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Phytoextraction as a tool for green chemistry

Abstract: The unique chemical and physical proper-
ties of metals mean that they are extensively utilized
by industry in a huge variety of applications, including
electronics, materials, industrial catalysts and chemi-
cals. The increased consumer demand from a growing
population worldwide with rising aspirations for a better
life has resulted in concerns over the security of supply
and accessibility of these valuable elements. As such,
there is a growing need to develop alternative meth-
ods to recover them from waste repositories, current
or historic, both for hazard avoidance and potentially,
as a new source of metals for industry. Phytoextrac-
tion (the use of plants for the recovery of metals from
waste repositories) is a green and novel technique for
metal recovery, which, if done with the goal of resource
supply rather than hazard mitigation, is termed “phy-
tomining”. The ability for plants to form metallic nan-
oparticles as a consequence of phytoextraction could
make the recovered metal ideally suited for utilization
in green chemical technologies, such as catalysis. This
review focuses on a multidisciplinary approach to ele-
mental sustainability and highlights important aspects
of metal lifecycle analysis, metal waste sources (includ-
ing mine tailings), phytoextraction and potential green
chemical applications that may result from the integra-
tion of these approaches.
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1 Introduction

1.1 Elemental sustainability

Elemental sustainability is a concept in which each
element within the periodic table is guaranteed for use
by both current and future generations [1]. The long term
security of elemental supply has become an important
issue at local (industrial), national and continental levels
[1]. Elements are not “running out” or being destroyed, but
rather are being dispersed throughout the technosphere,
making recapture both highly problematic and often
costly [2, 3]. These challenges must be tackled through
the development of multidisciplinary partnerships, which
adopt sustainable, holistic approaches consistent with
recovery and reuse [1]. Within this framework, it is also
important to consider the triple bottom line of sustainabil-
ity, i.e., the environmental, societal and economic effects
of these elements and their use [4, 5].

Many elements currently have low end-of-life recy-
cling rates, and the overall efficiency of the recycling
process is predominately dictated by the collection of
waste metal directly after use [6]. Both Pt and Pd already
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have well-established recycling routes, as their use is dom-
inated by the automobile catalyst industry [1]. Their recov-
ery after use is well understood, and collection is inherent
in the current processes for dealing with end-of-life cata-
lytic convertors [7]. This is in contrast to the vast majority
of elements which are much more difficult to recycle, due
to their low concentrations and dispersion in a wide range
of waste streams [7]. By considering the social, economic
and environmental impact of an element’s life cycle, it is
possible to highlight opportunities for the implementa-
tion of green and novel technologies for the recovery of
elements. Increased rates of recycling will move towards a
circular economy and reduce reliance on element extrac-
tion and purification [1].

The original source of all metallic elements is mining.
New supplies of all industrially important metals must
come through the exploration and exploitation of ore
bodies. However, recovery of metal from ore is never com-
plete; some metal is residual in waste products gener-
ated from the mining industry [8]. Therefore, there exists
potential to recover metals from mineral waste materials,
as well as from end of life products (recycling) [9]. This
review focusses on the potential for living plants to recover
metals from waste material, with specific emphasis on the
waste generated by the mining industry. The idea that
plants can potentially store metal in an active or function-
ally useful form in living tissues (for exploitation in higher
value chemical applications) is central to our review. We
therefore place the technology of phytoextraction within
the concept of green chemistry and consider the possible
implication of using plants to recover metals. Included, is
also a discussion of present and possible future uses of
this recovered metal, in situ within the plant material, in
order to show the potential of phytoextraction technol-
ogy for the provision of novel, sustainable materials, i.e.,
catalysts.

1.2 Where does phytoextraction fit with
elemental sustainability?

Phytoextraction describes the technological use of plants
to extract metal from soil and has been extensively devel-
oped by academic and industry groups around the world
to target industrial waste sites, with the goal of hazard
mitigation [10]. Phytoextraction and the associated appli-
cations of this technology (phytoremediation, phytode-
gredation, phytostabilization, phytovolatilization and
phytomining) have been reviewed extensively in recent
years [10-17]. The purpose of this review is not to re-review
phytoextraction. Instead, the technology is proposed
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here, in the context of elemental sustainability, to be a
potential mechanism to recover some industrially relevant
metals from waste, particularly from waste generated by
the mining industry. The metal content of ore deposits can
range from only a few g/ton for the platinum group metals
(PGMs) and Au, to % levels for the base metals such as Cu,
Pb and Zn. However, the recovery of these metals from rock
is challenging and incomplete and the process will gener-
ate a significant volume of waste material that still con-
tains metal. Two specific waste products can be defined
in the context of mining. The term “waste rock” describes
coarse material that is generally stored on surface sites
once they are removed from the ground to expose an ore
body; while “tailings” describes finely ground material
that has been rejected by metal or mineral processing
plants [8]. Metal production from these waste materials
via phytoextraction could therefore supplement primary
global supplies generated by the mining industry and the
scenario of targeting strategically important metals using
plants with the objective of recovery for industrial use,
would be an example of phytomining [18].

The life cycle of a metal in industrial use is shown
in Figure 1. The initial stage of mining and processing
results in the discard of most of the material that has
been mined (the “tailings”). The amount of metal residual
in tailings is dependent on the ore and the efficiency of
the extraction technology used. Tailings from historical
mining operations can have mineable concentrations of
metal according to modern-day standards. Subsequent
stages of processing also generate losses (“slags”); these
are more chemically complex and of much lower volume.
Losses during manufacture of products are typically cap-
tured and recycled (Figure 1). The result is that there are
two life stages where worthwhile recovery opportunities
may exist: (1) in the tailings, which are voluminous and
in which the metals are often at quite low concentrations,
and (2) in the recycling of discarded metal-containing
products (Figure 1), which are chemically very complex
and are widely dispersed geographically.

