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ABSTRACT KEYWORDS
Effectively dealing with hazardous and recalcitrant pollutants such as  Phytoremediation; phytoex-
heavy metals (HMs) has become a global challenge with limited traction; Pacific Islands;
options available for reprieve. This is true for Pacific Island Countries €V ’T‘eta'z spectroscopy;
and Territories (PICTs) which have witnessed significant economic lc:nndta:]w::]:;eemem
transitions and substantial increases hazardous waste depositions.

Although several physico-chemical remediation techniques exist, the

economic and geographic limitations of PICTs render them impracti-

cal for the region. Phytoremediation, a plant-based remediation

technology which exploits hyperaccumulator plants to extract, accu-

mulate and/or stabilize HMs, has received significant interest as a

sustainable and non-intrusive remediation option. Nonetheless,

improving the application and efficiency of phytoremediation pro-

grams not only requires a better understanding of the fundamental

mechanisms governing HM accumulation and tolerance in plants,

but also demands fast and reliable spectroscopic techniques for

in-situ analysis. This review critically examines the current practices

in phytoremediation and its prospects for the treatment of

HM-contaminated sites in PICTs. We also review the limitations of

traditional spectroscopic techniques such as inductively coupled

plasma mass spectroscopy/atomic emission spectroscopy (ICP-MS/

AES) and the promise of novel techniques such as field portable

X-ray fluorescence spectrometry (FP-XRF), atmospheric pressure dis-

charge plasma (APDP) and lab on chip (LOC) in phytoremedia-

tion studies.

1. Introduction

Although the continuous advancements in agriculture, manufacturing, transportation
and mining have all improved human living standards and quality of life, they have also
significantly contributed to toxic waste generation with severe environmental conse-
quences. The major concern has been recalcitrant and non-degradable toxicants such as
heavy metals (HMs) and their persistence in the environment. Environmental prolifer-
ation of trace elements, particularly HMs in terrestrial and marine ecosystems, has been
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reported to elicit numerous health issues and impedes on the overall functioning of the
ecosystem [1]. The small and developing island states of the Pacific have not been
spared from this menace. Independent studies as well as data from regional bodies such
as Secretariat of the Pacific Regional Environmental Program (SPREP) have long high-
lighted the extent of HM contamination and the long-term potential threats to the
region [2]. Although reliable estimates are hard to obtain, available reports suggest that
about 1% of all waste produced in the PICTs are considered hazardous while metal
waste produced in the region ranges from 1.9% in the Fiji Islands to 16.9% in the
Federated States of Micronesia [3]. A classic example of this growing challenge is the
asbestos contamination in the Cook Islands. Following the discovery of high levels of
asbestos in two school buildings and surrounding topsoil in Rarotonga, Cook Islands,
four treatment options were proposed. The first option was encapsulating the contami-
nated materials and soils on site, the second was removal and disposal of all contami-
nated materials at a landfill, the third was removal and disposal at an international
landfill (likely New Zealand), and lastly, removal and disposal at sea. However, due to
the prohibitively high costs (US$250,000) estimated for removal and disposal of asbestos
at the two schools, the low-cost option of onsite confinement by burial (3m deep with
200 pm polythene covering) was selected, despite public disapproval. In total, fifty—four
sites scattered around the South Pacific region have been identified and classified as
“contaminated” with an estimated US$110m required for clean-up and remediation [4].
This, along with several other case studies underscore the limitations of small island
nations in properly addressing and controlling hazardous waste contamination.

With the projected increase in population and economic activity in the region, haz-
ardous waste contamination is expected to exponentially increase over the next few dec-
ades. As such, in the interest of environmental quality and sustainable development,
there is clearly an urgent need to elicit and remediate the extent of hazardous contami-
nants. Despite extensive deployment of physico—chemical remediation technologies in
developed countries, technical, logistical and financial limitations have made their appli-
cation challenging and often impractical, especially in small developing countries [5]. As
such, these issues have necessitated the need for comprehensive, practical, cost—effective
and sustainable approaches for dealing with hazardous pollutants. Phytoremediation has
been the focus of intensive research in the last two decades and is considered to be
among the safest, cleanest, cost-effective and least disruptive options for treating sites
contaminated with recalcitrant pollutants like HMs [6]. Phytoremediation requires more
effort than simply planting vegetation and, with minimal maintenance, assuming that
the contaminant will disappear. It requires an understanding of the underlying bio-
chemical processes that need to occur, the selection of suitable plants, and agronomic
practices to foster plant growth. Nonetheless, effective application of phytoremediation
programs at HM-contaminated sites require accurate assessment of soil and plant mate-
rials both pre-and-post treatment, as well as long term monitoring to follow the pro-
gress. Several analytical techniques exist for this purpose with notable differences
between them in terms of cost and suitability for particular elements. These include
traditional and effective detection methods such as inductively coupled plasma mass
spectrometry/atomic emission spectrometer (ICP-MS/AES), atomic absorption spec-
trometry (AAS), anodic stripping voltammetry (ASV), and laser-induced breakdown
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spectrometry (LIBS). However, novel analytical techniques such as lab on chip (LOC)
and atmospheric pressure discharge plasma (APDP) offer the possibility of replacing a
fully equipped conventional laboratory with compact miniaturized systems, very low
sample volumes, real-time analysis, and a quick response for phytoremediation studies.
This paper discusses the current global trends for HM for soil remediation as well as a
comprehensive assessment of phytoremediation technology as a practical treatment
option for contaminated soils with respect to Small Island Developing States (SIDS) in
the Pacific. In addition, the techniques, potential benefits and the current challenges fac-
ing its deployment are discussed in detail.

