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Abstract

Although traditional technologies for cleaning contaminated soils and waters have proven to be efficient, they are usually expen
intensive, and in the case of soil, they produce severe disturbance. More recently, the use of plants in metal extraction (phytoreme
appeared as a promising alternative in the removal of heavy metal excess from soil and water. Phytoremediation of polluted wate
on the cultivation of aquatic plants such asEichhornia crassipesandAzolla filiculoidesLam., which have demonstrated a high capabilit
absorb cadmium (Cd), copper (Cu), nickel (Ni), and zinc (Zn) from aqueous solutions. Studies have demonstrated that terrestrial
asBrassica juncea,Salsola kali, andProsopisspp. cultivated in hydroponics and agar are able to uptake significant amounts of heavy

which indicates their possible utilization in phytoremediation processes. On the other hand, a wide variety of plants have demonstrated the
ability to grow and uptake heavy metals from severely polluted sites. Several species ofThlaspi,B. juncea,Salixspp., andPopulusspp., among
others, have been already tested in pilot projects or are currently in commercial application in phytoremediation projects. Recently, researchers
have realized that phytoextraction can also be used for the recovery of precious metals such as gold, silver, platinum, and palladium, which
indicates the wide possibilities of the phytoremediation technology with regards to mining. X-ray absorption spectroscopy (XAS) consists of
two complimentary techniques X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) which
provide invaluable chemical information. XAS has been used to investigate a number of different elements within inorganic chemical systems.
However, more recently, it has been applied to investigate metal interactions within biosystems. XAS has provided important information on
the coordination chemistry of metals and toxic element interactions with phytoremediation systems. XAS has provided information in terms
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of the coordination environment of metals absorbed by plants, their atomic geometry, and the bioreduction of metals within phytoremediation
systems. In addition, XAS has provided information about the production of gold and silver nanoparticles by the metal interaction with the
plants on phytomining systems.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Heavy metal uptake; Phytoextraction; Hyperaccumulator; XAS; EXAFS; XANES; Speciation

1. Introduction

Heavy metal is the generic name given to the group of ele-
ments with an atomic density greater than 6 g/cm3 [1]. While
these elements are ubiquitous in the Earth’s crust, their con-
centration and availability in soil and water varies from less
than 1000 parts per million (ppm = mg kg−1 = mg L−1) to a
few parts per billion (ppb =�g kg−1 = �g L−1), with the ex-
ception of manganese, which is found in soils in concentra-
tions ranging from 20 to 10,000 ppm[1]. Metalliferous soils,
however, can contain extremely high amounts of certain el-
ements. For example, as seen inTable 1, the normal range
of copper (Cu) in soil is 2–250 mg kg−1, but it has been re-
ported that some metalliferous soils of Zaire can contain up
to 50,900 mg kg−1 of this element[2]. Similarly, mercury
(Hg) is usually found in soil at levels ranging from 0.01 to
0.5 ppm; however, in metalliferous soils, this element can
be found at concentrations ranging from 100 to 500 ppm[3],

the United States alone there are more than 30,000 potential
sites for hazardous waste treatment[10]. In addition, 1200 of
these sites are on the National Priority List (NPL). Moreover,
approximately 720 of the sites on the NPL are contaminated
with heavy metals[11]. Both the permanence and mobility
of heavy metals in soil are affected by several factors in-
cluding soil conditions and metal species[12], the solubility
in water [13], and the humic substances present in the soil
[14–16]. However, the contaminants that are present in soil
and air will result in water contamination, which will even-
tually reach all living organisms of a particular ecosystem
[17].

Although current technologies for cleaning contami-
nated sites such as isolation and containment, mechani-
cal/pyrometallurgical separation, or chemical treatment are
efficient, they are usually expensive, labor intensive, and soil
disturbing[11]. More recently, the use of plants in metal ex-
traction (phytoremediation) has appeared as a promising al-
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enium (Se)[22,23].



J.L. Gardea-Torresdey et al. / Coordination Chemistry Reviews 249 (2005) 1797–1810 1799

2. Phytoremediation of heavy metal polluted water

The phytoremediation of polluted water, or rhizofiltration,
is a relatively new technology[21]. This process, also referred
to as phytofiltration, is based on hydroponically grown plants
that have shown to be efficient in removing heavy metals from
water[24]. Plants such asEichhornia crassipes(Mart.) have
shown potential to concentrate more than 6000 ppm of cad-
mium and lead in the whole plant, and more than 8000 ppm
of copper when grown with 5 ppm of these heavy metals
[25]. Another plant, the water fern (Azolla filiculoidesLam.),
demonstrated the ability to absorb cadmium (Cd), copper
(Cu), nickel (Ni), and zinc (Zn). Plants ofA. filiculoidesex-
posed individually to these heavy metals at concentrations
ranging from 8 to 15 ppm, accumulated 10,000, 9000, 9000,
and 6500 ppm of Cd, Cu, Ni, and Zn, respectively[26]. As for
the accumulation velocity, time dependency studies demon-
strated that inA. filiculoides, Cd accumulation occurs be-
tween 1 and 77 h, indicating that the water cleaning process
can be accomplished rapidly[27]. Other aquatic plant species
such asNelumbo nuciferaGaertn. andNymphaea albaL.
have been tested for their chromium (Cr) uptake capacity
from aqueous media[28,29]. In experimental conditions,
these plant species have accumulated more than 3000 mg of
Cr per kg of tissue. This metal, however, has shown to be
very toxic for most plants.
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species cultivated in hydroponics, was able to uptake Cr(VI)
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toxic Cr(III) species within the plant tissues[36].

3. Phytoremediation of heavy metal polluted soil
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Phytoremediation, on the other hand, can be accompl

n situ, is relatively inexpensive, environmentally friend
nd the soil can be utilized immediately after treatmen
lication[10,42]. Although metals at high concentrations

n mixtures, as well as their low availability may represe
isadvantage for phytoremediation, certain strategies su
enetic improvement and the use of metal uptake enha
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.1. Heavy metal toxicity to plants

One of the disadvantages of phytoremediation is
eavy metals at high concentrations or within certain m

ures may deter plant growth and biomass production. Ex
f heavy metals can affect plant growth in different mann
summary of the main effects caused on plants by Cd
u, Hg, Ni, Pb, and Zn is presented inTable 2. As seen in

his table, these heavy metals can disrupt the physiolog
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Table 2
Main effect of heavy metals in plants

Metal Effects

Cd Decreases seed germination, lipid content, and plant growth; induces phytochelatins production[48,58–61]
Cr Decreases enzyme activity and plant growth; produces membrane damage, chlorosis and root damage[43,62–65]
Cu Inhibits photosynthesis, plant growth and reproductive process; decreases thylakoid surface area[48,51,52,66–69]
Hg Decreases photosynthetic activity, water uptake and antioxidant enzymes; accumulates phenol and proline[50,69,70]
Ni Reduces seed germination, dry mass accumulation, protein production, chlorophylls and enzymes; increases free amino acids[44,71–73]
Pb Reduces chlorophyll production and plant growth; increases superoxide dismutase[45–47,49,74]
Zn Reduces Ni toxicity and seed germination; increases plant growth and ATP/chlorophyll ratio[48,71,75,76]

morphology of plants. For example, Cr, Ni, and Pb have been
found affecting chlorophyll production[44–46], while Cd,
Cr, Cu, Ni and Pb decrease plant growth[47–49]. Other stud-
ies have proven that Cr, Cu, Hg, Ni, and Pb affect thylakoid
surface area, electron transport and enzymatic activity, or re-
duce chlorophyll production[50–53]. However, plant species
have developed certain strategies that allow them to grow and
develop in metalliferous soils. Some of them have evolved in
such a manner that they can be considered as metallophytes,
even a few of them having metallo-dependent features[54].
Several species ofThlaspiare the most known metallophytes
around the world. These species have been found growing in
Cd, Pb, Zn, and Ni metalliferous soils in several European
countries[55,56].Silene vulgarisis another well documented
metallicolous plant species[57]. Researchers have realized
that such plants can accumulate far in excess toxic transition
elements, characteristics that can be utilized to cleanup heavy
metal polluted soils.