The phytoextraction of metals from tailings could
contribute to industrial supplies if the recovery from waste
materials using plants was economically viable. Mine
tailings are regularly reprocessed by classical mining
methods, when improved technology enables the tail-
ings to be economically re-mined. In this context, phyto-
extraction can be considered as a potential reprocessing
technology [20]. The economic argument for phytoextrac-
tion would be stronger if the presence of metals in plant
biomass led to some functionality of the metal in indus-
trial applications relative to bulk metal [21]. But what is
the potential global resource inventory for mine tailings
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Figure1 The generic life cycle of a metal. Life cycle stages include mining and milling; smelting; refining; fabricating (Fab.); manufacturing
(Mfg.); use; and waste management and recycling (Waste Mgmt.). The dotted line indicates the boundary of analysis, generally a country
or region. Between life stages, the grey circles indicate markets that trade the metal in various forms (concentrate, matte, refined metal,
semis, metal as a component of a product). Adapted from Reck et al. [19].

that might be amenable to phytoextraction? We propose

that phytoextraction resource potential can be quantified

on a global bhasis as follows:

1. Locate all active, inactive or closed mine sites for the
metal of interest.

2. Estimate the volume of tailings at each mine site. (This
information is sometimes contained in mine-related
documents or can be estimated by knowing historic
mine production and ore grade.)

3. Determine, by measurement or estimation, the
average concentration of the metal of interest in each
mine’s tailings.

4. Estimate the efficiency of phytomining for the
recovery of the metal of interest (will be a function of
chemistry, biology and climate).

5. Sum the total recoverable stock of “tailings reserves”
in all mines.

6. Compare the total recoverable tailings reserves of
the metal of interest with the ore reserves (reserve
estimates are generally available, i.e., through the
U.S. Geological Survey) [22]. If the former is as much
as perhaps one-tenth of the latter, phytomining

may have the potential to play a useful part in the
provisioning of the metal of interest.

To our knowledge, an evaluation of global reserves of phy-
tomining-exploitable metal has not yet been carried out
for any metal, but it would be worthwhile to do so in order
to determine whether a significant new resource could be
exploited through phytomining for any of the metals used
in modern technology.

The elemental recovery rates at the concentration
stage are noted in the literature for Fe [23], Cu [24], Ni
[3, 25], Pb [26], Zn [27] and the PGMs[28]. Utilizing these
values along with historical production statistics from the
U.S. Geological Survey [22, 29], it is possible to calculate
preliminary estimates of how much metal has cumula-
tively been lost to tailings for these elements as a percent-
age of their reserves and reserve base values [22, 30]. The
results are displayed in Figure 2.

The values noted here should only be considered as
first estimates. There is a great deal of uncertainty not
only in the recovery rates, which vary over time with
changes in the grade and mineralogical complexity of



6 —— A.J.Huntetal.: Phytoextraction as a tool for green chemistry

Pb

Zn

Cu

Fe

PGM

DE GRUYTER

0% 10% 20% 30% 40%

T 1

50% 60%

Estimated cumulative losses to tailings as a percentage of
reserves (black bar) and reserve base (white bar)

Figure 2 Estimates of cumulative losses to tailings from 1900 to 2012 as a percentage of their latest reserve (black bars) and reserve base (white
bars) estimates presented in descending order [platinum group metal (PGM) estimates, excluding other precious metals such as Au and Ag].

the mined ore as well as with technological enhance-
ments, but also with the reserve and reserve base
estimates and to a lesser degree, with the production
statistics. Furthermore, as some of the tailings may have
been reworked, used to backfill mines, utilized as fer-
tilizer or because the low concentration of the metal
within the tailings is likely unrecoverable, these values
are best regarded as upper bounds of what could poten-
tially be recovered [31]. Nonetheless, the results from
this simple analysis suggest that there are significant
resources of these elements that have accumulated in
tailings over the years.

The elements analyzed here are base and precious
metals that are predominantly mined for the sole purpose
of their recovery. There are, however, a number of techno-
logically-important elements that are extracted and recov-
ered as by-products of these and other metals. Examples
include V, Co, Ga, Ge, Se, Cd, In and Te. These so-called
“companion metals” or “hitchhiker elements” may be of
importance for phytoextraction, because they are often
not recovered or are only recovered at low rates during
processing and are thus lost to the tailings or slag of their
“host metals™.

The provisional calculations presented in Figure 2
describe the scale of the potential global metal resource
that could be exploited by phytoextraction. However, the
extent to which plants will take up these metals is a func-
tion of plant physiology and chemistry. The following
section considers practical issues related to metal recov-
ery from these potential reserves.

2 Phytoextraction: exploiting the
potential of phytoremediation

Plants and plant-derived biomass have received signifi-
cant attention from both industry and academia for the
production of chemicals and materials [32, 33]. The use
of renewable feedstocks for the chemical industry is in
close agreement with the principles of green chemis-
try. Additionally, the associated growth of this biomass
has the added advantage that it might aid in reducing
climate change through the fixation of CO, [34]. However,
the ability of plants to accumulate inorganic species for
extractive value has received relatively less attention and
is yet to be fully exploited [35, 36].

Any application of phytoextraction requires plants
that have the following attributes: fast growth rates, high
biomass composition, deep roots, tolerance to metal
uptake, metal specificity and a high rate of metal trans-
port from roots to shoots [34, 37]. During phytoextrac-
tion, uptake occurs through the plant root system [38, 39].
Optimal efficiency is achieved by using plants that can
readily translocate contaminants from roots and accu-
mulate these in shoots. Shoot biomass can then be har-
vested and processed to recover value from the crop [40,
41]. When applied to metal recovery from wastes, phyto-
extraction can potentially lead to two revenue streams: (1)
environmental clean-up and (2) valuable metal products.
A significant number of studies have investigated the use
of phytoextraction to recover metals released into the
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environment by anthropogenic activities and industrial
processes, using both hyperaccumulator and non-hyper-
accumulator species; some examples are given in Table 1.
Many of the practical phytoextraction examples use non-
hyperaccumulator species, due to the higher biomass pro-
duction of these plants compared to hyperaccumulators.
Section 4 of this paper goes into more detail about practi-
cal phytoextraction scenarios.

