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Abstract

Globally, mining waste-related problems are regarded as the second most significant environmental
issue after global warming and ozone depletion. Although the techniques for extracting precious
metals have greatly improved, the increasing scarcity of these metals has resulted in a substantial rise
in mine waste. The limitations of traditional remediation methods have led to the adoption of
phytoremediation, a plant-based technology, for environmentally friendly and cost-effective
detoxification and contaminant removal from soil. Over the past three decades, phytoremediation
has attracted considerable interest and research attention. This literature review aims to synthesize
the current state of knowledge on phytoremediation, focusing on leveraging bioenergy production.
The review further examines species suitable for phytoextraction, phytostabilization, and bioenergy
production, along with the limitations of current legislation in promoting a more integrated approach
to mitigate the environmental and social impacts of mining, as well as the extensive use of plant
species to address metal contamination in South Africa's mining industry. Among other species,
Vetiver grass was evaluated for its potential in integrated phytoremediation, carbon sequestration,
and bioenergy production systems. The review identified a disconnect between legislation and the
current environmental, social, and economic sustainability, which frustrates the country's sustainable
development agendas and the adoption of a circular economy. It also highlighted the lack of
information regarding potential synergies between phytoremediation, bioenergy production, and
carbon sequestration in South Africa. Thus, more work is needed to establish a new paradigm for
rehabilitating mined land to tackle the interconnected challenges of mining-related pollution control,
energy production, and climate change. This promotes the integration of circular economy principles,
innovation, and sustainability.
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1. Introduction

The mining industry is a significant driver of economic growth globally, but it also has severe
environmental consequences. The environmental impact of mining activities is widespread, with
approximately 4 x 105 km? of global land disturbed by mining [1]. One of the most pressing issues is
the production of vast amounts of mine tailings, which is a waste product remaining after ore
beneficiation [2]. Tailing storage facilities (TSF)/ tailings dams are classified as marginal land or waste
because they are characterized by marginal economic and agronomic potential due to poor soil
fertility, and toxic pollutants [3]. The global production of mine tailings is staggering, with estimates
suggesting over 10 billion tonnes per year [4]. Globally, mining waste-related problems are
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considered the second most significant environmental issue after global warming and ozone
depletion [5].

In South Africa, for example, there are over 6,000 active mines, with the Gauteng Province
hosting 374 mine residue areas, primarily linked to gold mining [6,7]. The scale of mining waste
generation is alarming, with 200,000 hectares of land converted for mining operations and 47,000
hectares used for slime and waste rock dumps in 2007 alone [8]. Although the techniques for precious
metals extraction have improved significantly, the increasing scarcity of these metals has led to a
substantial rise in mine waste. As deposits become depleted, more extensive excavation is required,
leading to exponentially large volumes of waste. This upward trend in mine waste generation is
expected to persist as long as mining activities continue. The perpetuation of mine waste generation
will exacerbate the existing environmental and societal challenges, including land degradation,
energy consumption, agricultural disruption, climate change and other associated issues.

The 1970s saw the emergence of the remediation industry in response to public demands for
immediate cleanups of environmental damage caused largely by mining [9]. Although well-
intentioned, the remediation industry's reliance on conventional physical and chemical cleanup
solutions has proven inadequate for achieving comprehensive and long-term remediation over large
areas [9]. These conventional methods are not only expensive [10,11] but also rely heavily on non-
renewable energy sources [12], have a significant environmental footprint [13], and require constant
monitoring due to environmental safety concerns. Additionally, they can cause irreversible damage
to soil macroflora and properties [14] and generate secondary waste products that necessitate further
treatment and disposal [15]. For instance, the "dig and haul" approach used in the remediation of a
single brownfield in New Jersey resulted in 2.7 million tons of carbon dioxide emissions, equivalent
to 2% of the state's annual emissions [16], highlighting the need for more effective and sustainable
remediation strategies.