3.2. Heavy metal hyperaccumulator plant species

According to Reeves and Baker[2], the term hyperac-
cumulator was first applied by Jaffre et al. in 1976; but the
present connotation concerning the concentration of more
than 1000 mg kg−1 (0.1%) of metal in plant tissues was
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Reeves and Baker[2] analyzed the information available
concerning the heavy metal concentration in plants and sum-
marized the families and species considered as hyperaccumu-
lators. In their analysis, these authors stated that some pre-
vious data, for example those concerning Cr hyperaccumu-
lation byDicoma niccolifera, Sutera fodinaandLeptosper-
mum scopariumappear to be incorrect. In the present review,
we include the most recent information about plant species
newly identified as Cd, Cu, Cr, Hg, Ni, Pb, and Zn hyperac-
cumulators (Table 4). With the exception of the references
of Tang et al.[79] and Asensi et al.[80], the information
presented in this table was generated from 2000 to 2004.
As shown in this table,E. crassipeshas been identified as
a Hg hyperaccumulator[87], and new species of the Brassi-
caceae family have been added to the list of Cd, Ni, and Pb
hyperaccumulators. In addition, desert plant species such as
Salsola kaliandProsopisspp. from the families Chenopo-
diaceae and Fabaceae/Leguminosae, respectively have been
added to the list of Cd and Cr hyperaccumulators[36,78].
Information concerning desert plants is considered very im-
portant because there are many heavy metal laden sites in
desert areas and only a few plant species are able to thrive in
desert ecosystems.

3.3. Possible use of plants for phytomining
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ound on metalliferous soils.
The capability of plants to absorb metals of high comm
ial value has gained the attention of researchers aroun
orld. The first attempt to use plants for phytoextraction
connotation of cleaning up; however, scientists have

zed that metals can be mined using plants. This techn
s known as phytomining. Although the technology is
ot well established, nickel mining via plants is alread
atented technology[92]. There are also reports about pla

hat uptake gold and silver at high concentrations. Gir
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Table 4
Family/species of cadmium, chromium, copper, mercury, nickel, lead, and zinc hyperaccumulator plants identified from 1997 to 2004

Cd Cu Cr Hg Ni Pb Zn

Asteraceae
(Compositae)

Commelinaceae Asteraceae
(Compositae)

Pontederiaceae Brassicaceae Compositae Crassulaceae

Chamomilla recutita
(Matricaria recutita)
[75], Helianthus
annuus[81]

Commelina
communis[79]

Helianthus
annuus[85]

Eichhornia
crassipes[87]

Psychotria
douarrei[88]

Dittrichia viscose
[89]

Sedum alfredii
[91]

Brassicaceae Ericaceae Convolvulaceae Brassicaceae
Arabidopsis halleri
[82]

Erica
andevalensis[80]

Convolvulus
arvensis[86]

Brassica
pekinensis[72]

Chenopodiaceae Labiatae Geraniaceae Fabaceae/Leguminosae
Salsola kali[78] Elsholtzia

splendens[83]
Pelargonium
spp.[84]

Sesbania
drummondii[90]

Hypericaceae Geraniaceae Leguminosae/Fabaceae Geraniaceae
Hypericum
perforatum[75]

Pelargoniumspp.
[84]

Prosopisspp.
[36]

Pelargoniumspp.
[84]

and Peterson[93] informed thatPhacelia sericeaaccumu-
lated more than 3857 mg kg−1 of Au in root dry mass. Other
reports indicated that alfalfa plants cultivated in agar-based
media containing KAuCl4 or AgNO3 accumulated more than
370 mg kg−1 of Au and 120 mg kg−1 of Ag in the aerial part.
These results open the possibility of using this plant in fu-
ture gold and silver phytomining studies[94]. In addition,
high resolution transmission electron microscopy (HRTEM)
studies demonstrated that alfalfa plants are able to form gold
and silver nanoparticles of different size and shape inside the
plant tissues[95,96].

Starting in 2000, small-scale field trials using seeds of
canola (Brassicasp.) and corn (Zea mays) have been run at
several locations in New Zealand and Brazil[97]. The results
of this pilot projects will bring more information about the
real possibility of using plants for extracting precious metals.

3.4. Applications of XAS to phytoremediation

X-ray absorption spectroscopy (XAS) has been used
to study different aspects of the coordination chemistry
in many diverse phytoremediation systems[36,78,93–
96,98–118,123–130]. The uptake and coordination of Cr,
Ni, Cu, As, Au, and Se by mesquite,Thalspi goesingense,
Larrea tridentata, Pteris vittata, Medicago sativa, andAs-
tragalus bisulcatus, respectively, are only a few examples
o tion
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T ns
o ed
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c ore-
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aforementioned techniques is excellently covered in depth in
other articles and will not be discussed in detail within this
review [119–122]. A brief introduction into the differences
in XANES spectra will be supplied to exemplify the way
that data can be extracted from the whole spectra and a brief
overview of the data that EXAFS contains.

3.5. XANES spectroscopy

XANES spectroscopy contains very useful information
on chemical oxidation state and coordination geometry of
elements in complexes[119–122]. Fig. 1A shows the en-
tire XAS spectrum of copper in an octahedral arrangement
of oxygen atoms. The line inFig. 1A shows the division of
the XAS spectrum into XANES and EXAFS spectra, which
occurs at approximately 50 eV beyond the absorption edge.
XANES spectroscopy provides a three-dimensional picture
of the electronic interactions between the element of inter-
est and the nearest neighboring atom. This interaction is di-
agrammatically shown inFig. 1B. In this figure, half of a
copper octahedral molecule is shown with the arrows repre-
senting the interaction between the absorbing atom and the
backscattering atoms. The various coordination geometries
of chemical compounds are expressed by the electronic in-
teractions of the absorber and the nearest neighboring atoms
or the scattering atoms[119]. Examples of some different
C d in
F ctra.
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a the
X eral
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e . The
C wer
e ation
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f phytoremediation systems studied using X-ray absorp
pectroscopy[36,95,98,103,104]. The application of XAS t
hytoremediation studies presents a series of advantage
ther techniques. The main advantage of XAS would be