3 Plant strategies for growth
in contaminated soils

Plants exhibit one of three strategies in response to
the presence of metals in soil. Plants expressing these
responses were defined seperately by Van Der Ent et al.
and Baker and Walker as metal excluders, metal indica-
tors or metal accumulators (hyperaccumulators) [53, 54].

Metal excluders avoid importing metals to aerial
organs, however, they may still contain relatively high
amounts of metals in roots (Figure 3) [56]. Boularbah et al.
[57] defined an excluder as a plant species that can have
high levels of heavy metals in the roots, but always has a
shoot/root quotient of less than one. Salix (willow) species
are examples of metal excluders.

Metal indicators accumulate metals in above ground
tissues to levels similar to those in the surrounding soil
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[55]. The relationship between the concentration of metal
in the plant and soil is generally linear (Figure 3). Metal
indicator plants have received attention since the late
1800s as metal accumulator plants [58]. A recent example
demonstrates the potential use of Eucalyptus trees, which
translocate Au from deep (>10 m) mineral deposits to their
aerial tissues, to identify Au deposits [59].

The concept of metal hyperaccumulator plants was
first described for nickel accumulating species by Jaffré
et al. [60]. The definition of hyperaccumulation has
been refined a number of times and was most recently
updated by van der Ent et al. in 2013 [53]. The current
definition for a hyperaccumulator can be summa-
rized, for nickel, as a species that, when growing in its
natural environment accumulates at least 1000 mg/kg
nickel (dry weight) within its leaves. Hyperaccumulator
species that concentrate other elements, including Zn,
Cd, Pb, Co, Mn, Cr and Se have also been identified, and
hyperaccumulation threshold limits have been estab-
lished for each metal, for example, 100 mg/kg (e.g.,
Cd), 1000 mg/kg (e.g., Pb) or 10,000 mg/kg (e.g., Mn) of
metal (Figure 4) [53].

Baker et al. [62] first postulated the use of hyperac-
cumulator species in phytoremediation (phytoextrac-
tion), because these plants are potentially capable of
accumulating an exponentially higher concentration
of certain elements relative to that which is in the sur-
rounding soil.

Table 1 Practical phytoextraction examples by hyperaccumulator and non-hyperaccumulator plants.

Practical scenarios Location Metals Plants References
Soil contaminated by metal- UK Cd, Cu, Ni & Zn 20 Varieties of Salix [42]
bearing sewage sludge Ni & Zn N. caerulescens [43]
Switzerland Cd A. murale, [44]
(Ziefen) N. caerulescens,
S. viminalis
Switzerland (Caslano) Cd&Zn N. caerulescens, [45, 46]
S. viminalis
United States Zn & Cd N. caerulescens, [47]
S. vulgaris
Malaysia Al, Cu, Fe & Zn J. gendarussa [48]
France, UK, Germany, Sweden Cd&Zn N. caerulescens [49]
Soils contaminated by France, Sweden, UK Cd&Zn N. caerulescens [49]
different smelters Switzerland (Dornach) Cd &Zn A. murale, [44]
N. caerulescens, [45, 46]
S. viminalis
Ni refinery Canada Co & Ni A. murale, [50]
A. corsicum
Contaminated paddy fields Japan Cd 0. sativa (MORETSU and IR-8) [51]
H. cannabinus [52]

A.=Alyssum; H.=Hibiscus; J.=Justicia; N.=Noccaea; 0.=0ryza; S (viminalis)=Salix; S (vulgaris)=Silene.
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Figure 3 Three response strategies of plants to an increasing metal concentration in soil: hyperaccumulation (red line), metal indication

(orange line) and exclusion (yellow line) [55].

3.1 Use of hyperaccumulator species
for phytomining

In recent decades, many hyperaccumulator species have
been investigated for the clean-up of soil and water [9].
Table 2 summarizes a range of known hyperaccumula-
tor species and describes the number of metals that are
known to be taken up. Many elements highlighted within
Table 2 have been classified as critical elements (which
are vital for a company’s, nation’s or continent’s busi-
ness/economy and also have significant potential for a
restricted supply) [1]. Co has been highlighted as a critical
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Figure 4 Number of species identified as hyperaccumulators and
the hyperaccumulation threshold [53, 61].

element of global importance, Mn and Ni are of multina-
tional importance and Cr, As, Cu, Tl and Cd are of national
importance [1]. This highlights the great potential for uti-
lizing phytoextraction in terms of elemental security and
sustainability [1].

A more detailed review of Ni hyperaccumulators
has recently been reported by Jaffré et al. [84]. The Bras-
sicaceae family is of particular interest, as it contains
approximately 25% of the known Ni hyperaccumulator
species, along with species that accumulate Zn and Cd
[85]. Within this family, the Zn and Cd hyperaccumulating
species Arabidopsis halleri (A. halleri) and Noccaea caer-
ulescens (N. caerulescens, formerly Thlaspi caerulescens)
share close phylogenetic links with Arabidopsis thaliana
(A. thaliana), a model species for molecular genetics. As
a result, much of the current knowledge on the molecular
mechanisms behind hyperaccumulation has been eluci-
dated from A. halleri and N. caerulescens.

When compared to crop species, hyperaccumulator
species generally have low growth rates and poor biomass
accumulation. Over a number of years, Chaney and
co-workers [15], in collaboration with the US company
Viridian Resources LLC, collected Alyssum species, pre-
dominantly from the Mediterranean area, and rigorously
analyzed for Ni phytomining potential. These species were
then selectively bred to obtain varieties with improved
agronomic traits for Ni phytomining in the field. Promis-
ing results from these efforts were achieved with Alyssum



DE GRUYTER

A.). Hunt et al.: Phytoextraction as a tool for green chemistry =— 9

Table 2 Distribution of known metal accumulator species to plant families.