The limitations of traditional remediation methods have led to the adoption of
phytoremediation, a plant-based technology, for environmentally friendly and cost-effective
detoxification and contaminant removal from soil [17,18]. Phytoremediation offers many benefits,
including biophilia, carbon neutrality [19], high social acceptance, minimal environmental footprint,
and low operational costs [20], making it a preferred option [21,22]. Over the past three decades,
phytoremediation has garnered significant interest and research attention [23]. Guidi Nissim et al.
[24] highlights the need for future assessments to capture the additional benefits of
phytoremediation. This call to action is underscored by a recent paradigm shift in the field, which
emphasizes the importance of integrating ecosystem services into phytoremediation decision-making
processes [24,25]. However, in practice, this shift is yet to be fully pursued, with the potential benefits
of a more integrated approach remaining largely unexplored, limiting its socio-economic potential
[26]. Only a few studies have quantified ecosystem services related to phytoremediation despite the
long-term studies on the subject.

Ecosystem services represent an ecological-economic approach that integrates ecosystem
functions, processes, and benefits human well-being [27]. These services encompass (i) regulating
benefits, such as biodiversity conservation, carbon sequestration, flood protection, water purification,
and air quality maintenance [25,28]; (ii) provisioning benefits, such as biomass for energy production
and (iii) bioindustry applications, including phytochemical production.

This literature review seeks to synthesize the current state of knowledge on phytoremediation,
with a focus on leveraging bioenergy production. Vetiver grass (Chrysopogon zizanioides) among
other phytoremediation plants have demonstrated its potential to harness these ecosystem services
within the context of phytoremediating mine tailings in South Africa. The review further examines
the limitations of current legislation and advocates for a more integrated approach to mitigate the
environmental and social impacts of mining.
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2. Plant Species Selection for Phytoremediation in South Africa

In South Africa, the selection of plant species for rehabilitation and restoration efforts, including
phytoremediation of mine tailings is governed by the National Environmental Management
Biodiversity Act 10 of 2004 (NEMBA). NEMBA provides for amongst others, the management and
conservation of South Africa's biodiversity within the National Environmental Management Act 107
of 1998 (NEMA) framework. NEMBA states that to ensure lasting reductions in TSF emissions and
achieve site closure, ecologically meaningful rehabilitation with native vegetation that minimizes site
emissions to air, water, soil, and biota is required. Traditionally, alien species were used in TSF
rehabilitation and restoration. This practice is prohibited under the current legislation. NEMBA aims
to conserve and protect South Africa’s biodiversity, and it regulates the use and control of invasive
and endangered species and at the same time promotes the use of indigenous species to maintain
ecosystem integrity and biodiversity. The utilization of non-invasive species in the rehabilitation and
restoration efforts is crucial to minimizing the risk of unintended ecological harm [29].

In 2007 the Chamber of Mines and Coaltech listed species that are used in the rehabilitation of
mined land in the guidelines for the rehabilitation of mined lands. These include Eragrostis curvula
(Wheeping Love Grass), Digitaria eriantha (Smuts finger grass) and Chloris gayana (Rhodes grass),
Eragrostis tef (Teff grass), Cenchrus ciliaris, Cynodon dactylon (Kweek, Puerto Rico), Digitaria decumbens
(Pongola or lowveld finger grass), Desmodium uncinatum, D. intortum and Glycine wightii, Medicago
sativa (lucerne), American Sweetclover, Arlington lespedeza (Lespedeza cuneata), Lolium multiflorum
(Italian ryegrass) and Avena spp (oats), Fagopyrum sagittatum (buckwheat), Vigna spp (cowpeas),
Pennisetum typhoides (babala) and Sorghum bicolor (forage sorghums). Medicago sativa, Paspalum
notatum, Hyparrhenia hirta and Cenchrus clandestinus previously Pennisetum clandestinum (Kikuyu) are
also included. Plant species with dense root systems that enable them to penetrate compact subsoils
and thrive in challenging soil conditions such as Cynodon dactylon and Paspalum notatum are included.
Additionally, Chrysopogon zizanioides and Pennisetum purpureum (Napier fodder) have been found to
produce exceptionally dense and penetrating root systems [30]. Figure 1 shows a typical South
African TSF rehabilitated with different grasses.