2. Treatment options for environments contaminated with heavy metals

Over the last few decades, a number of strategies and technologies have been developed
and applied to address HM contamination. According to Stegmann et al. [7], contami-
nated sites may be managed using either of four alternatives; (i) abandonment of the
contaminated site, (ii) complete or partial encapsulation of the contaminated site, (iii)
excavation and disposal of the contaminated soil followed by landfilling, or (iv) treat-
ment of the contaminated soil in-situ or ex-situ. The first three alternatives do not
exactly eliminate the contaminant from the site but rather restrict further spread and
prevents human exposure. However, these methods are effective only in small isolated
areas and best suited for short term periods. As such, several remediation techniques
have been sought and developed in the last three decades to effectively deal with the
problem. These techniques consist of chemical, physical, thermal and biological methods
which have been broadly classified into ex-situ (off-site) and in-situ (on-site) remedi-
ation techniques. Generally, ex-situ remediation techniques require the removal of con-
taminated media (soil, sediment, water, etc.) for treatment off site and returning the
treated media to the original site. Conventional ex-situ remediation methods includes
excavation, detoxification and/or destruction of the contaminant physically or chem-
ically, through stabilization, solidification, immobilization, incineration or destruction
[8]. In contrast, in-situ remediation techniques are typically conducted on site to either
decrease metal bioavailability or separate contaminants from the bulk soil by means of
destruction, transformation and/or immobilization of the contaminant, without the
need for excavation or transfer of the contaminated media. Although in-situ remedi-
ation methods are cheaper due to the lack of excavation and transportation of materials,
they are often more time consuming, less controllable, less effective and less efficient at
contaminant removal compared to ex-situ options [8]. A comparison between com-
monly applied soil remediation technologies for heavy metals have been presented in
Table 1.

3. Phytoremediation and mechanisms of application

As aforementioned, conventional physical and chemical methods of HM removal from
a polluted environment are unsuitable at large scales, often costly, and highly intrusive
[refer to Wuana and Okieimen [8] for detailed review]. Derived from the Greek word
phyto meaning ‘plant’ and Latin word remedium which means ‘to cure an evil,
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Table 1. A comparison of major remediation technologies for heavy metals.

Available Application Technical
Methods technologies strategy Estimated Duration requirements Cost ($)
Physical Encapsulation/ In—situ < lyear Low $22 -$74 per m*
Capping/
Isolation
Stabilization and In-situ/Ex-situ < 1year Medium $45-$170
solidification per ton
Excavation Ex-situ < 0.5years Low $270-5460
per ton
Permeable In-situ 10years Medium $43-$417 per ft?
reactive
barriers
Electro—kinetic In—situ 1-3 years High $20-$100 per m®
remediation
Chemical Chemical In-situ < Tyear Medium $31-175$
oxidation per gallon
and reduction
Soil flushing In-situ 1-3 years High $150 - $250
per ton
Soil washing Ex-situ < 0.5years High $6-$200 per m*
Thermal Vitrification In-situ/Ex-situ < 1year High $355-%460
per ton
Desorption Ex—situ < 0.5years Medium $44-$252 per m*
Incineration In-situ/Ex-situ < 1year Low $914-$1540
per m?
Bioremediation ~ Bioaugmentation In—situ/Exsitu 0.5 — 6 years Low-Medium $10-$100 per m?