Family Genus Species Metals in plants Metals in soil References
(mg/kg) (mg/kg)

Amaranthaceae Alternanthera sessilis Fe 2120.4, Cr 749.3 Fe 38000, Cr 100° [63]
Asteraceae Baccharis sarothroides Cu1214.1 Cu529.6 [64]
Berkheya coddii Ni 7880 Varies [65]
Chichorium intybus Pb 1141.5 Pb 500 [66]
Brassicaceae Alyssum bertolonii Ni 1.83%" Ni 0.16% [67]
Alyssum Various species Nic - [68]
Iberis intermedia TL 2810 Tl 14 [69]
Arabidopsis halleri Cd 82.3¢ Cd 956 [70]
Streptanthus polygaloides Ni 14800 Ni 3840 [71]
Noccaea Various species Pb 8200, Zn 17300 Pb 0.3%, Zn 1.7%" [72]
Haumaniastrum robertii Co 10222 Up to 10%° [73]
Cynodon dactylon Fe 1150.4, Cr 740.0 Fe 38000, Cr 100 [63]
Ricinus communis Pb 2029¢ Pb 2267 [74]
Buxaceae Buxus Various species Ni¢ - [75]
Cunoniaceae Geissois Various species Ni¢ - [76]
Euphorbiaceae Leucocroton Various species Ni¢ - [75]
Tephrosia candida Pb 1689¢ Pb 2207 [74]

Fabaceae Homalium Various species Ni¢ -
Phyllanthaceae Phyllanthus Various species Ni¢ - [75]
Proteaceae Beaupreopsis paniculata Mn 12000 - [77]
Macadamia angustifolia Mn 12589 - [77]
neurophylla Mn 55200 Mn 4800 [77]
Rubiaceae Psychotria douarrei Ni 4.7%" Ni 0.37% [78]
Salicaceae Casearia melistaurum Ni 1490 - [79]
Salicaceae Lasiochlamys peltata Ni 1000¢ - [79]
Salicaceae Solanum photeinocarpum Cd 100 [80]
Xylosma Various species Ni¢ - [79]
Sapotaceae Pycnandra acuminata Ni 1.17%" 0.85 [60]
Violaceae Hybanthus Various species Nic - [81]
Rinorea bengalensis Ni 17500 - [82]
Rinorea javanica Ni 2170 - [83]

aTypical background concentration in soil (mg/kg).
®The data is expressed by % of dry matter.

‘When several species belonging to same genus are discussed, metal concentrations are not shown in the table.
9The data displayed in the table correspond to the highest concentrations of metal in soil and plants, with the exception of these high-

lighted exceptions.

murale (A. murale) cultivars grown in serpentine soils in
Southern Oregon [86], but in a similar study in Sulawesi,
Indonesia, the same species performed poorly, apparently
because this temperate species was unable to adapt to
the higher temperatures found in tropical environments.
These observations bring into the spotlight the current
debate on the use of non-native species for phytomin-
ing. With A. murale and Alyssum corsicum (A. corsicum),
both native to the Mediterranean region, now listed as
invasive species by the Oregon Invasive Species Council
[87], researchers are pursuing the use of local species
whenever possible. These species are more likely to be
better adapted to the local environment, and comply with
local legislation restricting the use of invasive species [1].
Furthermore, field experiments in Indonesia are hoping

to ally phytomining alongside the conservation of native
hyperaccumulator species and erosion control as part
of a rehabilitation strategy for large areas of, currently
unvegetated, mined land [88].

3.2 Use of non-hyperaccumulator species
for phytomining

A number of studies have investigated the use of non-
hyperaccumulating species to take up metals. While some
of these studies have contributed greatly towards the
understanding of metal uptake, non-hyperaccumulating
species are not generally considered suitable for phy-
tomining [89]. In particular, the use of food crop species
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to phytomine high levels of potentially toxic metals is
questionable.

However, there are advantages to using specific, non-
food crop, non-hyperaccumulating species. For example,
some Salix and Populus species, although not hyperac-
cumulators, are high biomass producers and are able to
accumulate high levels of Cd and Zn [90]. Additionally,
there are existing biomass harvesting methodologies and
machineries in use for these crops. These species thrive in
a broad range of environments where suitable hyperaccu-
mulator species are not always able to grow.

3.3 Chemically assisted or induced
phytoextraction

Attempts have been made to enhance metal uptake by
plants for remediation through application of chemicals to
soil and this is known as assisted or induced phytoextrac-
tion. This technique employs metal chelators, such as eth-
ylenediaminetetraacetic acid (EDTA), N-hydroxyethyl-EDTA
(HEDTA) or citric acid in an attempt to increase the metal
uptake capacity and the translocation of metals inside
plants from high biomass species (Table 3) [93, 102, 103,
104]. The use of EDTA for assisted phytoextraction has been
widely studied in the past [105]. Huang et al. [99] found that
an increase in Pb uptake in shoots from 50 mg/kg to up to
11,000 mg/kg of Pisum sativum was achieved after EDTA
addition. The efficacy of induced hyperaccumulation to
target metals that are not hyperaccumulated by plants is
a function of the geochemistry of metals in soil; induced
hyperaccumulation relies on the formation of a stable metal
chelate or ligand complex in soil solution. The induced
hyperaccumulation of Au has been extensively reported in
literature using chemicals such as thiocyanate, thiosulfate
or cyanide [91]. Precedent for the induced hyperaccumula-
tion of precious metals therefore opens up the possibility of

Table 3 Examples of induced hyperaccumulation.

DE GRUYTER

employing phytoextraction for the recovery of the industri-
ally more important PGMs from mine waste [99].

However, questions have been raised about the intro-
duction of chemicals like EDTA into the environment.
EDTA presents a low biodegradability rate and could
therefore be considered as a persistent organic pollut-
ant. There is also the added disadvantage that metals
that were previously bound to the soil become free in the
environment, with no guarantee that this freely avail-
able metal will all be successfully phytoextracted by the
plants. This leads to the risk of groundwater pollution
by leached metal complexes [106]. Given these issues,
the use of EDTA is no longer considered to be a respon-
sible choice for increasing metal uptake and new alter-
natives are being developed [102]. The potential risks on
the use of cyanide during Au phytomining were recently
reviewed and discussed by Anderson [61] and Wilson-
Corral et al. [91].