act that there is no sample pretreatment; instead the
les are run on an as is basis either liquid, solid, or gas[119].
his part of the review will focus on the different applicatio
f XAS including X-ray microprobe, micro-XAS, extend
-ray absorption fine structure (EXAFS), and X-ray abs

ion near edge structure (XANES) to study the coordina
hemistry of metals in plants potentially usable for phyt
ediation[100,108,111,114]. The theory behind each of t
r

u geometries and their XANES spectra are displaye
ig. 2to show the differences observed in the XANES spe
ig. 2shows two octahedral complexes of Cu, Cu(II) nit
nd Cu(II) tartrate. Slight differences can be observed in
ANES of the two compounds. However, the overall gen
hape and position of the absorption edges for both comp
re very similar. Also, inFig. 2a square planer Cu(II) compl

s shown [Cu(II) phthalocyanine], which has a much dif
nt absorption edge feature and a different edge position
u(II) phthalocyanine absorption edge is shifted to a lo
nergy than the other two Cu complexes because of don
f electrons from the�-system in the phthalocyanine. The
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Fig. 1. (A) The entire XAS spectra. The line indicates the separation between the XANES and EXAFS spectra at approximately 50 eV after the inflection
point of the absorption edge. (B) The XANES spectra obtained for a copper compound with an octahedral geometry (the solid black circle represents copper,
and the white circles represent oxygen). The arrows represent the interactions of the different atoms in the compound. Only 1/2 of the compound is shown for
simplicity. (C) The Fourier transformed EXAFS of a copper compound with an octahedral geometry (the solid black circle represents the copper atom andthe
white circles represent the oxygen atoms). The arrows represent the interactions that are visualized by the main peak in the Fourier transform.

Fig. 2. Different XANES spectra obtained for copper compounds in octahedral and square planar geometries.

difference allow for the determination of both geometry and
oxidation state of metals in different complexes. Through
the use of linear combination X-ray absorption near edge
structure (LC-XANES), the different geometries/oxidation
states in an unknown compound can be quantified and de-
termined[123–128]. LC-XANES fittings have been used in
a number of different phytoremediation studies to quantify
the metal species composition of plant-metal samples[36].
Using compounds of known geometries and oxidation states,
the geometry and oxidation state of an unknown can be deter-
mined, as shown inFig. 3. This figure shows a LC-XANES
fitting of Cu absorbed by buffalo grass. The information de-
termined from the XANES fitting is that the Cu is in an octa-
hedral complex and is still present in the plus (II) oxidation
state.

3.6. EXAFS spectroscopy

EXAFS provides a two-dimensional representation of
coordination between absorbing and backscattering atoms

Fig. 3. LC-XANES fitting of copper within buffalo grass plant sample show-
ing the varying composition of the sample with components of copper(II) ac-
etate (25.4%), copper(II) gluconate (34.9%), and copper(II) sulfide (39.6%)
and copper(I) chloride (0.0%).
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within a chemical complex[119–122]. Fig. 1A shows the
dissection of the entire XAS spectrum into the XANES and
EXAFS regions. A diagrammatic representation of the inter-
actions observed in the XANES spectrum is shown inFig. 1B,
where the solid black circle represents the absorbing atom
and the white circles represent the backscattering atom. The
arrows in the octahedral complex shown inFig. 1B repre-
sent the simplest interactions between the absorbing and the
backscattering atoms. This interaction creates a wave func-
tion that can be Fourier transformed to give a pseudo-radial
distribution function as shown inFig. 1C, where the major
peak observed in the Fourier transform is the interatomic dis-
tance between Cu(II) and oxygen atoms at approximately
1.95Å. The forward scattering and backscattering between
the absorbing and backscattering atoms create the oscillations
or the EXAFS spectrum. The oscillations can be represented
by Eq.(1), also known as the EXAFS equation.

χ =
∑ (

N

kR2

)
S2

0F (K) exp(−2k2σ2)

exp
−2(R − ∆)

λ
sin[kr + δ(k)] (1)

Eq.(1) calculatesχ(k) or the fractional modulation of the
X-ray absorption coefficient and accounts for all the inter-
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addition, it was found that the reduction of selenium varied
with distance from stem. Thus, the highest selenate concen-
tration was found at the center of the stems and the highest
concentration of reduced organo-selenium compounds was
observed in the leaves.

Howe et al.[108] used XANES and X-ray microprobe to
investigate the localization and speciation of chromium in
Trifolium brachycalycinum(clover). They showed that the
Cr(VI) absorbed by clover was reduced within the plant to
Cr(III). The complex Cr(III) within the tissues most closely
resembled a hexacoordinated (octahedral) CrO complex.
The results of the study indicated that the majority of the
Cr(VI) reduction, approximately 75%, occurred at root level
and Cr(III) was subsequently transported throughout the
plant. Using the X-ray microprobe, they showed that the max-
imum Cr concentration was present in the veins of the leaves
and the smaller concentration was found in the leaf margins.

Sarret et al.[111] used the X-ray microprobe, bulk, and
micro-XAS techniques to investigate the forms of Zn accu-
mulated inArabidopsis halleri. This study showed the varia-
tion of Zn species within various plant sections. Some plants
were collected from known Zn contaminated sites and oth-
ers were germinated and greenhouse grown by the investiga-
tors. The bulk EXAFS showed that Zn primarily consisted
of Zn malate and Zn phytate, with the Zn coordinated to
six oxygen atoms in an octahedral arrangement. However,
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ctions measured or calculated through summation o
pecific interaction of a number of atoms[119–122]. The
erm N in the EXAFS equation corresponds to the total n
er of absorbing and backscattering atoms in the sampS2

0
ccounts for the inelastic loss process,F(K) is the energy de
endence of the photoelectron scattering process,R2 is the
istance between the backscatter and absorber (Å2), andk

s the space term for calculating intok space or wavevect
pace (̊A−1). Furthermore, the amplitude of the EXAFS
irectly related to the number of backscattering atoms in
ample. Although EXAFS has been reported to give ex
ent interatomic distances, the coordination numbers obta
rom this technique usually have an error of±20%. EXAFS
ontains a large amount of information that can be extra
rom spectra that has been explained elsewhere[108–111].

.7. X-ray microprobe and micro-XAS

X-ray microprobe has been applied to map numerous t
f geological samples with a resolution better than 50�m;
owever, more recently, the X-ray-microprobe has been
lied to investigate the uptake of toxic elements by pla
ickering et al.[100] have used the X-ray microprobe a
icro-XAS techniques to investigate the uptake of Se bA.
isulcatus. In this study, maps of the Se distribution with

he roots, shoots, and leaves, were produced based o
entration. With the combination of these two techniques
uthors were able to determine the oxidation state of Se i

erent parts of the plant. More importantly, this study sho
he in plant reduction of selenate to organic forms of S
-

y adding citrate to the growth media to enhance Zn
ake, Zn citrate was identified in the sample spectra. It
lso found that, under hydroponics conditions, the coo
ation of Zn within the plants was a combination of zi
rganic acids in tetrahedral arrangements. In addition
sing micro-EXAFS, the authors showed that the coo
ation was the same as in the bulk samples. Using X
icroprobe, it was also determined that Zn was more

entrated on the trichomes, with a tetrahedral coordinati
xygen and carbon atoms present in the second shell
omplex.

