaver rhoeas L., Taraxacum officinale, Achillea

Table 3: Accumulation of REEs by Dicranopteris linearis in a rare earth tailing in Ganzhou, Jiangxi
Province [124]

REEs REEs
concentration in
dry plant

REEs concentration in
ash (500°C, 2 h)

REEs concentration in ash is
converted into that in dry plant

Recovery
rate (%)

La 983 7575 893 91

Ce 180 1421 167 93

Pr 167 1310 154 92

Nd 504 4069 480 95

Sm 65.9 527 62.1 94

Eu 9.21 72.4 8.52 93

Gd 43.5 348 41 94

Tb 4.73 36.4 4.29 91

Dy 17.7 134 15.7 89

Ho 2.49 18.7 2.20 89

Er 4.98 40.7 4.80 96

Tm 0.50 4.80 0.57 114

Yb 3.23 23.5 2.77 86

Lu 0.50 4.05 0.48 96

Y 45.8 371 43.7 95

Sc 0 2.02 0.24 -

∑REEs 2032 15956 1881 93
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millefolium L., Tripleurospermum inodorum and Artemisia vulgaris L.) for REEs and observed a significant
accumulation of REEs in plant biomass.

Any species selected for phytoextraction should be resistant to the presence of REEs in the contaminated
soil environment. Taraxacum officinaleas and Pharagmites australis have been used for the remediation of
REEs, which can be recovered from plants using various extraction methods, and the extracted REEs can be
used as fertilizers [128]. Pachystroma longifolium, Solanum lycocarpum, and Citrus spp. have a high
accumulation of REEs in the aboveground part [129–131]. The ramie planted in mine sites can be used
not only for vegetation restoration and phytostabilization of ion adsorbed rare earth tailings, but also for
biomass production with a lower capacity to accumulate REEs [132].

About the modification of phytoremediation, using sludge biochar to amend Alfalfa can promote the
growth of Alfalfa, change its root morphology, improve soil properties and microbial diversity, thus
accelerating the restoration process [133]. The combination of organic modification and ramie cultivation
for phytostabilization is a promising strategy for remediation of contaminated soil, this method improves
soil quality and reduces the extractable concentration of toxic elements [117]. Plants have a good
symbiotic relationship with arbuscular mycorrhizal fungi in REEs tailings, which can alleviate the toxic
effects of REEs and heavy metals on plants, enhance the ability of plants to remediate the ecosystem [134].

4.2.2 Influence Factors
In general, the factors influencing the phytoremediation of REEs are similar to those of uranium-

thorium, but there are some special situations. Plant species, the morphology and migration processes of
REEs in soil, and soil properties are the main factors affecting the distribution patterns of REEs [135].
Both the concentration and bioavailability of REEs are directly related to plant biomass, root growth, and
plant extraction of the target elements [136]. The chemical characteristics of the soil environment in
which the REEs are present also affect their transport, and cation exchange helps to regulate the transport
of REEs in the particular environment [137].

There is no doubt that ion-adsorption REEs mine tailings soils without phytoremediation are more
contaminated than those with phytoremediation. The soil pH affects the action and effectiveness of heavy
metals in soil for plants. When the pH in tailings soil is low, the toxicity of REEs will be further
enhanced due to the increase of free ions in organisms, which will be harmful to the soil environment
[138]. The addition of organic fertilizers and the planting of plants can increase the nutrient content of the
soil and reduce the effectiveness of REEs, thus improving the soil quality of tailings [52].

4.3 Tantalum-Niobium
Tantalum and niobium are stable transition metals which coexist in nature with very similar

physicochemical characteristics [139]. In rare tailings, tantalum and niobium are often found in
association with thorium, uranium and REEs [140,141]. The production of niobium and tantalum from
ores requires the separation and purification of associated elements. Beneficiation and extraction of
tantalum and niobium from tantalum-niobium tailings becomes challenging in the presence of associated
elements such as rare earths, thorium and uranium [142]. While the best phytoremediation method needs
to be site-specific, some specific plants have shown a superior ability to accumulate tantalum and
niobium in their tissues that deserves our attention.

Various plants also respond differently to the uptake of different metals, and the accumulation and
translocation capacity of plants varies depending on the plant species and the metals. Due to the low
solubility of tantalum-niobium and the poor stability of organic complexes, tantalum-niobium is less mobile
in soil [143]. Alekseenko et al. [144] studied the content of several chemical elements in the mine soil and
found the highest concentration of Ba, Nb, Sc, Sr and Zn accumulation in regional woody plants, it also
showed that the characteristics of different deposits have an important influence on phytoremediation.
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A large amount of heavy metal elements such as tantalum, niobium and thorium were found in a tailings pond,
and the suitability of the hyperaccumulator plant Salix spp. for remediation was evaluated in detail, thus we can
cultivate Salix spp. for restoration of contaminated soil [145]. Cunha et al. [146] collected fern samples at the
mine, where the plants were enriched in Y, Zr, Nb, Pb, Sn, and Th, and there were inconsistent variations in the
biosorption coefficients of low mobility elements such as Nb, and Ta.