Natural, low molecular weight organic acids
(NLMWOA) have been tested as alternative chelators to
EDTA, due to their fast biodegradability rate [107]. Some
examples of NLMWOA are citric acid, oxalic acid or vanillic
acid [93]. Unfortunately, these chemicals can rapidly bio-
degrade, often resulting in breakdown before the metals
are absorbed by the plants [93]. Ethylenediaminedisuc-
cinic acid (EDDS) is another alternative chelator to EDTA.
It biodegrades faster and has been proven to enhance Cu
and Zn uptake when applied to contaminated soils [92].
However, further investigation is required in this area to
find an alternative that offers the same results as EDTA.
The use of chelates in phytoextraction often requires spe-
cific risk assessments associated with the individual site;
such activities can be costly, time consuming and may
require legislative approval. Although chelates have been
used to aid phytoextraction and increase metal recov-
ery, such activities can have a negative environmental
impact. There are still opportunities for green chemical

Families Species Metals Amendment References
Asteraceae Helianthus annuus Cu&Zn EDDS [91,92]
Brassicaceae Brassica juncea Cd, Cu, Ni, Pb & Zn Gallic and citric acid [93]
Cd, Cu, Ni, Pb & Zn EDTA [94]
Cd Citric acid and NTA [95]
Au, Ag NH,SCN [96, 97]
Various Various Cd NTA [98]
Fabaceae Pisum sativum Pb EDTA & HEDTA [99]
Poaceae Lolium perenne Cr, Ni & Zn EDTA [100]
Phalaris Cr EDTA [100]

arundincacea
Zea mays Zn NTA [101]
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technologies to be developed that increase the availabili-
ties of elements to plants without having a detrimental
effect on the environment.

3.4 Bioengineering to improve
phytoextraction

Compared to many agricultural practices, phytomining
is very much in its infancy. Despite the obvious abun-
dance of hyperaccumulator species with phytomining
potential, only a few species have the required agro-
nomic traits for successful phytomining. Improving the
poor agronomic traits, such as yield, growth rate, plant
architecture and biomass production, commonly found
in hyperaccumulator species, requires the transfer of
numerous genes, and is perhaps best left to more tra-
ditional plant breeding and quantum trait loci-based
mapping techniques. At present, if the environmen-
tal conditions concur with those of a selectively bred,
hyperaccumulator, such as an Alyssum cultivar, then
this could be the only current, commercially viable
method of phytomining the majority of field sites. For
sites where Alyssum species are not native or environ-
mental conditions are unsuitable, alternative candidate
native species need to be identified and selective breed-
ing programs urgently established.

Studies to understand, at the genetic level, metal
uptake and translocation by hyperaccumulator plants
have been progressing for over a decade. At the molecular
level, comparative studies have been successfully used
to identify candidate genes. For example, experiments
comparing the transcriptome of the hyperaccumula-
tor A. halleri with the closely related A. thaliana, have
identified over 30 candidate genes that are expressed
at higher levels in A. halleri than in A. thaliana [108,
109]. Many of the genes implicated in metal hyperaccu-
mulation are transporters, and not just at the soil root
interface; transporters expressed at specific cell and
organelle levels from the root plasma membrane all the
way up to organelle membranes in the aerial plants play
major roles in metal uptake and translocation [110, 111].
In addition to transporters, metal-complexing ligands,
such as metallothioneins and phytochelatins have been
shown to be involved, and genes from non-plant organ-
isms have also been employed. The major breakthroughs
in engineering hyperaccumulation phenotypes into
non-hyperaccumulator species include: The expression
of heavy metal ATPase 4 from the hyperaccumulator,
A. halleri, in A. thaliana resulting in conferred resistance
to Cd and Zn [112]. Tolerance to, and accumulation of,
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As was enhanced in A. thaliana by combining expres-
sion of a bacterial arsenate reductase, in tandem with a
gamma-glutamylcysteine synthetase [113]. Expression of
bacterial merA and merB genes in A. thaliana conferred
resistance to mercury, and rather than hyperaccumula-
tion, volatilization of elemental mercury [114]. Advances
in genome sequencing are also adding to the number of
known genes from previously uncharacterized hyperac-
cumulator species.

The knowledge gained from experiments on species
used as models for molecular biology is being transferred
into plant species that are more amenable to phytoreme-
diation. For example, the studies outlined above have
now been progressed into Populus [115-117]. Nevertheless,
factors such as the lack of transformation protocols, the
slow regeneration time for many of these species and,
in many countries, restrictive regulatory rules governing
the testing of genetically modified plants in field trials
are limiting progress. In addition, individual studies on
many other candidate genes found that, when expressed,
they failed to improve tolerance or metal accumulation
[118], and there is still much scientific research needed
to successfully harness the enormous potential of this
technology.

4 Real strategies for phytoextraction

The process of mining involves removal of vast amounts
of material that covers the actual ore body. Once the ore
body is reached, mining for the target commodity can
commence. Where the target is metal, the mined ore is
ground to a particle size that liberates valuable miner-
als from non-valuable components (gangue) generating a
concentrate that can be smelted and refined. The ground-
up waste material is called tailings and this must be safely
stored within a purpose-built facility. Both tailings and
the coarser waste material contain a range of residual
metal and non-metal components, some of which may
have residual values that are potential targets for phytoex-
traction (phytomining).

However, waste rock and tailings are not the only pos-
sible mining resources that can be exploited by phytoex-
traction. Slags and residues formed during the smelting
of the concentrate and during the refining of the impure
valuable metal from the smelter are also potential phyto-
extraction targets. In most cases, concentrate and smelter
wastes are recycled; however, phytoextraction may rep-
resent a viable reprocessing technology if a higher value
product can be generated.