Biostimulation
Mycoremediation
Phytoremediation

phytoremediation refers to a suite of technologies which exploit plants, vegetation and
associated microbiota, soil amendments, and agronomic techniques to remove, contain,
or render environmental contaminants harmless. Phytoremediation is potentially applic-
able to treat some of the most significant contaminants, such as petroleum hydrocar-
bons, chlorinated solvents, HMs, radionuclides, nutrients, pentachlorophenol (PCP),
and polycyclic aromatic hydrocarbons (PAHs). Compared to conventional technologies
(soil capping, soil washing, vitrification, etc.) developed for small, heavily contaminated
sites, phytoremediation is better suited for large volumes of soil containing low to mod-
erate levels of HMs due to the ease of application and the cost-effective nature [8]. As
a relatively new technology, phytoremediation is still largely in its trial stages with lim-
ited field applications so far; however, investigations on the subject continue to present
promising results [9]. Phytoremediation mechanisms applicable to HM-contaminated
soils include phytostabilization, phytovolatization, rhizofiltration and phytoextraction.
Phytostabilization involves the establishment of a plant cover on the surface of the
contaminated sites with the aim of reducing the mobility of contaminants within the
vadose zone through accumulation by roots or immobilization within the rhizosphere,
thereby reducing off-site contamination. Since metals with different oxidation states
possess and display diverse toxicity, several plants are able to convert these metals into
less toxic states by releasing redox enzymes. For instance, Cr(VI) can be converted into
Cr(III) which is less toxic and less mobile in the soil [10]. While phytostabilization is
minimally disruptive (no contaminated secondary waste), it is regarded as a temporary
measure for the containment of pollutants rather than a long-term remedial option.
Meanwhile, phytovolatilization is the process whereby plants absorb volatile organic
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compounds (VOCs), convert them into less toxic vapors and release them into the
atmosphere via transpiration. As such, phytostabilization is suited for HMs such as Se,
Hg and As which can exist as gaseous species in the environment. Several plant species
including A. thaliana, B. juncea and C. canescens have been shown to possess the ability
to extract HM and convert them into a gaseous species which are released into the
atmosphere [11]. However, phytovolatization remains controversial since the contami-
nants released into the atmosphere can be re-deposited back into the soil after a while,
and therefore not a practical long-term solution. In contrast, rhizofiltration primarily
employs the roots of certain terrestrial or aquatic plant species to absorb, concentrate,
and precipitate HMs from contaminated water and aqueous waste sources. By using rhi-
zofiltration, numerous plant species have been found to effectively remove HMs such as
Pb, Cd, Cu, Ni, Zn, and Cr, which are primarily held within the roots and has been
proven to be suitable for the treatment of acid mine drainage, partially treated industrial
discharges and agricultural runoff, as well as low-level radioactive contaminants from
liquid streams [12].

Phytoextraction involves the utilization of specific plants to transport and concentrate
metals from the environment to the harvestable parts of the root and the aerial tissues.
Species considered suitable for phytoextraction generally meet the following criteria: (i)
metallotolerant to high HMs concentrations, (ii) rapid growth and high biomass pro-
duction, and (iii) effective accumulation of metals in foliar parts. Among, phytoremedia-
tion technologies, phytoextraction has received increasing attention from researchers
not only for its public appeal, but also for the substantial economic opportunity it
presents [13]. Two approaches have been proposed for HM phytoextraction; continuous
or natural phytoextraction and chemically enhanced phytoextraction. Continuous or
natural phytoextraction employs natural hyperaccumulators with exceptional metal-ac-
cumulating capacity; however, such hyperaccumulators may tend to be slow growing,
produce low biomass, and take years or decades to effectively clean—up sites. Chemically
assisted phytoextraction (chelate—enhanced phytoextraction) tries to address these short-
falls by artificially inducing HM accumulation in plants through the application of
amendments such as chelating agents which increase HM solubility and bioavailability
in soil (Figure 1). Chelator supplementation has been shown to increase metal accumu-
lation by 10-100 fold [14].

4, Plant mechanisms for coping with metal toxicity

Millions of years of strong selective pressures on metalliferous soils have resulted in
metallophytes, endemic plant species with biological adaptations to restrict, tolerate, or
thrive on toxic metalliferous soils (Figure 2). Baker [15], classified metallophytes into
three basic categories based on their leafiroot metal concentration and strategies for
growing on metalliferous soil. The first group are metal excluders, which actively pre-
vent importing metals to aerial organs, thus maintaining low metal concentrations by
mostly restricting metal uptake to the roots. The second group are known as metal indi-
cators, referring to plant species which actively accumulate metals in their aerial tissues
to reflect the concentration of that metal in the soil, thus displaying a linear relationship
between metal concentration is plants and soil.
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Figure 1. A representation of chelate assisted phytoextraction (EDDS: Ethylenediamine-N,
N'—disuccinic acid, GLDA: Tetrasodium Glutamate Diacetate, CA: Citric acid).

The last group of metallophytes are termed metal hyperaccumulators, described as
plants that when growing on native soils can concentrate >10mg g ' (1%) Mn or Zn,
>1mg g ' (0.1%) As, Co, Cr, Cu, Ni, Pb, Sb, Se or Tl, and > 0.1 mg g~ (0.01%) Cd in
their aerial organs, without suffering phytotoxic damage. Three basic hallmarks distin-
guish hyperaccumulators from related non-hyperaccumulating taxa: a strongly
enhanced rate of HM uptake, a faster root-to-shoot translocation, and a greater ability
to detoxify and sequester HMs in leaves. Although a distinct feature, hyperaccumulation
also relies on hypertolerance, an essential key property allowing plants to avoid HM
poisoning, to which hyperaccumulator plants are as sensitive as non-hyperaccumulators.
About 450 angiosperm species have been identified so far as HM hyperaccumulators,
accounting for less than 0.2% of all known species, however, new reports on such plants
continue to accrue. The concept of metal hyperaccumulator was first described by Jaffré
et al. [16] for nickel accumulating species in New Caledonia and since then, numerous
discoveries and reports of metal hyperaccumulators have been made in PICTs. New
Caledonia in particular is a major reservoir of Ni hyperaccumulators and hosts about
65 Ni hyperaccumulator taxa scattered among twelve plant families and about fifty plant
species (Table 2). This is attributed to the island’s unique geological history which has
made it rich in serpentine soils which are low in phosphorus, potassium, calcium and
high in HMs such as Ni, Mg, Mn, Cr and Co [17]. As a result, the islands harbor a rich
flora (~2145 species) of which approximately 80% are endemic with particular adapta-
tions to these challenging edaphic conditions.
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Figure 2. Different plant responses to bioavailable heavy metals in the soil.