Hansel et al.[114] used a combination of X-ray micr
robe and XAS to determine the spatial and temporal

ionship between iron (Fe) and arsenic (As) species on
f the aquatic plantsPhalaris arundinaceandTypha latifo-
ia. By using the microprobe to map specific areas of
lant root, the investigation showed that As on the root

aces consisted of approximately 82% arsenate and 18%
ron-hydroxo-arsenic(III) complex, in small patches. Ho
ver, the complex iron-oxide/hydroxide was also prese
continuous layer over the root surface.

.8. Bulk XAS investigation in phytoremediation system

Using bulk XAS, Gardea-Torresdey et al.[95,96] have
nvestigated the uptake of gold (Au) and silver (Ag) by alf
lants. In the Au studies, it was found that tetrachloroau
as reduced to Au(0) and nanoparticles were formed w

he living plants. In another study using inactivated alf
iomass, these researchers were able to calculate the a
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size of the Au nanoparticles using Eq.(2).

Fr = R3(Nratio − 1) + 3

4
dr2 − 1

16
d3 (2)

This equation was developed by Borrowoski to determine
the average size of Cu nanoparticles and has been found to be
applicable to all face centered cubic (FCC) metals[129]. The
results of the studies of Au uptake by alfalfa plants showed
that the average coordination numbers below the coordina-
tion of bulk Au indicated the presence of Au(0) nanoparticles.
In addition, by using high resolution transmission electron
microscopy (HRTEM), it was found that the most common
Au nanoparticles formed were icoshedral. However, all the
low energy configurations of Au nanoparticles were found
within the plants. In the studies of Ag uptake by alfalfa,
Gardea-Torresdey et al.[95] confirmed the formation of Ag
nanoparticles within the living plants. Using bulk XAS and
Eq.(2), it was found that the average size of the Ag nanopar-
ticles was of 9̊A. In addition, it was demonstrated that the
Ag nanoparticles were trapped in specific areas within the
plant. These studies have large implications to the phytomin-
ing of precious metals from low concentrations in soils or
from previously mined areas containing precious metals at
trace levels.

Pickering et al.[99] investigated the uptake and reduc-
tion of As byB. juncea(Indian mustard) under hydroponics
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compounds contained three arsenic–sulfur bonds at an inter-
atomic distance of approximately 2.3Å, indicating that the
compound had a trigonal bipyramidal geometry. In addition,
the XANES analysis indicated that the As(V) was approxi-
mately 98% reduced in the roots, shoots, and leaves.

Chromium is another element of phytoremediation inter-
est that has been studied using XAS. The major findings in Cr
phytoremediation is the bioreduction from Cr(VI) to Cr(III)
within the plants[36,106,107]. A study performed by Aldrich
et al. [36] showed that mesquite plants were able to grow
in hydroponics media and agar media containing 80 ppm of
Cr(VI). The study also showed that the agar based growth
media reduced the Cr(VI) by approximately 50%. However,
only Cr(III) was found to be present in the roots, shoots, and
leaves of the plants. In the hydroponics studies with 80 ppm
of Cr(VI), it was determined that, in roots and shoots, about
a 1–6% of the Cr still remained as Cr(VI). The rest of the
chromium was found to be a combination of inorganic forms
of Cr(III) and organic acid-ligated forms of Cr(III). In this
study, the EXAFS data indicated that the average coordina-
tion number for the Cr in the plants was approximately 6,
indicating that the Cr was present in a Cr(III)-oxygen octa-
hedral complex inside the plants.

An investigation about Cr uptake by the wetland plantE.
crassipesshowed also the bioreduction of Cr(VI) to Cr(III)
[106]. In this investigation, it appeared that reduction of
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rowth conditions. These researchers showed that on
III or V) is absorbed, it is converted and stored as an As(
ris-thiolate complex. They concluded that the coordina
igand was either a glutathione or a phytochelatin. From
tudy, it was also observed that the addition of dimercapto
inate to the growth media resulted in a five-fold increas
he arsenic uptake. The fitting of the EXAFS spectra obta
rom each of the samples showed that the As was coordi
o only three sulfur ligands within the plant. The presenc
he three sulfur ligands indicates that the complexes are
rigonal bypramidal geometry.

A different study carried out by Webb et al.[104] investi-
ated the As uptake byPteris vittataL. an As hyperaccumu

ating fern under soil growth conditions. In this study, it w
hown that the As absorbed by the ferns, remained in th
uced oxidation state and was coordinated to oxygen lig
redominately, with minimal binding to sulfur moieties.
nother study regarding As accumulation byP. vittatagrown

n hydroponics media contaminated with As(V), Lomb
l. [105] obtained similar results to those obtained by W
t al.[104]. The XANES analysis showed that the arsen

he plants was present as 75% As(III) coordinated to ox
igands and 25% of the As was still present as As(V). In
tudy, no EXAFS were presented and thus, no comme
he coordinating ligands can be made.

Aldrich [118] studied the uptake and reduction of As
y mesquite. In this investigation, the author determined
s(V) was absorbed by mesquite and reduced to As
oreover, the presence of arsenic–sulfur compounds w
orted. The EXAFS results showed that the As(III) su
r(VI) occurred in the fine lateral roots of the plants. O
he presence of Cr(III) was detected within the plants ro
hoots, and leaves. In addition, the average coordination
er of Cr(III) within the plants was of six presenting only
r O binding type. It was also observed that Cr(III) tran
ated within the plants was bound to organic acid ligands
n the roots it appeared that the Cr was as hydrated C
ons.

In another study, Zayed et al.[107] demonstrated the a
umulation and translocation of Cr within vegetable cr
hey investigated different plant species and in all of them
ioreduction of Cr(VI) to Cr(III) was observed. More spe

cally, all the plants were able to bioreduce or bioconver
oxic CrO4

2− to non-toxic Cr(III) species. These research
lso found no reduction of the Cr(VI) in the hydroponics
ia, thus suggesting that all the Cr(VI) reduction occu
ithin the plants.
The phytoremediation of Cd has been studied using

o determine the uptake complexes, the production of
ochelatins, and the speciation of Cd within plants[31,58,78].
ickering et al.[58] have investigated the phytochelatin s

ems and the associated model compounds using XAS
tudy showed the absence of CdCd bonds and the pre
nce only of CdS bonds of 2.54̊A, which were found no

o be indicative of a Cd-thiolate complex. The work a
howed that the complexes had coordination numbers a
with a tetrahedral coordination. They also investigated

ystem using the sulfur K-edge which showed a low
rgy feature that was consistent with sulfur bound in
luster.
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Another study by de la Rosa et al.[78] investigated the
uptake and translocation of Cd inS. kali. In this investiga-
tion, XAS spectra of whole plant parts (roots, stems, and
leaves) were obtained. It was found that Cd within the plants
remained in the (II) oxidation state. In addition, the EXAFS
data showed that Cd was bound to O, S, and Cd. The re-
searchers concluded that inS. kali, the Cd transport from
roots to the aerial part might be occurring through the com-
plexation with small organic acids. Moreover, the presence
of coordination of CdS in stems and leaves of the plant
suggested the formation of Cd-phytochelatin complexes.