Figure 1. A picture of a typical vegetation cover for tailings in South Africa.

The vegetation cover is normally composed of several plant species such as lucerne, Rhodes
grass and wheeping love grass. The establishment of grasses on mine tailings often requires the
placement of a layer of clean soil, known as a clad, on top of the tailings, which is unsustainable as it
involves harvesting productive soil from arable land, reducing its productivity and potentially
leading to soil degradation. Alternatively, large quantities of lime, manure/compost, and inorganic
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fertilizers are required to support germination and growth, followed by regular watering and top-
dressing with fertilizers to maintain grass growth and prevent die-off. Furthermore, these grasses do
not provide additional benefits, such as bioenergy production, as they are not bioenergy crop species,
highlighting the limitations and unsustainability of this approach for mine tailings rehabilitation.

There is very little published literature on the phytoremediation potential of species such as
Chloris gayana, Eragrostis curvula, Eragrostis curvula, Digitaria eriantha, Digitaria decumbens,
Cenchrus ciliaris, Paspalum notatum, Fagopyrum sagittatum, Avena spp, Arlington lespedeza,
Anthephora pubescens, Desmodium uncinatum, Glycine wightii, and D. intortum which are
extensively utilised on mine tailings rehabilitation in South Africa These species are widely
researched for their potential as forage or pasture grasses. For instance, C. gayana has been studied
for restoration of grazing land as forage grass [31,32]; Eragrostis curvula and Cenchrus ciliaris has
been studied for their forage/ pastoral grass characters [33,34]. Van Coller et al. [33] further reported
on the use of Eragrostis tef for site rehabilitation. However, the study did not report on metal
accumulation, but on growth parameters. Cynodon dactylon [35,36], Hyparrhenia hirta [37] and
Pennisetum clandestinum [38] have shown potential in the phytoremediation of metals.

This knowledge gap stems largely from industry players' reluctance to share their results, citing
trade secret concerns and confidentiality agreements with the mines. As a result, further research is
imperative to fill knowledge gaps, develop best practices, and foster transparency and collaboration
among stakeholders. While the use of indigenous plant species on mine tailings is legally permissible,
their deployment lacks critical aspects necessary for achieving true sustainability. These knowledge
gaps and sustainability limitations underscore the need for a more comprehensive and collaborative
approach to phytoremediation in South Africa's mining sector.

3. Solving the Conundrum: Achieving Sustainability Goals

The mining industry is under growing pressure to adopt sustainable practices, with the World
Economic Forum aiming for a sustainable mining sector by 2050. To address this challenge,
innovative technologies and multidisciplinary solutions are being developed to reconcile existing
remediation practices with the need for multiple benefits. In South Africa, the focus on mine tailings
remediation has traditionally centered on revegetation and rehabilitation with indigenous grasses for
pollution control and biodiversity conservation. However, a transformative approach is required to
transition towards sustainability, embracing systems thinking and addressing the interlinked
challenges of climate change, socioeconomic realities, transition to clean energy and pollution. The
urgent need to mitigate climate change, alleviate socioeconomic challenges in mining communities,
transition to clean energy and reduce pollution levels has sparked innovation in remediation
technologies. Identifying plant species that can simultaneously facilitate phytoremediation,
bioenergy production, climate change mitigation, and socioeconomic benefits is crucial for
developing holistic solutions that promote environmental sustainability and social well-being.

Harrison et al., [39] argues that fiber crops such as Linum usitatissimum (flax), Bambusa balcooa
(Bamboo), Cannabis sativa (hemp), Agave sisalana (sisal), and Hibiscus cannabinus L. (kenaf) can be
utilized for mitigating mine-impacted environments since these crops can bioaccumulate heavy
metals in their biomass while providing a vast range of products [39]. As a result, self-sustaining
communities that derive their livelihood from the agricultural sector created from fiber crop
production during land remediation can emanate post mining. Fiber crops are tolerant to low- to
medium-pollution soils; however, elevated contaminant levels can affect their growth. The downside
of this potential innovation is that fiber crops may accumulate high metal levels, which may affect
product safety.