Table 2. Native metal hyperaccumulators in New Caledonia [adapted from Morel et al. [18]].

Family Plant species Metals Maximum concentrations recorded (mg kg™')
Apocynaceae Alyxia rubricaulis Mn 11,500-14,000
Celastraceae Maytenius bureaviana Mn 33,750
Maytenus pancheriana Mn 16,370
Maytenus serbertiana Mn 22,500
Clusiaceae Garcinia amplexicaulis Mn 10,500
Cunoniaceae Geissois pruinosa Ni 34,000
Euphorbiaceae Phyllantus (42 taxa) Ni 1090-60,170
Phyllanthus serpentinus Ni 3800
Flacourtiaceae Homalium (7 species) Ni 1160-14,500
Xylosma (11 species) Ni 1000-3750
Myrtaceae Eugenia clusioides Mn 10,880
Proteaceae Macadamia Neurophylla Mn 55,200
Beaupreopsis paniculata Mn 12,000
Macadamia angustifolia Mn 11,590
Kerniadecia elliptica Al 15,600
Poaceae Cenchrus echinatus Zn 350
Rubiaceae Psychotria douarrei Ni 47,500
Sapotaceae Pycnandra acuminate Ni 17,750
Sebertia acuminate Ni 11,700

Violaceae Hybanthus (6 taxa) Ni 1860-17,600
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5. Factors affecting phytoextraction

Several factors affect the uptake mechanism of HMs by plants and their subsequent
understanding can greatly enhance the uptake performance by plants. The success of a
phytoextraction program depends upon the identification of suitable plant species that
can hyperaccumulate HMs and produce large amounts of biomass using established
crop production and management practices. Some important criteria in selecting plant
species for phytoremediation are (i) the level of tolerance to the metals at the concerned
site, (ii) the HM accumulation and translocation potential of the plant, (iii) high growth
rate and aboveground biomass yield; which provides more area for the uptake and stor-
age of HMs, (iv) tolerance to weather extremes including drought and flooding, (v) tol-
erance to high pH and salinity, (vii) root characteristic and depth of the root zone, and
(viii) easily harvestable. The root zone also plays an important role in phytoextraction
by absorbing HM contaminants and storing or metabolizing them within the plant tis-
sue. In addition, root exudates consisting of a suite of small and high molecular weight
organic as well as inorganic compounds can change rhizosphere pH and increase heavy
metal solubility and contribute to the degradation of contaminants in the soil [19].
Beyond plant selection, metal bioavailability in the soil is yet another crucial factor in
the phytoextraction process. Soil metal fractions generally exists in three forms; avail-
able, unavailable, and exchangeable fractions. Bioavailable metals exist in soil solution as
free metal ions and soluble metal complexes, and therefore can be adsorbed to inorganic
soil constituents at ion exchange sites. Metal (M) bioavailability in soils is directly pro-
portional to the concentration (C) in soil solution, (M o C). Bioavailability is controlled
by both external (soil-associated factors) and internal (plant-associated factors) such as
the presence of chelating agents, the soil pH, and microbial activity, as well as the bind-
ing of heavy metals to soil particles [20]. Certain HMs including Cd, Ni, Zn, As, Se and
Cu occur mainly in exchangeable, readily bioavailable forms, whereas HMs such as Pb
and Cr occur as soil precipitates which are a less bioavailable form. For example, Xian
and In Shokohifard [21] demonstrated that when soil pH values decreased from 7.0 to
4.55, the levels of Cd, Zn, and Pb in exchangeable form increased. Therefore, the
manipulation of soil properties through the amendment of fertilizer, pH and salinity
adjustment, etc. is necessary to enhance HM phytoextraction.