Salt et al.[31] studied the uptake of cadmium byB. juncea
using XAS. These researchers found that the percentage of
Cd bound to phytochelatins was dependent on time. After 6 h,
34% of the Cd was found as CdS and a 60% after 72 h. In
addition, it was found that the Cd inside the plant appeared
to be in an octahedral geometry containing oxygen ligands.
In another investigation using XAS, Salt et al.[115] studied
the uptake of Cd, its mobility, and accumulation in Indian
mustard, as well as the types of Cd-complexes formed within
the plant. The EXAFS of the samples showed that, when an-
alyzing the whole root tissue, Cd was found to be bound into
a phytochelatin complex containing four S ligands. However,
in the xylem sap the Cd was found to be coordinated to 6 O/N
ligands.

The uptake and bio-transformation of Cu byL. tridentata
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cumulating and non-hyperaccumulatingThlaspispecies us-
ing XAS. Through this technique, the authors were able to
identify the functional groups to which Ni was coordinated
to within theThlaspispecies. The study indicated that the
majority of the Ni within the leaves was coordinated to the
cell walls and the remainder of the Ni was associated with
citrate and histidine complexes.

Bracey et al.[110] studied the coordination of Zn bind-
ing by spinach carbonic anhydrase. The results of this study
indicated that the Zn was bound into a Cys–His–Cys–H2O
complex. They developed five different models to fit the EX-
AFS data, which included coordination of the Zn directly to
4 S atoms, 3 S atoms and one O/N atom, 2 S atoms and 2 O/N
atoms, 1 S atom and 3 O/N atoms, 4 O/N atoms, and 2 S atoms
and 3 O/N atoms. The best fits of the EXAFS suggested that
the Zn was coordinated to the 2 S atoms and the 2 O/N atoms
within the complex, indicating a tetrahedral complex formed
between the Zn and the carbonic anhydrase.

Salt et al.[101] have used XAS to investigate the lig-
ands involved in coordinating Zn in the hyperaccumulatorT.
caerulescens. In this study, Zn was found to be coordinated
predominately to histidine within the roots of the plant. How-
ever, in the plants xylem sap Zn was found predominately
as free hydrated ions with small amounts of the Zn coordi-
nated to organic acids. Finally, in the stems of the plants, Zn
was found to be mainly bound to organic acids with small
p ine.
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creosote bush) has also been studied using XAS[117]. In this
tudy, the authors showed that Cu was absorbed and
orted through the plant as Cu(II). However, in the lea
u was present in the (I) and (II) oxidation states. Accor

o the results, the authors suggested that Cu was comp
o a phytochelatin. The EXAFS of the study showed tha
oots, Cu was coordinated to 2 O (at 1.88̊A), 2 S (at 2.24̊A),
nd 3 Cu (at 3.72̊A) atoms. In the stems, Cu was found to
oordinated to 2 O (at 1.90̊A), 2 S (at 2.26̊A), and 1/2 of a
u (at 2.71Å) atoms. In the leaves of the plants, the coo
ation numbers were different being of 1 O, 4 S and 5 Cu (
u atom at 2.78̊A and 4 Cu atoms at 3.72̊A) atoms. The au

hors suggested that Cu was bound into a multi-center-co
omplex within the shoots of the plants.

XAS has also been used to study nickel phytoreme
ion and its localization and speciation withinThlaspispecies
102,103]. In an investigation by Persans et al.[102], the role
f histidine in Ni uptake byT. geosingense, a Ni hyperac
umulator, andT. arvense, a Ni non-hyperaccumulator, w
tudied. The XAS study on these plants showed that
ere no major differences between the Ni coordination
istidine in the tissues. They concluded that the Ni hy
ccumulating phenotype did not show an over produc
f histidine in response to Ni exposure. However, the

hors observed that the histidine concentration in the xy
nd the shoot remained unchanged in the hyperaccum
lant after Ni exposure. In addition, histidine concentrat

n roots dropped to the levels observed in non-exposed
yperaccumulating species. Kramer et al.[103] have studie

he subcellular localization and speciation of Ni in hype
ortions of free hydrated Zn and some bound to histid
he EXAFS of the whole root material showed that the
hell coordination consisted of 6 O/N ligands. The sap o
lants showed a coordination of approximately 6 O ligan
round 2.08̊A. Also, Zn in leaf tissues showed a coordinat
f approximately 6 O atoms at 2.06̊A. These EXAFS resul

ndicate that the Zn was present in octahedral arrangem
ithin the plants after uptake.
With the aid of XAS, Kelly et al.[109] have studied th

ature of Zn complex accumulated byDatura innoxia. The
esults showed that Zn inD. innoxiawas found to be co
rdinated to free histidine residuals. The unfiltered EXA
howed within the plants a 4 or 5coordinate system for Z
ith N/O ligands at 2.0 and 1.9̊A on average. The multip
cattering in the EXAFS showed very similar peaks to th
Zn-histidine model compound. The results suggested

ither a new Zn-binding protein was being produced wi
he plant or a Zn metalloenzyme was over expressed w
he cells of the plants.

In another study by Sarett et al.[112], the forms of Zn
nd Pb accumulated byPhaseolus vulgarisin the presenc
nd absence of EDTA were investigated using XAS. In
esearch, it was found that Zn was predominately pre
s zinc-phosphate dehydrate regardless of the form o
upplied in the growing media. In addition, the results of
XAFS showed that the plants grown in a Zn-EDTA solu
ad coordination of 4 O ligands at approximately 2.0Å in
oth the root and leaves with a second coordination sh
at 3.1 and 3.5̊A. Very similar results were obtained for t

lants grown using a Zn-sulfate solution. The results from
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Pb EXAFS showed that, in the leaves of the plants grown in
a Pb nitrate solution, Pb was mainly found as Pb carbonate.
However, the leaves of the plants grown in the Pb-EDTA
solution contained a mixture of a Pb-EDTA complex and an
unknown and undetermined Pb complex.

Sharma et al.[130] have investigated the Pb uptake by
Sesbania drummondiiusing XAS. In this plant species, it was
determined that only PbO complexes were formed within
the roots and leaves of this plant. It was also reported that in
roots, Pb showed a coordination of approximately 10 atoms,
8 of which were O atoms and 2 of which were C atoms.
Moreover, it was shown that Pb could be bound in a form
very similar to that of Pb acetate. It was also reported that in
the leaves, the Pb coordination number was of 6, where 2 of
the coordinating atoms were S with interatomic distances of
2.85Å. In addition, a LC-XANES fitting was performed on
the samples showing that the composition of the Pb within
the plants was extremely varied. Features from Pb(II) acetate,
Pb(II) sulfide, Pb metal and Pb(II) nitrate were included. It
was observed that the plants transformed the Pb(II) nitrate
into a Pb(II)-organic acid complex.