12 —— A.). Huntetal.: Phytoextraction as a tool for green chemistry

4.1 Practical phytomining scenario:
phytoextraction of metal from tailings

Mine waste is generally stored in dams or piles that, in the
past, were often poorly constructed and still are today at
artisanal or small-scale mine sites [119]. They represent an
edaphically challenging environment for plant growth.
In addition, the dumps and storage facilities are deep
(of the order of tens of meters) and in some parts of the

world, the availability of flat land constrains the area of a

storage facility. This is again particularly true at artisanal

and small-scale mining sites where tailings can contain a

high level concentration of valuable metals due to ineffi-

cient process technology [120]. Exploitation of the entire
tailings volume using plants would be impractical, due to

the physical limits of plant growth and rooting depth. If a

phytoextraction operation is to proceed, the pile could be

re-mined and then spread out on a new site at a reduced
height in order to create sequential horizons of tailings
or waste rock that can be exploited by plant roots (up
to 1.5 m). There are two scenarios to achieve this result

(Figure 5):

1. Phytoextraction could be implemented on the surface
material of the original dump before the top layer is
stripped off to begin construction of a safe storage
facility elsewhere. This process would continue until
all the material has been treated and moved to the
new site. Figure 5A graphically depicts several stages
of operation for an example four-lift dump.

2. Alternatively, phytoextraction could be implemented
on the first layer after removal and placement in

A

DE GRUYTER

a new storage area. Following exhaustion of the
resource, more material is placed on top of the
original layer and the process continues until all
material has been transferred to the new site. Figure
5B graphically displays the various stages of this
scenario.

Different sites will require different design approaches.
Scenario A causes no additional land disturbance, since
the new site is equal in size to the original site which is
reclaimed. For Scenario B, there is potential to increase
the footprint of the tailings pile through spreading the
waste material over a larger area relative to the original
pile. Increasing the footprint of the “phytomine” in Sce-
nario B would lead to a greater rate of metal recovery rela-
tive to Scenario A.

Phytomining in both scenarios has potential to con-
tribute to the reclamation or rehabilitation of tailings
storage facilities. The sequential recovery of value from
mine waste prior to removal of this material to a new
site, or from the waste after is has been moved to a new
site, could generate revenue that can subsidize the costs
of environmental clean-up at sites that require physical
intervention to produce a more-stable dam structure. The
scenarios described in Figure 5 differ with respect to the
scheduling and integration of phytomining with reclama-
tion. A bottom-up approach will prepare the material in a
way that may enhance the availability of metal for phyto-
extraction and will increase the overall extraction rate. A
key issue, however, will be the trade-off of extraction rate
vs. land area.

‘ Stage 1 Removal of top lift in phases after phytomining

Open space for reclaimed waste dump

Removal of top lift in phases to yield a 1.5 m height on new site

Open space for reclaimed waste dump

‘ Stage*’z** EEEEEE Removal of 2nd lift in phases after phytomining

Stage 2

Removal of 2nd lift

Removal of 3rd lift in phases after phytomining

Stage 3 Removal of 3rd lift

Stage 4 Removal of last lift in phases after phytomining

Stage 4 Removal of last lift

Stage 5
Final site reclamation and revegetation e fedte fedfe K & % &

Open space created from removal
of existing waste dump

| Stage 5
Final site reclamation and end of phytomining

Open space created from removal
of existing waste dump

ST A A S S A T S S S S S S S S

Figure 5 Phytoextraction of mine tailings (A) top-down approach and (B) bottom-up approach.
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4.2 Possible limitations and risks to be
considered

Phytoextraction is an attractive tool for the recovery of
metals. However, potential limitations and risks should
be considered when employing phytoextraction and these
concerns should be considered during the design of any
operation. A principle concern is the slow growth rates of
plants and therefore, the low rate of production compared
to mechanical methods [121, 122].

Low biomass production by metal-hyperaccumulating
plants can limit the effectiveness of the large-scale decon-
tamination of a site where effectiveness is dependent on the
harvested biomass and metal accumulation by dry matter
(although the available number of hyperaccumulator species
for Ni is an exception to this limitation) [34, 121]. Limited
biomass leads to economic concern about the process, since
it may take a long time for a crop to accumulate enough
metal to recover the initial costs of planting and harvesting.

The growth of all plant species (hyperaccumulator or
non-hyperaccumulator) can be limited by soil environ-
ments with physical or chemical properties that inhibit
biomass production [123]. For example, the fine particle
size of tailings results in a growth media that has limited
porosity and therefore, limited oxygen content and poten-
tial for drainage. Anoxic conditions associated with such
soils are not conducive to plant growth. Chemical impedi-
ments can manifest through the presence of potentially
phytotoxic elements such as Cu, Cd and As that exist
within mineralized ore [124, 125]. If these elements are
not recovered from the ore during processing, then the
tailings will also have a high concentration that can det-
rimentally affect plant growth. Many essential nutrient
parameters are limited in waste rock or tailings. In partic-
ular, the organic C and N status of mineralized rock is gen-
erally very low, and organic nutrient content is essential
for microbiological soil health and nutrient cycling. These
are important parameters for plant growth.

Phytoremediation is limited by the depth that plant roots
can reach, and is generally restricted to shallow (< approxi-
mately 2 m) soils. Therefore, only surface contaminants can
be removed unless sequential stripping is performed to allow
the plants access to subsurface metals. Sequential stripping
is likely to increase the cost of the process. Other limitations
include climatic and geological conditions of polluted target
area, such as; temperature, altitude and the accessibility of
the site by necessary agricultural equipment and labor [126].
Van der Ent et al. [88] recently described the failure of large
scale phytomining of ultramafic soil in Sulawesi, Indonesia,
due to the inability of the temperate species used in this work
to grow in a tropical environment.

A.). Hunt et al.: Phytoextraction as a tool for green chemistry = 13

Environmental concerns include the potential for metals
to enter trophic chains via herbivory of metal-containing
biomass [121]. There are also problems with the treatment
and disposal of harvested metal-containing biomass, as this
must be handled as a hazardous waste [55]. The introduction
of non-native plant species to a recovery site, as discussed in
Sections 3.1 and 3.4, could also be a problem, since there are
potential issues with local biodiversity [55].