6. Phytoextraction efficiency

Three key factors determine the metal accumulation efficiency of plants, namely: bio-
concentration factor (BCF), translocation factor (TF), and biomass production. BCF
describes the ability of a plant to absorb metals from the soil while, the TF, also called
shoot-root quotient, describes a plant’s ability to translocate metals from roots to the
aboveground biomass (shoots, stems, leaves and flowers). BCF and TF screening are
necessary to select and categorize plants either as indicators, excluders or hyperaccumu-
lators. Plants with BCF and TF greater than one (> 1) point to an efficient metal trans-
port system present in the plant, and are considered suitable in root to shoot metal
translocation. In contrast, plants with TF values below one (< 1) indicate insufficient
metal transfer suggesting that such plants accumulate metals in the roots and rhizomes
much greater than in aboveground structures [22]. Table 3 presents a list of commonly
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used hyperaccumulators in phytoextraction, their reported TF values and spectroscopic
analytical techniques used for the determination certain HMs.

Phytoextraction projects are best assessed based on the quantity of HMs removed
from the soil compared to the total amount present and the total time needed for
remediation. To attain a reasonable decrease of metal concentration in the soil profile
over a certain depth, a certain metal amount has to be removed, calculated using
Equation (1); where A is the amount of metal to be removed per hectare (mg ha™'), Vv
is soil volume (m® ha™"'), D is soil density (kg m~>), and Cv is the predefined concen-
tration decrease (mg kg ™).

A = VxDxCy (1)

As the total extracted metal amount is the product of plant biomass and tissue metal
concentration, the time needed to achieve the predefined soil concentration decrease is cal-
culated using Equation (2), where T is the time (years), P is the plant metal concentration
(mg kg~ ' dry mass), and B is the annual biomass production (kg dry mass ha™'yr ).

A
T = 55 (2)

7. Spectroscopic analytical methods in phytoremediation

Reliable environmental monitoring of HM pollutants and application of phytoremedia-
tion programs usually require ‘bulk and extensive’ analyses of soil, water and biological
materials. Such extensive studies are required to determine the most applicable remedi-
ation technique and enable the continuous monitoring of HMs in soil and plant materi-
als in order to follow the results and efficacy of the applied technique. Consequently, it
is essential that the analytical procedures employed for environmental monitoring and
phytoremediation assessment are not only reliable, fast, cheap, reproducible and easily
applicable, but require simple sample preparation. While numerous spectroscopic ana-
Iytical techniques for elemental determination exists, notable differences exist between
them in terms of cost, technicality, sample preparation, detection limits, and suitability
for particular elements. Some of these differences are discussed in Table 4.

Until recently, atomic absorption spectrophotometry (AAS), specifically flame
(FAAS), hydride generation (HG-AAS) and graphite furnace (GF-AAS) have been con-
sidered ‘workhorses’ for HM determination in phytoremediation studies due to their
relative cost-effectiveness, simple operation and high precision [33]. However, the use
of inductively coupled plasma mass spectrometry/atomic emission spectrometer
(ICP-MS/AES) have become routine for trace metal studies due to their high sensitivity,
wide dynamic linear range, multielement capability, good reproducibility, and fewer
chemical interferences. Most conventional spectroscopic techniques for HM determin-
ation in environmental samples (water, soil and plants) requires prior sample dissol-
ution (for total destruction of the matrix). This can be a lengthy and arduous process
and occasionally restricts the application of certain analytical procedures in environ-
mental studies and quality control processes. Dry ashing (involving combustion of the
sample) and wet digestion (involving digestion with strong acids) have often been
employed to destroy the biological materials and deliquesce the analytes in such
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matrices [34]. In comparison to dry ashing methods, wet digestion procedures offer an
extensive range of options, contingent on the choice of reagents as well as the instru-
ments utilized [34]. Typically, the challenge lies in the wet digestion of biological sam-
ples containing silicon which require the supplementation of hydrofluoric acid to
achieve complete matrix dissolution. Over the past two decades, conventional open sys-
tems (digestions at atmospheric pressure) using typical sources of heating (e.g., sand
baths and hot plates) have been gradually replaced with closed vessel digestion proce-
dures using microwave ovens. Microwave assisted digestion significantly decreases
cross—contamination, the digestion duration and volume of reagents used, while pre-
venting the loss of volatile elements such as Hg and Cd [34]. Comparative analysis of
microwave digestion procedure and open acid digestion have shown that the former
offered better precision and recovery values for HM analysis in organic samples [35,
36]. In summary, conventional analytical techniques are not only reliant on large,
expensive and complicated instrumentation but require hazardous reagents for sample
preparation, therefore limiting their use to laboratory settings.