Bioenergy Production on Mine Tailings

Bioenergy is the energy recovered from organic matter or lignocellulosic biomass through
conversion to bioethanol [40] or other energy sources. Bioenergy is an efficient alternative and can
reduce carbon dioxide emissions and play a significant role in replacing petroleum-based fuels [41].
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Although bioenergy has garnered significant attention for its potential to mitigate climate change and
enhance energy security, the production of bioenergy plants has raised concerns about competition
with food crops for arable land, leading to food insecurity and land degradation [42,43]. Furthermore,
there are concerns about energy crops competing with natural climate change mitigation processes,
such as habitat conservation and afforestation [44-47].

Mine tailings, with their vast extent and limited alternative uses, offer a promising solution to
the long-standing "food vs. fuel" debate, potentially mitigating the controversy surrounding land-use
competition between agricultural production and biofuel cultivation [48]. Deep-rooted and fast-
growing energy plants with, high biomass producing capacity and enhanced adaptation to heavy
metal-polluted lands offer a promising solution for phytoremediation [49]. The sustainable
production on degraded land promotes efficiency in land use management practices, which
optimizes land, water and solar energy thereby guaranteeing food and fuel security, maximizing
carbon storage, and reduce greenhouse gas emissions [50]. This approach will also help to restore the
degraded land and polluted water, reduce greenhouse gas emissions and associated climate change
[51].

The dual approach of phytoremediation and subsequent bioenergy production from
phytoremediation biomass would be a significant advancement concerning sustainability to optimize
the environmental and socio-economic issues [3,52,53]. The introduction of bioenergy production on
mine tailings can revitalize marginalized mining communities, which often face economic decline
and job losses when mining operations are curtailed. By leveraging this opportunity, local
communities can generate their own energy while stimulating new economic activity, thereby
preventing the decline into ghost towns and instead fostering sustainable development.

Several types of bioenergy crops have been successfully utilized for the remediation of
contaminated lands. Examples include Arundo donax in Italy [54], Helianthus annuus and Silybum
marianum in Spain [55], Jatropha curcas in Mexico [56], Salix alba in Poland [57], Zea mays, Brassica juncea
(Indian mustard) and Brassica napus (rapeseed) in Mahd AD’Dahab [58], and Vetiveria zizanioides
(Chrysopogon zizanioides) in China [59]. Some identified plant species with dual benefits for
phytoremediation and bioenergy production include Ricinus communis (castor bean), Leucaena
leucocephala, Millettia pinnata, Cannabis sativa, Azadirachta indica, Acacia nilotica, Populus and Salix
species (willows), Miscanthus x giganteus (elephant grass), Panicum virgatum (switch grass) [53,60].

Cannabis sativa L. has emerged as a versatile crop for phytoremediation, effectively cleaning soils
contaminated with toxic metals. Additionally, it has been identified as a promising feedstock for
bioenergy production. Recent studies have explored the integration of C. sativa L.-based
phytoremediation with bioenergy processes, including concept designs for biodiesel, bioethanol,
biogas, and combined heat and power production [61]. Miscanthus, a fast-growing grass, has also
been found to be a suitable crop for bioenergy production [62], demonstrating relatively good growth
on contaminated soils. Notably, it exhibits a low uptake of contaminants, allowing the produced
biomass to be safely utilized as a biofuel [63]. Arundo donax (giant reed) is a highly promising crop
for biomass production and bioenergy conversion, with the added benefit of being adaptable to a
wide range of environments. However, its high invasive potential necessitates careful ecological
control measures to prevent unintended environmental impacts [64].