Constraints on phytoextraction are not, however,
limited to plants and the environment. Resource issues
must also be considered. For phytoextraction to be a
mechanism to recover metals for industrial application,
resource containing this issue must first be secured for
operation. Fluctuations in metal prices change the status
of mine waste from waste to reserve [18]. The increasing
gold price since the late 1990s illustrates this well; tailings
from a gold mine in 1998 may be considered a resource
in 2013 [22, 96]. Improvements in process technology can
also lead to the reclassification of mine waste over time.
The ability of a phytomining project to secure access to
resource is an issue that must be considered, and repre-
sents a potential impediment to project development.

4.3 Sustainability of Au phytomining
with time

Anderson [61] recently reviewed commentary on the theo-
retical number of sequential cropping of Au that could be
economically recovered from a piece of land. Sustainabil-
ity modelling was first described for Ni using the hyperac-
cumulator Berkheya coddii [127], and this subject has been
explored by several studies into the economics of phytomin-
ing since the original (very rough) economic assessment of
Ni phytomining in 1995 [15, 91, 128]. As plant roots do not
contact the entire soil volume, plants cannot be expected
to recover the full metal loading of the soil in one crop. In
the context of Au phytomining, the Au concentration in
plants is proportional to the concentration of Au in soil.
Under optimal conditions, only 15-20% of the Au content
of the root zone would be recovered by plants in any single
crop [58]. Recovery at this rate establishes a diminishing
metal concentration in plants, as each subsequent crop is
extracting Au from soil with a decreased Au concentration.
The relationship between diminishing Au concentration in
planted ore and the crop is depicted in Figure 6. This model
assumes Au phytomining is conducted on waste with a rel-
atively high Au concentration (2 g/ton).

Under optimal conditions, the modeled initial Au
concentration in plants that can be expected is 225 mg/kg,
and represents recovery of 15% of the total Au in the root
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Figure 6 Modelled relationship between successive crop number
and Au concentration in ore grade at the time of planting and the Au
concentration in crop at the time of harvesting.

zone of a crop of plants (10 ton/ha harvested dry biomass,
50 cm rooting depth and bulk density of the waste of 1.5
ton/m’). Based on this level of metal recovery, the Au
concentration in the ore for the second crop is reduced,
and the corresponding Au concentration in the harvested
biomass of the second crop is also reduced relative to that
in the first crop. Robinson et al. [127] presented a similar
decay curve calculation for Ni.

At some point, the concentration of Au in the biomass
that can be recovered through phytomining will no longer
cover the costs of the operation. Based on current eco-
nomic parameters, this may occur at Au concentrations
in tailings of 1 g/ton [129]. Therefore, for the model in
Figure 6, perhaps five crops could be harvested from the
same piece of land before the phytomining operation is no
longer economically viable.

A cut-off grade of 1 g/ton immediately discounts the
applicability of Au phytomining to large volumes of waste
around the world; the large tailings dams associated
with modern Au mines will all have Au concentrations
much <1 g/t. This level of Au can, in fact, be economically
recovered by modern mechanical and chemical processing
methods mines, assuming the size of the resource is suf-
ficient. The real potential of phytomining, therefore, may
be limited to small deposits of high-grade tailings or min-
eralized soil that do not meet the reserve requirements of
the conventional mining industry. There may also be some
artisanal mine sites in developing countries around the
world that have gold (and other precious metal) concentra-
tions in tailings that make phytomining feasible [61].

It is important to note that the sustainability model
described in Figure 6 has not been examined in the
field. No phytomining operation for any metal has been
described that has involved successive crop cycles of a
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block of land. The model presented describes the sustain-
ability of Au recovery over time and is reliant on continued
induced hyperaccumulation to achieve the target levels of
Au uptake. The model is theoretically applicable to the
induced uptake of other precious metals, such as Pd and
Pt, which require similar chemicals to mobilize the metals.

5 Utilization of phytoextracted
metals

Phytoextraction of metals offers three key benefits: (1)
decontamination of land, (2) exploitation of more widely-
dispersed resources of surface metals and (3) recovery
of metals from ore bodies with low metal concentration
(e.g., for Ni ore concentration of <30 g/kg can be consid-
ered uneconomical) [86]. This concentration of metals
from below ground to above-ground into biomass creates
the potential for recovery and recycling of the metal for a
variety of different applications (Figure 7).

The utilization of phytoextraction technologies in the
recovery of elements from marginal mining sites or tailing
could be important for the development of a circular
economy and also from an elemental sustainability stand
point. The most common method used to recover metals
from biomass is to treat the biomass as “bio-ore” and
extract the metals using conventional processing methods
[130]. However, this approach limits the applications and
economic viability of phytoextraction [86].

Research has demonstrated that some plant-seques-
tered metals are stored as pure metallic nanoparticles
within the biomass, offering a third key benefit to the use
of phytoextraction for metal uptake [97, 131]. Nanoparticles
(sometimes called giant clusters, nanoclusters or colloids)
[132], are defined as particles with at least one dimension
that is between 1 and 100 nm and with properties that are
not shared by the bulk of the same metal, e.g., large surface
area to volume ratio, high catalytic efficiency and strong
adsorption ability [133-136]. These properties of nanopar-
ticles are of significant importance to many scientific fields
[137, 138]. The effective use of nanoparticles synthesized
within living plants may represent added economic value
to the natural phenomenon of phytoextraction.

The extraction of plant-synthesized nanoparticles
prior to their use in applications has been attempted
using methods such as freeze-thawing, biomass incinera-
tion and chemical leaching [139]. However, these activities
are laborious, costly, energy intensive, and can destroy
the metallic nanoparticle structure, thus interfering with
the desired nano-material properties [140]. As a result
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investigations into the in situ use of nanoparticles within
the biomass are rapidly gaining interest.

Figure 7 shows a range of metals that have been suc-
cessfully phytoextracted. The in situ use of the metal
within the biomass for a range of potential applications
is also shown, along with suggestions for other poten-
tial future applications. The proven and potential uses of
these materials are discussed in more detail below.