XAS was also used to study the mineralogy of the pres-
ence of Pb-phosphate grains in the roots ofAgrostis capil-
laris L. used for Pb phytoremediation[131]. The XANES
data showed that the Pb on the roots of the plants exhibited
a spectrum very similar to that of Pb-hydroxyapatite and a
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supplied. In addition, it was found that plants supplied with
selenomethionine absorbed higher concentrations of Se than
plants supplied with the inorganic Se forms. XAS studies re-
vealed that, when Se was supplied in the form of selenate
and selenomethionine, this Se species remained unchanged.
However, when the poplar was supplied with selenite, a
species similar to selenomethionine was detected in plant
tissues. On the other hand, Ellis et al.[116] used XAS to in-
vestigate the production of selenium-methylselenocysteine in
transgenic plants. The authors over expressed theA. bisulca-
tusselenocysteine methyltransferase and transferred it to the
non-Se-accumulatingA. thaliana. It was found that after this
treatment, the non-accumulating plants were able to uptake
and tolerate different concentrations of Se. The results also
showed that, in plant shoots of the non-accumulating plants,
Se was present as Se-methylselenocysteine and gamma-
glutamylmethylselenocysteine. The XAS results also showed
that about 70% of the Se absorbed remained as the selenate
form, in both the controls and the genetically modified plants.
The results of the Se composition confirmed that the reduc-
tion of selenate to selenite is the rate-limiting step in the
incorporation of Se into selenium-cysteine complexes.

3.9. Commercial application of phytoremediation
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olymorphite structure. The EXAFS showed the polym
hite oxygen shells at 2.30, 2.51, 2.71, and 3.04Å, and the

nclusion of a chlorine shell at 3.05̊A were required to obtai
reasonable fit. These researchers[131] concluded that th

recipitation of the mineralized Pb on the roots might b
efensive mechanism of the plants to tolerate high leve
b or it might be a passive interaction of P with heavy me
ithin the plants.
Mercury is another element of phytoremediation inte

tudied using XAS. Although there have been many stu
n Hg phytoremediation, the studies involving XAS are l

ted. In one study, XAS was used to investigate the accum
ion of Hg by water hyacinths (E. crassipes) [87]. This study
howed that the Hg within the plant was initially ionically c
rdinated to O ligands within the roots and it was conclu

hat the coordinating ligands were more likely organic
igands. In this case, the authors only used XANES ana
o determine the coordination environment of the Hg wi
he plants. They reported that Hg was only coordinated
igands and no presence of HgO bonds was detected.

The uptake, coordination, reduction, and volatiliza
echanisms of Se in plants have also been studied using

100,113,116]. Although Se is not a heavy metal, it is a to
on-metal of environmental interest. As mentioned ea
ickering et al.[100]have studied the Se uptake and trans
ation using XAS and microprobe techniques. Pilon-S
t al.[113] studied the uptake and volatilization of Se us

he poplar hybridPopulus tremula. In this study, Se was su
lied as selenate, selenite, and selenomethionine. They

hat Se volatilization rate was dependent on the form o
reenhouse investigations illustrate the benefits of phy
ediation, commercial applications of this technique are
tively few. According to Van der Lelie[43], “phytoremedi
tion will only be accepted if its success is demonstra
o far, phytoremediation has demonstrated its assets in
ilot projects developed throughout Europe and the Un
tates.Table 5shows some locations where plants have
essfully been utilized to restore heavy metal contamin
ites. As seen in this table Cd, Cu, Ni, Pb, and Zn, are
ost common metals extracted using plants. Species

he genusBrassicaseem to be the most effective in clean
b polluted sites, whereas most of the species tested
apability for Cd and Zn removal. Though the aim of m
f the pilot projects is phytoextraction, in some cases
s in Lommel, Belgium and the United Kingdom, the p
ose was phytostabilization[43]. In addition, plants have als
emonstrated their potential use as vegetative cover for
ollution prevention[20].

Based on these pilot project results, commercial app
ions of phytoremediation are growing. According to G
18], the United States market for metal phytoremediatio
oil in 1997 was probably $1–2 million, ranged $15–25
ion by 2000, and will be $70–100 million by 2005[18]. How-
ver, the market for phytoremediation of industrial waste
ers is relatively low. It has been estimated that in 1997,
arket was practically zero, and Glass[18] estimated that b
005, the demand would not be greater than $2 million.
ently, phytoremediation is advancing, but according to G

18], phytoremediation will be definitely accepted throu
ocial processes and sufficient information about specifi
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Table 5
Examples of American and European heavy metal sites with phytoremediation field projects

Location Plants Contaminants Application

Trenton, NJ[132] Brassica juncea Pb Phytoextraction
Anderson, SC[132] Populus deltoids×P. balsamifera

(hybrid poplar) grasses
Several heavy metals Phytostabilization

Beaverton, OR Landfield reclama-
tion [20]

Populusspp. (cottonwood) Unspecified Vegetative cover/water
pollution prevention

Katowice, Poland[133] Brassica juncea Cd, Pb Phytoextraction
Switzerland (Landfield)[134] Salix viminalis Cd, Cu, Zn Phytoextraction
United Kingdom[43] Salixspp. Ni, Cu, Zn, Cd Phytoextraction,

phytostabilization
Hlemyzdi, Czech Republic[43] H. annus, C. sativa, Z. mays, C.

hallery
Zn

Dornach, Switzerland[43] Improved Nicotiana spp. plants
(tobacco)

Cu, Cd, Zn

Lommel, Belgium[43] Grasses Zn, Cd, Pb, Cu Phytostabilization
Balen, Belgium[43] Brassica napus Zn, Cd, Pb Phytoextraction

tings for specific contaminants. However, Gardea-Torresdey
[135] states, “phytoremediation will allow science to con-
tribute towards a giant step in the treatment of this country’s
hazardous waste sites”.

4. Conclusions

The use of plants in metal extraction (phytoremediation)
has appeared as a promising alternative for heavy metal re-
moval from soil and water via extraction, containment and
immobilization, and volatilization. Plants such asE.crassipes
andA. filiculoidesLam. have demonstrated high capability
to absorb Cd, Cu, Ni, and Zn from water ponds, whereas sev-
eral species ofThlaspi, S. vulgaris, Prosopisspp.,S. kali, B.
Juncea,B. napus,Salixspp., andPopulusspp. have proven to
be efficient absorbing these metals from polluted soils. More
recently, plants have shown that they also can be used as an
environmentally friendly alternative for extracting precious
metals. Although the information generated from laboratory
and greenhouse investigations, as well as from many pilot
projects developed throughout Europe and the United States
is vast, commercial applications of phytoremediation are rel-
atively low. It has been estimated that by 2005, the United
States market for soil metal phytoremediation will probably
b val
i on
i cial
p tings
f will
a reat-
m

ation
X ng of
t ents
a ing of
t exes
h the
s re-

mediation systems for understanding the complex process but
also gives investigators a means to fine tune these systems.
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Contaminated Soil and Water, Lewis Publishers, CRC Press,
Raton, FL, 2000, p. 13.

[33] S. Cheng, W. Grosse, F. Karrenbrock, M. Thoennessen, Ecol
18 (2002) 317.