In addition to mining areas, phytoremediation in other environments is also useful for tantalum-niobium
extraction. Mangroves can absorb tantalum and niobium from the substrate through phytoextraction
processes, and the increased metal content in the growing environment facilitates the extraction of these
metals by the plants [5]. Furthermore, the total concentration of tantalum-niobium in plants was also
found to be related to the degree of enrichment in the sediment, and more tantalum-niobium was
accumulated in the root system compared to other tissues [5].

However, there is a large lag in the identification of tantalum and niobium hyperaccumulator plants
compared to hyperaccumulators of other elements. Based on the paragenetic relationship between
minerals, phytoremediation of rare tailings can be carried out at the level of associated elements such as
uranium-thorium, rare earths, etc., which are able to inform the research of this article.

5 Conclusion and Expectations

The purpose of this review is to use phytoremediation to effectively alleviate the environmental
problems caused by rare tailings contaminated soil and realize the extraction or recovery of uranium-
thorium, REEs and tantalum-niobium. This is of great relevance to the protection of the environment and
human health around rare tailings areas. In this review, we elaborated the background, significance,
mechanisms and application strategies of phytoremediation. In addition, the repair methods such as
hyperaccumulator plants, use of chelating agents, microbial assisted and electrokinetic-enhanced
phytoremediation were described. After reviewing previous studies, we found that many species had
strong phytoremediation ability and could enrich rare heavy metals such as uranium, thorium, REEs,
tantalum and niobium from the soil environment through different plant tissues. Particularly, the typical
plants represented by Brassica juncea, Sunflower, Phytolacca americana, Dicranopteris dichotoma, Salix
spp., etc., were very effective in the remediation of rare tailings. Most plants showed strong root
accumulation of rare heavy metals than above ground. Moreover, organic acids, inorganic salts and other
chelating agents could be used as auxiliary tools for phytoremediation of rare tailings, which increased
the accumulation of rare heavy metals in plant organs. Microorganisms in the root system could also
facilitate the transport of metal ions and improve the restoration efficiency. We should be aware that there
are differences in the repair efficiency of hyperaccumulators. The influence factors of phytoremediation
efficiency of tailings contaminated soil were discussed. Two main factors were the mobility of heavy
metals in soil (external cause) and the enrichment ability of species (internal cause). Furthermore, the
absorption of rare heavy metals by plants also depended on the influence of soil type, soil pH, plant
species, concentration of target elements, organic matter content and so on, which need to be considered
comprehensively when repairing rare tailings.

Since phytoremediation has disadvantages such as slow growth rate of hyperaccumulation plants, low
biomass and long cycle time for soil remediation, it is difficult to meet the requirements of rapid remediation
of contaminated soil. Therefore, there is still much room for development of phytoremediation strategy using
special species to purify toxic metals in tailings. The key to phytoremediation technology is the assessment of
the unique tolerance of specific plants to the target elements. Future research in phytoremediation should
continue to search for hyperaccumulators with high biomass and high ability to enrich tantalum-niobium,
uranium-thorium, and REEs, especially hyper-accumulating species for tantalum and niobium elements.
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Specifically, the directions for future research are as follows:

a) In practical application, phytoremediation technology is only suitable for shallow soil with medium
and low pollution concentration, and the remediation scope is limited by the depth of plant roots.
Therefore, it is also a new direction to use physical or chemical methods to pretreat contaminated
soil before phytoremediation, and to develop super-enriched plants with strong root system while
applying various technologies together.

b) Pay attention to the problem of secondary pollution. After the hyperaccumulators transfer the heavy
metal elements in rare tailings from roots to the aboveground, the plants should be recovered and
reprocessed in time. This is to prevent the toxic elements enriched by plant decay from re-
migrating to the biological chain and causing secondary pollution.

c) Enhancement of exploitation of woody plants. At present, most of the hyperaccumulation plants
discovered are herbaceous plants, and there are fewer species of woody plants. Herbaceous plants
have short growth cycles and small biomass, and their absorption of heavy metals in rare tailings
is less than that of woody plants. Moreover, woody plants are ecologically important for
vegetation restoration and landscape beautification of mining areas. Thus, in the future, we should
increase the exploration and research on hyperaccumulated woody plants with large biomass and
high tolerance ability.

d) Pay attention to the plant domestication. We need to strengthen the research on genetic
recombination in phytoremediation and to enhance collaboration in the fields of genetic
engineering, geochemistry, microbiology, and agricultural engineering. By integrating different
expertise, we can think about how to improve the utilization of phytoremediation by inducing
plant modification through human factors.

e) Phytoremediation is a process for specific elements in specific locations. Therefore, different regional
environmental conditions (soil types, climate conditions, Ph conditions, biodiversity, etc.) need to be
considered before application in situ to select the best remediation method.
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