5.1 Environmentally relevant catalysis
Catalysis is the central field of nanoscience and nano-

technology [132]. Metallic nanoparticles from across the
periodic table have been tested for activity in a range of

chemical reactions with great success [132]. Some studies
have used plant synthesized Zn and Ni nanoparticles as
catalysts for the chlorination of alcohols and Friedel-
Crafts chemistry [130, 139]. In these studies, the plant
material has first been ashed and the metal extracted
prior to use as a catalyst. Although activity is apparent,
the ashing process could lead to nanoparticle agglomera-
tion and a reduction in activity relative to full potential.
The application of plant-synthesized nanoparticles
to environmentally-relevant catalytic reactions could be
an exciting, value-added application for “phytomined”
metals. In this field, the unique properties of nanopar-
ticles enable reactions that were not possible or signifi-
cantly low yielding when using conventional catalysts
[141]. Plant synthesized Au nanoparticles have offered
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exciting possibilities in catalysis for pollution reduction.
For example, Sharma et al. [142] carried out a study into
the uptake of Au by Sesbania drummondii seedlings. The
Au nanoparticles were shown to be effective catalysts
for the reduction of the pollutant 4-nitrophenol without
extraction of the nanoparticles from the plant.

Titanium dioxide (TiO,) nanoparticles are another
important material for environmentally relevant cataly-
sis. Work has demonstrated that TiO, nanoparticles are
excellent catalysts for applications including photocataly-
sis, dye-sensitized solar cells and photovoltaic cells [143].
While bulk TiO, is relatively non-conducting and therefore
ineffective in these processes, efficient electron transport
is achieved through the large surface area of nanoparti-
cles [141]. Mahmood et al. [144] have shown the potential
for use of plant synthesized TiO, nanoparticles, formed by
phytoextraction using water hyacinth, as effective photo-
catalysts for the production of syngas. This work may lead
to other applications of plant-synthesized TiO, nanopat-
ticles, for example, in the production of hydrogen by the
photolytic dissociation of water, where TiO, continues to
be the most promising material for use in this area [141].

The most well-known use of nanoparticles for envi-
ronmentally relevant catalysis is the utilization of Pt, Pd
or Rh nanoparticles (or mixtures thereof) in automobile
catalytic converters. Catalytic converters in various forms
have been used for nearly 40 years for scrubbing exhaust
gases and today are an integral part of emission control
[145]. However, the PGMs are a finite resource. Their leach-
ing from automobile catalysts during use, leads to the
subsequent inclusion of PGMs in roadside dust; in addi-
tion to the existence of these metals in mine waste or in
small deposits of mineralized rock, all represent potential
resources that might be exploitable by phytoextraction.
The conversion of plants containing metals into hetero-
geneous catalysts could lead to retaining the activity of
nanoparticles, thus providing a green method for the uti-
lization of these high value materials.

5.2 Biomedical applications

The use of nanoparticles for biomedical applications is a
heavily researched area. This is especially true in the case
of Au nanoparticles, where the ever increasing diversity
of published applications includes biosensors, genom-
ics, clinical chemistry, photothermolysis of cancer cells
and tumors, targeted drug delivery and optical bioimag-
ing of cells and tissues [146-150]. Whilst no examples of
plant-synthesized nanoparticles being used in biomedi-
cal applications are currently reported, a greener route
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for their synthesis could potentially increase the safety
of nanoparticle manufacture. Increased safety could be
afforded through the elimination of toxic chemicals often
used in conventional nanoparticle synthesis techniques
[21].

5.3 Other

Other, lower value uses of biomass containing phytoex-
tracted metals have been proposed. For example, biomass
containing Cu (as a catalyst) has proven useful in the
improvement of bio-oil quality produced through fast-
pyrolysis of biomass [151]. The Cu in Cu-enriched biomass
effectively catalyzed the thermo-decomposition of the
biomass and resulted in an improvement in the yield and
heating value of the bio-oil compared with non-Cu con-
taining biomass [151]. Cu did not volatilize during treat-
ment and this prevented metal contamination of the
bio-oil.

Research is also being carried out into the use of Se-
containing plants for a number of applications, such as
fortified foods, biofuels or potential bioherbicides and
green fertilizers [152-154]. For example, in a study by
Banuelos and Hanson [152], strawberry yields increased
when Se-enriched seed meals produced from canola
(Brassica napus) and mustard (Sinapis alba) plants were
incorporated into soil as a fertilizer. The nutrient content
of the fruit increased as a function of soil treatment and
the Se-enriched amendment was effective at decreas-
ing the emergence of summer-germinating and resident
winter annual weeds [152]. Although, large scale trials are
required, this work indicates that plants containing Se are
likely to have an application in organic agriculture.

In addition to the great potential demonstrated in the
formation and utilization of nanoparticles from phyto-
extracted biomass, the development of interesting nano-
structured materials could expand the range of higher
value applications, however, further green chemistry
research is required to realize this potential.

5.4 Future advancements to improve
phytoextraction and expand applications

Significant efforts are required to efficiently recover and
recycle metals from contaminated biomass, and perhaps
most importantly, to realize the economic potential of
phytoextraction in the context of green chemistry [130].
Development of innovative technologies is required for
the valorization of the process as a whole. At present, only
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plants containing Au, Cu, Se, Zn and Ti have been utilized
directly in green chemistry. As such it is vital to further
expand this range of elements and also applications,
examples of suggested future applications can be seen in
Figure 7 [142, 144, 151, 152, 155-161]. Nonetheless, work so
far shows that synthesis of active nanoparticles by plants
is feasible.

6 Conclusion

The gradual depletion of natural sources of metals, and
the contamination of soils and water through the disper-
sion of those metals in the environment, is a growing
problem. The use of life cycle assessments to better under-
stand the flow of metals through the technosphere is a key
tool in highlighting activities that lead to significant losses
of metals. Life cycle assessment is not only focusing our
attention on areas of concern, but identifying opportuni-
ties for further exploitation. The challenge then becomes
one of applying a suitable technology to recover metal
from newly defined resources, and it is in this context that
we highlight the potential of phytoextraction. We propose
that phytoextraction can be viewed as an important green
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