Nonetheless, HM detection techniques that decrease or eliminate matrix destruction,
facilitate direct, easy and rapid determination of ultra-trace heavy metals in solid sam-
ples are becoming increasingly attractive and popular, particularly for field studies [37].
Detection techniques such as instrumental neutron activation analysis (INAA), photoa-
coustic spectroscopy, and laser-induced breakdown spectroscopy (LIBS), have been
employed in phytoremediation studies as they facilitate multi-elemental analysis on the
tissue and cellular level [38, 39]. LIBS offers rapid detection and real-time monitoring;
however, further improvement and optimization is needed to improve its stability,
reduce interference, accuracy, and sensitivity of the spectrum, and improve detection
under various conditions [39]. In addition, voltametric methods such as square wave
anodic stripping voltammetry (SWASV) have been employed to evaluate the HM phy-
toremediation of the aquatic plant L. minor, providing a cost effective and portable sys-
tem for in-situ HM monitoring [40]. Similarly, X-ray fluorescence-based techniques
including micro-proton induced X-ray emission (micro-PIXE) spectroscopy, energy
dispersive X-ray fluorescence (EDXRF), wavelength dispersive XRF (WDXRF) and total
reflection X-ray fluorescence (TXRF) have gained prominence in phytoremediation
studies for offering high accuracy, direct and multi-element analysis with little or no
sample preparation [41, 42]. In addition, field portable X-ray fluorescence spectrometry
(FP-XRF) enables real-time in-situ analysis due to their portability and have been
found to provide high quality data for HM screening in soil and plants [42]. Necemer
et al. [41] critically evaluated INAA, AAS, and X-ray fluorescence-based techniques
including micro-PIXE, EDXRF and TXRF in phytoremediation and plant biology
studies and concluded that EDXRF offered the possibility of performing qualitative,
semi-quantitative and quantitative determinations at a wide dynamic range. The
simplicity in sample preparation makes XRF techniques among the cheapest analytical
techniques especially suitable for soil and plant material analysis.

Meanwhile, advancements in spectroscopy and analytical techniques continue to
show great promise by providing innovative solutions to the challenges and limitations
facing traditional analytical methods. For instance, Laser ablation (LA) and glow dis-
charge (GD) have been successfully coupled to traditional techniques such as atomic
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absorption spectrometry (GD-AAS), atomic fluorescence spectrometry (GD-AFS),
optical emission spectrometry (GD-OES) and mass spectrometry (GD-MS and
LA-ICP-MS) to overcome the traditional challenges in sample preparation [37].
Portable and low-cost systems such as atmospheric pressure discharge plasma (APDP)
technology have also drawn considerable research interest [43]. APDP technology ena-
bles plasma generation at atmospheric pressure and open-air environments, thus, offer-
ing the possibility for elemental analysis in liquid, gas, and solid phases. In plasma,
heavy metal compounds or ions can be atomized and excited leading to the radiation of
AES, which is the principle behind ICP-AES and LIBS for HM detection. In contrast to
low-pressure plasma systems, APDP technology abandons the expensive vacuum system,
simplifies the experimental equipment, and reduces the production cost. It is emerging
as an ideal technique for trace element analysis and provides excellent potential in
real-time, in-suit, and on-line analysis [43]. Significant developments in integrated cir-
cuit technology have also given rise to miniaturized laboratory platforms often called
lab on chips (LOC), fully capable of chemical analysis. Their various advantages such as
the possibility of replacing a fully equipped conventional laboratory, very low consump-
tion of reagent and sample volumes, compactness, low—cost fabrication, real-time ana-
lysis, and a quick response toward the target compound/s, makes them ideal for
environmental studies [44]. Incorporating geographic information system (GIS), geosta-
tistics, spatial autocorrelation theory, and spectral sensing based monitoring for rapid
and efficient visualization and analysis of spatial problems of large phytoremediation
areas is also gaining prominence [45].

8. Advantages and limitations of phytoremediation

As a novel technology, phytoremediation provides several benefits over conventional
techniques of remediation. Phytoremediation has great public appeal and is regarded as
an environmentally friendly, esthetically pleasing and a ‘green’ approach for treating
contaminated soil in-situ. In addition, the technology requires little energy input (solar
driven) and causes minimal environmental disturbance. In contrast to disruptive
remediation technologies such as incineration, thermal vaporization, or solvent washing,
which fundamentally destroy the biological component of the soil and drastically alter
its chemical and physical properties, phytoremediation involves little to no physical
modification of the environment, leaving an improved and functional soil ecosystem
[8]. In terms of costs, phytoremediation technologies are also a significantly cheaper
alternative to conventional remediation methods which often involve huge operational
and energy costs as well as costly chemicals/solvents and materials [46].
Phytoremediation is also applicable for a wide range of hazardous contaminants such as
HMs, PAHs, radionuclides as well as organic contaminants with little or no modifica-
tion. Phytoremediation technologies such as phytoextraction and rhizofiltration are also
suitable for treating large contaminated areas at approximately one-tenth the cost of
currently adopted technologies [47]. An added advantage of phytoremediation is the
generation of recyclable metal-rich plant residue which could serve as fertilizer, or
incinerated to generate bioenergy.
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Table 5. The advantages and disadvantages currently facing phytoremediation technologies.