[34] N.R. Axtell, P.K. Sternberg, K. Claussen, Bioresour. Techno
(2003) 41.
[51] M.B. Ali, H.S. Chun, C.B. Lee, J. Plant Biol. 45 (2002) 141.
[52] J.C. Fernandes, F.S. Henriques, Bot. Rev. 57 (1991) 247.
[53] T. Baszynski, M. Krol, Z. Krupa, M. Ruszkowska, U. Wojcies

D. Wolinska, Z. Pflanzenphysiol. 108 (1982) 385.
[54] J.A.C. Verkleij, N.A.L.M. Van Hoof, A.N. Chardonnens, P.L.

Koevoets, H. Hakvoort, W.M. ten Bookum, H. Schat, W.H.O. Er
Dev. Plant Soil Sci. 92 (2001) 446–447 (Plant Nutr.).

[55] R.D. Reeves, C. Schwartz, J.L. Morel, J. Edmondson, Int. J.
torem. 3 (2001) 145.

[56] M. Koch, K. Mummenhoff, H. Hurka, Biochem. Syst. Ecol.
(1998) 823.

[57] S.L. Brown, R.L. Chaney, J.S. Angle, A.J.M. Baker, Soil Sci. S
Am. J. 59 (1995) 125.

[58] I.J. Pickering, R.C. Prince, G.N. George, W.E. Rauser, W.A. W
ramasinghe, A. Watson, C.T. Dameron, I.G. Dance, D.P. Fa
D.E. Salt, Biochim. Biophys. Acta 1429 (1999) 351.

[59] O. Ouariti, N. Boussama, M. Zarrouk, A. Cherif, M.H. Ghorb
Phytochemistry 45 (1997) 1343.

[60] K. Mengel, E.A. Kirkby, Principles of Plant Nutrition, fifth ed
Kluwer Academic Publishers, The Netherlands, 2001, p. 664

[61] K.J. Appenroth, M. Bischoff, H. Gabrys, J. Stoeckel, H. Swa
T. Walckzak, K. Winnefield, J. Inorg. Biochem. 78 (2000) 235

[62] J. Chatterjee, C. Chatterjee, Environ. Pollut. 109 (2000) 69.
[63] S. Mishra, K. Shanker, M.M. Srivastra, S. Srivastra, R. Shrivas

S. Dass, S. Prakash, Agric. Ecosyst. Environ. 62 (1997) 53.
[64] N. Babalakova, D. Traykova, Bulg. J. Plant Physiol. 27 (2001)
[65] M.F. Yanofsky, Seed plants exhibiting early reproductive de

opment based on genetic engineering of floral meristem ide
genes, PCT Int. Appl., 1997, WO 97-US968219970604.

[66] K. Ogawa, S. Kanematsu, K. Asada, in: Photosynthesis:
Light to Biosphere, Proceedings of the International Photosynt
Congress, vol. 4, 10th, Montpellier, France, 20–25 August 1
Kluwer D., p. 339.

[67] S.B. Roy, A.K. Bera, J. Environ. Biol. 23 (2002) 433.
[68] D. Hukin, C. Doering-Saad, C.R. Thomas, J. Pritchard, Planta

(2002) 1047.



J.L. Gardea-Torresdey et al. / Coordination Chemistry Reviews 249 (2005) 1797–1810 1809

[69] J.R. Peralta-Videa, J.L. Gardea-Torresdey, J. Walton, W.P. Mackay,
M. Duarte-Gardea, Bull. Environ. Contam. Toxicol. 70 (2003)
1036.

[70] B.K. Dube, P. Sinha, C. Chatterjee, Pollut. Res. 21 (2002) 101.
[71] J. Molas, Dev. Plant Soil Sci. 92 (2001) 464 (Plant Nutr.).
[72] Z.T. Xiong, Bull. Environ. Contam. Toxicol. 60 (1998) 285.
[73] A.N. Maury, U. Rani, Geobios 30 (2003) 61.
[74] A.E.A. Paivoke, Biol. Plantarum 46 (2003) 145.
[75] K. Kral’ova, E. Masarovicova, Pharmazie 58 (2003) 359.
[76] H. Schat, M. Llugany, R. Vooijs, J. Hartley-Whitaker, P.M. Bleeker,

J. Exp. Bot. 53 (2003) 2381.
[77] A.J.M. Baker, S.P. McGrath, R.D. Reeves, J.A.C. Smith, in: N.

Terry, G. Bãnuelos (Eds.), Phytoremediation of Contaminated Soil
and Water, Lewis Publishers, CRC Press, Boca Raton, FL, 2000,
p. 85.

[78] G. De la Rosa, J.R. Peralta-Videa, M. Montes, J.G. Parsons, J.L.
Gardea-Torresdey, Chemosphere 55 (2004) 1159.

[79] S. Tang, C. Huang, Z. Zhu, Pedosphere 7 (1997) 207.
[80] A. Asensi, F. Bennett, R. Brooks, B. Robinson, R. Stewart, Com-

mun. Soil Sci. Plant Anal. 30 (1999) 1615.
[81] T.J. Fenus, J.H. MacNeil, Hyperaccumulation of cadmium byHe-

lianthus annuus, in: Proceedings of the 225th ACS National Meet-
ing, New Orleans, LA, 23–27 March 2003.

[82] M.R. Macnair, New Phytol. 155 (2002) 59.
[83] L. Jiang, W. Shi, X. Yang, C. Fu, W. Chen, Yingyong Shengtai

Xuebao 13 (2002) 906.
[84] S. Krishnaraj, P.K. Saxena, M.R. Perras, R. Michel, Method of

using pelargonium sp. as hyperaccumulators for remediating con-
taminated soil. PCT Int. Appl. (1999) 40 pp.

[85] F.T. Davies Jr., J.D. Puryear, R.J. Newton, J.N. Egilla, J.A. Saraiva-
G, J. Plant Physiol. 158 (2001) 777.

e la

Sci.

tol.

. 11

Sci.

2)

for
tent

978)

ious
Uni-

rsons,

Videa,
002)

ith,
gs of
trial
ian

ada,

.Y.
003)

rge,

[100] I.J. Pickering, R.C. Prince, D.E. Salt, G.N. George, Proc. Natl.
Acad. Sci. U.S.A. 97 (2000) 10717.

[101] D.E. Salt, R.C. Prince, A.J.M. Baker, I. Raskin, I.J. Pickering,
Environ. Sci. Technol. 33 (1999) 713.

[102] M.W. Persans, X. Yan, J.M.M.L. Patnoe, U. Kramer, D.E. Salt,
Plant Physiol. 121 (1999) 1117.

[103] U. Kramer, I.J. Pickering, R.C. Prince, I. Raskin, D.E. Salt, Plant
Physiol. 122 (2000) 1343.

[104] S.M. Webb, J.F. Gaillard, L.Q. Ma, C. Tu, Environ. Sci. Technol.
37 (2003) 754.

[105] E. Lombi, F.J. Zhao, M. Fuhrmann, L.Q. Ma, S.P. McGrath, New
Phytol. 156 (2002) 195.

[106] C.M. Lytle, F.W. Lytle, N. Yang, J.H. Qian, D. Hansen, A. Zayed,
N. Terry, Environ. Sci. Technol. 32 (1998) 3087.