Research conducted by [65] demonstrates the potential of Indian mustard, sunflower, and maize
for phytoremediation of heavy metal-contaminated soils. The study highlights the ability of these
plant species to thrive in polluted environments, making them suitable for cleaning up contaminated
lands. Sunflower is a versatile and environmentally friendly crop, possessing desirable agronomic
traits such as temperature resilience, adaptability to diverse soil conditions, rapid growth rate, high
biomass production, and capacity to accumulate heavy metals, making it an excellent choice for
various applications, including phytoremediation, sustainable agriculture, and bioenergy production
[66]. Although sunflower, maize, and Indian mustard plants have shown promise in
phytoremediation and bioenergy production, as first generation energy crops, they pose a risk to
humans and animals [41]. These plants can easily contaminate the food chain, and when consumed
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by animals and humans, contaminants bioaccumulate in animal organs. Furthermore, their
versatility, which comes with serving both the food and energy worlds, makes them unsustainable
as an energy source due to competition from the food industry. Therefore, proper plant species
selection, growing process, and proper management of the feedstock are paramount to preventing
the presence of metals in the energy product.

Although the above plant species exhibit excellent characteristics for both phytoremediation and
bioenergy production, South African legislation imposes specific regulations on the use of plants for
phytoremediation of mine tailings. For instance, non-native plants can have devastating effects on
local ecosystems, leading to significant economic losses and environmental degradation [67]. The
non-native invasive species can outcompete native vegetation, disrupt delicate soil relationships, and
undermine the ecosystem's natural resilience [68,69]. Ironically, many plants with desirable traits for
cleaning pollutants from soil also exhibit characteristics of invasive species [70]. Therefore, in a quest
to provide a multidimensional solution that fits in with the rubric of ecosystem services through
phytoremediation, thorough research must be conducted.

A bibliometric analysis of phytoremediation research in South Africa, conducted using Web of
Science data from 1997 to 2022, identified Eichhornia crassipes (water hyacinth), Chrysopogon zizanioides
(vetiver grass), and Phragmites australis only as successful examples of phytoremediation projects in
the country [71]. In addition, there are other grasses such as Medicago sativa, Sorghum bicolor, and
Pennisetum typhoides that can remediate mine tailings and have bioenergy-producing potential.

Sorghum bicolor and Pennisetum typhoides are food crops and their use in phytoremediation is
subject to controversy. Eichhornia crassipes is nonnative and invasive, its utilization may raise concern
from a biodiversity perspective. Phragmites australis is native to South Africa but it only thrives in
aquatic and semi-aquatic environments, as a result, its use to remediate the tailings is not feasible.
Vetiver grass is not invasive and can survive in different substrates and climatic conditions. Although
vetiver is an alien species, it has been propagated in South Africa for decades.

4. Vetiver Grass: A Multi-Faceted Solution

Chrysopogon zizanioides (L.) Roberty, formerly known as Vetiveria zizanioides (L.) Nash and
commonly referred to as vetiver grass, belongs to the family Poaceae [72,73]. There are two vetiver
grass species in South Africa; Vetiveria nigratana, an indigenous species, and Chrysopogon zizanioides,
which was introduced to Kwazulu-Natal Province from Mauritius in the 18t century. Chrysopogon
zizanioides found all over South Africa is genetically identical to vetiver from Australia, the USA,
India, and Mauritius [74]. It is noteworthy that Chrysopogon zizanioides is a sterile cultivar, which
means it does not produce flowers or mature seeds. This characteristic effectively eliminates the risk
of invasiveness and potential environmental harm, making it a safer choice for cultivation [75].

Vetiver grass is a fast-growing, perennial grass species renowned for its exceptional
characteristics, making it an exemplary crop for phytoremediation, carbon sequestration, and
bioenergy production. This versatile grass can reach heights of 1-2 meters, with an extensive root
system that can extend 3-4 meters deep within a year [10,76]. Vetiver grass boasts exceptional
resilience and adaptability, making it an ideal crop for challenging environments. Its deep roots
render it extremely drought-tolerant and resistant to displacement by strong winds or water currents.
Additionally, vetiver grass is a sterile, non-invasive plant that propagates through root clump
subdivision, producing no stolons or rhizomes [77]. This remarkable grass thrives in extreme climatic
conditions, tolerating high levels of soil acidity, alkalinity, salinity, sodicity, and heavy metals.
Despite these challenging conditions, vetiver grass can produce substantial biomass yields, exceeding
100 t/ha/year [10].