Advantages Disadvantages
1 Applicable both in-situ or off-situ Takes several years to effectively remediate
contaminated sites.
2 Environmentally friendly, publicly Limited by root depth, solubility and
appealing, and socially accepted. bioavailability of the contaminant.
3 Cheaper than conventional Restricted to sites with low contamination.
remediation methods.
4 Solar driven - less energy requirements. Harvested plant biomass requires proper
disposal as hazardous waste.
5 Easy to implement and maintain. Poor handling of waste may result in
ecological exposure.
6 Minimally disruptive and improves soil May lead to the introduction of
functionality. invasive species.
7 Suitable for large contaminated areas. Highly dependent on environmental and

climatic factors as well as
soil-plant chemistry.

Nevertheless, several challenges currently limit the application and success of phytore-
mediation technologies. Compared to other traditional clean-up techniques such as
excavation, disposal and incineration which take only weeks to months, phytoremedia-
tion largely depends on plant growth rate and growing seasons and may take consider-
ably longer to effectively ameliorate a site. As such it is restricted to remote/isolated
areas and unsuitable for locations that pose acute hazards to human and other eco-
logical receptors. Additionally, environmental and soil-plant factors such as growing
time, climate, root depth, soil chemistry, and high contamination level, strongly limit
the plant species that can be used as well as the success of phytoremediation [48].
Phytoremediation also necessitates that contaminants are in contact with the root zone
of the plants and as such, treatment is generally limited to sites with shallow contamin-
ation less than one meter from the surface. In addition, hyperaccumulators can only
accumulate about 0.2% (dry weight) for highly toxic elements (Cd, Pb) and about 2%
for less toxic elements like Zn, Ni and Cu [49] and therefore only applicable to sites
with relatively low HM concentrations. Since the harvested biomass post-remediation is
classified as a hazardous waste, disposal or recycling must be in accordance with applic-
able regulations or risk ecological exposure and inadvertent ingestion by animals and
insects [50]. In addition, the introduction of non-native species for phytoremediation
purposes may lead to invasivity and threaten local biodiversity. The advantages and dis-
advantages of phytoremediation technologies are further summarized in Table 5.

9. Current status and future prospects of phytoremediation in PICTs

Although a scarcity of research into plant based environmental remediation technologies
in PICTs currently exists, a few authors including Rungwa et al. [51] have highlighted
the potential value of phytoremediation for the amelioration of contaminated sites in
the region. Among the studies and trials which have explored the use of plants in ameli-
orating contaminants in the Pacific Islands, the bulk have been small lab-based trials.
Mani et al. [52] evaluated the phytoremediation capability of B. rapa (Chinese Cabbage)
on sewage samples obtained from the Kinoya Waste-Water Treatment Plant in Fiji and
observed that bioavailable metal uptake (Cu, Cd, Zn and Mn) was limited to leaves and
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stems while Ni, despite being highly mobile, was undetected due to minute concentra-
tions in the sewage sludge. Phytoremediation has also been explored for the reclamation
and restoration of some of the many abandoned mine sites and wastes in the region.
For instance, Ko et al. [53] investigated the efficiency of B. juncea in the removal of
solubilized As from soil and mine tailings in Fiji in the presence of amendments.
However due to the low bioavailability of As in the tailings, the authors concluded that
phytoremediation was not a practical option for efficient remediation [53]. In a similar
effort, two endemic species from New Caledonia; Geissois pruinosa, a hypernickelo-
phore, and Grevillea exul, a Mn accumulator, were employed for the restoration of
mine spoils in the country. Twenty months after plantation, mean Ni concentrations in
G. pruinosa reached 1513 mg kg ', while up to 2000mg kg~ ' Mn was accumulated by
G. exul, underpinning the capacity of these species for mine restoration and ecological
restoration [54]. Much recently, a study by Diarra et al. [55] assessed chelate-assisted
phytoextraction of multi-metal contaminated soils in Fiji using B. juncea and B. rapa.
Although the authors observed that HM accumulation increased in plants treated with
biodegradable chelating agents, they concluded that chelate-assisted phytoextraction
with both Brassica spp. was highly limited in multi-metal settings, making it an unsuit-
able option for severely contaminated sites.

These studies have been limited both in scale and reach, therefore failing to elucidate
the full potential of phytoremediation for the region. Thus, in lieu of these limitations,
it is important to strengthen the approach, appeal and value of phytoremediation stud-
ies in the region. The use of native plant species for phytoextraction is often preferred
as they are acclimatized to local climatic conditions and seasonal cycles, thus, requiring
less management [46]. Vetiver grass (V. zizanioides), introduced from India into Pacific
Islands such as Fiji more than 100 years ago and widely distributed in the region today,
has been commonly used for water and soil conservation since the 1950s. Studies have
demonstrated that Vetiver grass produces large biomass (> 100 t ha~'yr™ '), exceedingly
tolerates soil and climatic extremes such as prolonged drought, flood, submergence and
temperatures (—15 to 55°C), acidity and alkalinity (pH 3.3 to 9.5), salinity (Electrical
Conductivity 47.58 m~') and can accumulate an extensive range of HMs (As, Cd, Cr,
Cu, Hg, Ni, Pb, Se, and Zn) [56]. Vetiver is a suitable candidate for phytostabilization
since it predominantly accumulates HMs in roots, however, with the application of che-
lating agents, the plant species has been found to significantly accumulate Cu, Zn and
Pb in the aboveground parts [57]. The above properties make Vetiver a choice plant for
phytoremediation of HMs and organic wastes.