[107] A. Zayed, C.M. Lytle, J.H. Qian, N. Terry, Planta 206 (1998) 293.
[108] J.A. Howe, R.H. Loeppert, V.J. DeRose, D.B. Hunter, P.M. Bertsch,

Environ. Sci. Technol. 37 (2003) 4091.
[109] R.A. Kelly, J.C. Andrews, J.G. DeWitt, Microchem. J. 71 (2002)

231–245.
[110] M.H. Bracey, J. Christiansen, P. Tovar, S.P. Cramer, S.G. Bartlett,

Biochemistry 33 (1994) 13126.
[111] G. Sarret, P. Saumitou-Laprade, V. Bert, O. Proux, J.L. Hazemann,

A. Traverse, M.A. Marcus, A. Manceau, Plant Physiol. 130 (2002)
1815.

[112] G. Sarret, J. Vangronsveld, A. Manceau, M. Musso, J. D’Haen,
J.J. Menthonnex, J.L. Hazemann, Environ. Sci. Technol. 35 (2001)
2854.

[113] E.A.H. Pilon-Smits, M.P. De Souza, C.M. Lytle, C. Shang, T. Lugo,
N. Terry, J. Exp. Bot. 49 (1998) 1889.

[114] C.M. Hansel, M.J. La Force, S. Fendorf, S. Sutton, Environ. Sci.
Technol. 36 (2002) 1988.

109

ner,
iol.

orge,

op-
n,
rsity

91:
FS

trosc.

.
56.

nda,

au-
001)

. 94

ron.

l, U.
em.

n, I.
nol.

i, En-
[86] J.L. Gardea-Torresdey, J.R. Peralta-Videa, M. Montes, G. d
Rosa, B. Corral-Diaz, Bioresour. Technol. 92 (2004) 229.

[87] S.G. Riddle, H.H. Tran, J.G. Dewitt, J.C. Andrews, Environ.
Technol. 36 (2002) 1965.

[88] M.A. Davis, S.G. Pritchard, R.S. Boyd, S.A. Prior, New Phy
150 (2001) 49.

[89] M. Melendo, E. Benitez, R. Nogales, Fresenius Environ. Bull
(12b) (2002) 1105.

[90] S.V. Sahi, N.L. Bryant, N.C. Sharma, S.R. Singh, Environ.
Technol. 36 (2002) 4676.

[91] X. Yang, X. Long, W. Ni, C. Fu, Chin. Sci. Bull. 47 (200
1634.

[92] R.L. Chaney, J.S. Angle, A.J.M. Baker, L. Yin-Ling, Method
phytomining of nickel, cobalt and other metals from soil. US Pa
No. 5711784 (1998).

[93] C.A. Girling, P.J. Peterson, Trace Subst. Environ. Health 12 (1
105.

[94] E.A. Gomez, The nanoparticle formation and uptake of prec
metals by alfalfa plants, MS thesis, Department of Chemistry,
versity of Texas at El Paso, El Paso, TX, July 2002, 81 pp.

[95] J.L. Gardea-Torresdey, E. Gomez, J.R. Peralta-Videa, J.G. Pa
H. Troiani, M. Jose-Yacaman, Langmuir 19 (2003) 1357.

[96] J.L. Gardea-Torresdey, J.G. Parsons, E. Gomez, J.R. Peralta-
H.E. Troiani, P. Santiago, M. Jose-Yacaman, Nano Lett. 2 (2
397.

[97] C.W.N. Anderson, R.B. Stewart, C.T.J. Wreesmann, G.L. Sm
J.L. Gardea-Torresdey, B.H. Robinson, J.A. Meech, Proceedin
the Gold 2003 Conference on Gold phytomining: New Indus
Applications of Gold, The World Gold Council and the Canad
Institute of Mining, Metalurgy and Petroleum, Vancouver, Can
2003, p. 35.

[98] I.J. Pickering, C. Wright, B. Bubner, D. Ellis, M.W. Persans, E
Yu, G.N. George, R.C. Prince, D.E. Salt, Plant Physiol. 131 (2
1460.

[99] I.J. Pickering, R.C. Prince, M.J. George, R.D. Smith, G.N. Geo
D.E. Salt, Plant Physiol. 122 (2000) 1171.
[115] D.E. Salt, R.C. Prince, I.J. Pickering, I. Raskin, Plant Physiol.
(1995) 1427.

[116] D.R. Ellis, T.G. Sors, D.G. Brunk, C. Albrecht, C. Orser, B. Lah
K.V. Wood, H.H. Harris, I.J. Pickering, D.E. Salt, BMC Plant B
4 (2004).

[117] L.A. Polette, J.L. Gardea-Torresdey, R.R. Chianelli, G.N. Ge
I.J. Pickering, J. Arenas, Microchem. J. 65 (2000) 227.

[118] M.V. Aldrich, Toxicity and accumulation of chromium, lead, c
per, and arsenic in Mesquite (Prosopisspp.), Ph.D. Dissertatio
Environmental Science and Engineering PhD Program, Unive
of Texas at El Paso, 2004, 114 pp.

[119] D.C. Koningsberger, R. Prins (Eds.) Chemical Analysis, vol.
X-ray Absorption: Principles, Applications, Techniques of EXA
SEXAFS, and XANES, John Wiley and Sons, 1988, 673 pp.

[120] J.G. Parsons, M.V. Aldrich, J.L. Gardea-Torresdey, Appl. Spec
Rev. 37 (2002) 187.

[121] J.E. Penner-Hahn, Compr. Coord. Chem. II 2 (2004) 159.
[122] J.E. Penner-Hahn, Coord. Chem. Rev. 190–192 (1999) 1101
[123] T. Ressler, J. Wong, J. Roos, J. Synchrot. Radiat. 6 (1999) 6
[124] J.W. Sobczak, E. Sobczak, A. Drelinkiewicz, M. Hasik, E. We

J. Alloy Compd. 362 (2004) 162.
[125] T.E. Alcacio, D. Hesterberg, J.W. Chou, J.D. Martin, S. Be

chemin, D.E. Sayers, Geochim. Cosmochim. Acta 65 (2
1355.

[126] P. Frank, R.M. Carlson, E.J. Carlson, K. O. J. Inorg. Biochem
(2003) 59.

[127] R.P.W.J. Struis, C. Ludwig, H. Lutz, A.M. Scheidegger, Envi
Sci. Technol. 38 (2004) 3760.

[128] P. Eggers-Borkenstein, S. Priggemeyer, B. Krebs, G. Henke
Simonis, R.F. Pettifer, H.F. Nolting, C. Hermes, Eur. J. Bioch
186 (1989) 667.

[129] J.L. Gardea-Torresdey, K.J. Tiemann, G. Gamez, K. Dokke
Cano-Aguilera, L.R. Furenlid, M.W. Renner, Environ. Sci. Tech
34 (2000) 4392.

[130] N.C. Sharma, J.L. Gardea-Torresdey, J.G. Parsons, S.V. Sah
viron. Toxicol Chem. 23 (2004) 2068.



1810 J.L. Gardea-Torresdey et al. / Coordination Chemistry Reviews 249 (2005) 1797–1810

[131] J.D. Cotter-Howells, P.E. Champness, J.M. Charnock, Mineral.
Mag. 63 (1999) 777.

[132] US Environmental Protection agency (EPA), A citizen’s guide to
phytoremediation, Technology Innovation Office, 401 M Street, SW
(5102G) Washington, DC 20460, EPA 542-F-98-011, 1998b (Elec-
tronic document).
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