Vetiver grass (Chrysoppon zizanioides) has demonstrated exceptional tolerance to metal-induced
stress, with its metabolic and photosynthetic activities remaining relatively unaffected [78]. This
remarkable adaptability enables vetiver grass to thrive in contaminated environments, making it an
ideal candidate for phytoremediation. Studies have shown that vetiver grass can effectively uptake
and accumulate heavy metals such as Zn, Cu, Ni, and Cd from contaminated tailings and soils [78-
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81]. Notably, vetiver grass tends to sequester these metals in its roots, limiting translocation to the
shoots, which is desirable for phytostabilization. The threshold levels for metal accumulation in
vetiver shoots have been established as follows: Cu (13-15 mg kg-1), Zn (880 mg kg-1), Ni (347 mg
kg-1), Cd (45-48 mg kg-1), Pb (78 mg kg-1), and Cr (5-18 mg kg-1) [82]. Although vetiver grass may
not be the most efficient accumulator of heavy metals, its remarkable tolerance to adverse climate
and soil conditions makes it a promising candidate for phytostabilization.

The unique characteristics of vetiver grass make it an ideal candidate for: (i) Phytoremediation:
Vetiver grass can accumulate high levels of toxic metals in its roots and shoots, making it an effective
agent for cleaning polluted soils [10,76,77,83]. (ii) Carbon sequestration: Vetiver grass has a high
carbon sequestration potential due to its extensive root system and high biomass production, making
it a valuable tool for mitigating climate change. (iii) Bioenergy production: The high biomass yields
of vetiver grass make it an attractive feedstock for bioenergy production, providing a sustainable
alternative to fossil fuels. Overall, vetiver grass offers a unique combination of benefits, making it an
ideal crop for integrated phytoremediation, carbon sequestration, and bioenergy production systems.
(iv) Due to the multiple environmental stresses that plants grown on tailings undergo, they have
elevated phytochemical production. Phytochemicals are increasingly becoming a revenue-generating
industry. Over eight thousand phenolic compounds with various functions such as biotic and abiotic
stress tolerance can be produced by plants. Species such as vetiver grass and lemon grass can provide
essential oils after steam distillation [84].

5. Remediating Mine Tailings Sustainably: Addressing Barriers and Exploring
Future Directions

Despite significant advancements in phytoremediation research over the past decade in South
Africa, there is a pressing need for legislation to keep pace with innovation and sustainability
mandate by adopting a circular economy approach. [85,86]. The International Council on Mining and
Metals (ICMM) has long advocated for a paradigm shift in the mining industry, from viewing waste
materials as liabilities to recognizing it as valuable resources [87]. This perspective has evolved
further, with the ICMM promoting an integrated approach to mine closure that adopts a circular
economy mindset, focusing on restoration and cradle-to-cradle principles [88].

Haywood et al. [89] argue that South Africa's legislation is limiting, and it constrains the
adoption of novel technologies that drive sustainability. This disconnect between legislation and the
current environmental, social, and economic sustainability imperatives must be addressed to support
the country's sustainable development agendas. In line with the World Economic Forum's goal of
achieving a sustainable mining industry by 2050 [90], South Africa should keep pace with the
growing demand for sustainability. This imperative can drive technological innovations aimed at
reducing the industry's environmental footprint. Therefore, reassessing mine waste as a valuable
resource and embracing the principles of a secondary resource economy can significantly enhance
the mining industry's sustainability [91].

The 2007 guidelines for rehabilitating mined land are somewhat obsolete, as they fail to address
the interconnected challenges of mining-related pollution control, transition to clean energy, climate
change and socioeconomic challenges which can be addressed to some extent if the mine waste can
be viewed as a resource. To overcome these limitations, a paradigm shift is necessary — one that
integrates circular economy principles, innovation, and sustainability. This approach would not only
restore degraded land but also promote environmentally friendly practices, reduce waste, and
support renewable energy. Furthermore, the implementation of enabling legislation would provide
a crucial framework for supporting this holistic approach, ensuring that mined land rehabilitation is
both environmentally sustainable and socially responsible.