Constructed wetlands (CW), which are artificial treatment systems engineered to util-
ize the natural functions of wetland vegetation, water, soil media, and their associated
microbial accumulation to treat primary or secondary domestic sewage effluent, have
gained considerable global interest as an effective and sustainable management system
for contaminated waste water. While CW systems are appealing for their eco-friendly
approach and low investment and maintenance costs, their construction and design
processes require an interdisciplinary team of experts in chemistry, hydrology, soil sci-
ence, plant biology, natural resources, environmental management, ecology, environ-
mental engineering, surveying, and project management. There have been so far two
documented trials of CW systems to manage and/or treat municipal effluents in PICTs,
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Figure 3. One of a series of three surface—flow constructed wetlands set up in Tangage village, on
the Coral Coast of Fiji to receive treated wastewaters recirculated from the adjacent irrigation water
storage pond (Photo: Chris Tanner).

both conducted in Fiji. The Wai Bulabula artificial wetlands treatment system, recog-
nized as the first of its kind in Fiji and the wider South Pacific, commenced in 1999
and was developed and funded under the Darwin funded project. The second is a 44 m
horizontal flow CW in Tagaqe village (Figure 3), on the Coral Coast of Fiji, funded by
the Packard Foundation, USA and built with technical assistance from the National
Institute of Water & Atmospheric Research (NIWA), New Zealand and The University
of the South Pacific [58]. Both projects were designed to protect nutrient-sensitive coral
reefs and their associated biodiversity by managing land-based sources of pollution
through participatory community approaches. Although largely demonstrative, the
Tagaqe wetland achieved removal efficiency for fecal coliform, E.coli, total suspended
solids (TSS), and biological oxygen demand (BOD) of over 90% [58]. The total inor-
ganic nitrogen (TIN) to phosphorus (PO,-P) ratio was 9 and 5 for the untreated influ-
ent and the treated effluent, respectively [58].

Although largely proof of concepts, these studies elucidate the potential of macro-
phytes and CW systems as sustainable options which promote cleaner waters conducive
for healthier marine ecosystems, benefiting both local communities and wildlife. Recent
studies are exploring constructed wetlands for the treatment of water containing hazard-
ous contaminants, including HMs using rhizofiltration and phytostabilization [59].
Some findings suggest that the specific filter media within CWs; e.g., limestone, lignite,
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activated carbon, peat and leaves, can reduce HM bioavailability through chemical proc-
esses including acid volatile sulfide formation and organic carbon binding and sorption
[60]. Nonetheless, effective and proven design criteria do not currently exist for HM
removal using CWs. The integration and optimization of phytoremediation and con-
structed wetland technologies might provide enhanced solutions for the management of
HMs in the future.

10. Conclusion

Phytoremediation technologies provide an integrated solution for treating inorganic and
organic pollution, and are inherently well suited for the Pacific Islands considering the
favorable tropical conditions which favor the cultivation of a wide diversity of plant spe-
cies. In addition, the low to medium levels of heavy metal contaminations in most
PICTs makes phytoremediation technologies far more viable under concerted and well
managed programs. Nonetheless, major bottlenecks currently exist limiting its appeal
and feasibility in the region. Perhaps most significant are knowledge gaps and the lack
of research interests into natural remediation alternatives in the region. Elsewhere in
the advanced countries, regular training of expert and sharing of information regarding
best practices for remediation of sites are conducted and facilitated. The absence of
such regional platforms and policies in PICTs creates a vacuum in contaminated areas
management, therefore fostering such platforms is essential for information and expert-
ise sharing regionally. Furthermore, the inconsistency in policy and poor enforcement
by regulatory agencies often considered as another major obstacle preventing a cohesive
front for integrated waste management. Regional bodies such as the Secretariat Pacific
Regional Programme for the Environment (SPREP) and The South Pacific Commission
(SPC) need to develop policies and frameworks to guide and support the application of
phytoremediation as well as other nature-based remediation technologies in the region.
Lastly, the lack of adequate funding toward the assessment, management and remedi-
ation of contaminated areas and wastes has been a major factor hindering research. Due
to the relative high cost of remediation projects, regional governments have often
avoided the implementation of environmental recommendations. Although these have
been aided by international development partners such as the Australian Government
and Japan International Cooperation Agency (JICA), poorly-structured and unskilled
nodal agencies often fail to meet objectives. Phytoremediation requires a commitment
of resources and time, but has the potential to provide a low-cost and environmentally
acceptable alternative to conventional remedial technologies at appropriate sites.
Consequently, with more research on the applicability of the phytoremediation systems
and regional integrated efforts, sustainable management and restoration of contaminated
sites in the Pacific Islands will move toward sustainability.
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