Although vetiver grass is recognized for its phytoremediation potential in mined land
rehabilitation guidelines, South African legislation mandates the use of indigenous plant species for
remediation purposes. This restriction limits the exploration of innovative approaches that could
unlock the economic potential of mine tailings [89]. The legislative exclusion of non-native species
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like vetiver grass which do not have any evidence for threat to biodiversity or water resources hinders
the development of a secondary resource economy, where bioenergy crops can be cultivated on mine
tailings, generating additional revenue streams [89]. As Godfrey et al. [92] astutely observe,
embracing waste as a resource can yield substantial economic, social, and environmental benefits.

However, a notable knowledge gap exists regarding the potential synergies between
phytoremediation, bioenergy production, and carbon sequestration in South Africa, further research
is needed to explore the opportunities for integrating these ecosystem services. In general, response
to SDGs is regarded as the sole responsibility of the government in each country to cooperate with
the global community.

6. Research Outlooks

Research literature identifies several gaps that need to be addressed to transform mine tailing
dumps into bioenergy hotspots, supporting sustainable development in South Africa. The review has
acknowledged bioenergy's role in mitigating climate change and enhancing energy security;
however, more research needs to be focused on investigating bioenergy plants that can survive in the
environment of tailing dumps. This helps to reduce competition with food crops for arable land,
leading to embracing bioenergy. Additionally, it will also address concerns about energy crops
competing with natural climate change mitigation processes, such as habitat conservation and
afforestation.

The review has also found that some plants with desirable traits for cleaning pollutants from soil
also exhibit characteristics of invasive species, thus research is needed to identify non-invasive
species that should be prioritized in restoration efforts to minimize the risk of unintended ecological
harm. In that vein, non-invasive vetiver grass that reproduces through root clump subdivision and
thrives in extreme climatic conditions was identified. Thus, further research needs to be conducted
for its use for this purpose within the South African context. Also, a significant knowledge gap exists
concerning the potential synergies between phytoremediation, bioenergy production, and carbon
sequestration in South Africa. Although the analysis emphasized the socio-economic benefits of
phytoremediation, additional research is required to examine opportunities for integrating these
ecosystem services. This integration could help address environmental and socio-economic
challenges, ultimately promoting sustainability.

The review has also revealed that few studies have quantified ecosystem services related to
phytoremediation despite the long-term studies on the subject and that publicly available data on
species used in remediation and remediation outcomes is scarce. Research is also needed to connect
legislation and the current environmental, social, and economic sustainability imperatives to support
the country's sustainable development agendas. More work is needed to avail a new paradigm for
rehabilitating mined land to address the interconnected challenges of mining- related pollution
control, energy production, and climate change. This promotes the integration of circular economy
principles, innovation, and sustainability

The mining industry's sustainability can be significantly enhanced by reevaluating mine waste,
particularly tailings, as a valuable resource rather than a liability. Leveraging tailings as a substrate
for bioenergy plants offers a promising avenue for achieving sustainable development goals and
circular economy aspirations, providing a novel pathway for renewable energy production.
However, the implementation of this approach is hindered by various constraints. Despite
advancements in phytoremediation research, legislative frameworks have not kept pace with
innovation, impeding the adoption of novel technologies that drive sustainability.

Systems thinking is necessary for a successful transition to sustainability, considering the far-
reaching economic, social, and environmental consequences of mining. This requires embracing a
multifaceted strategy that combines technological innovation, systems thinking, and transformation
processes. The pressing issues of climate change, socioeconomic realities of mining communities, and
pollution levels necessitate innovative solutions. The utilization of vetiver grass, with its remarkable
phytoremediation capabilities, presents a promising opportunity for sustainable mine rehabilitation
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and other ecosystem services. By harnessing such innovative approaches, the mining industry can
mitigate its negative impacts and contribute to a more sustainable future.
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