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Abstract

Although traditional technologies for cleaning contaminated soils and waters have proven to be efficient, they are usually expensive, labor
intensive, and in the case of soil, they produce severe disturbance. More recently, the use of plants in metal extraction (phytoremediation) has
appeared as a promising alternative in the removal of heavy metal excess from soil and water. Phytoremediation of polluted waters, is based
on the cultivation of aquatic plants suchEishhornia crassipeandAzolla filiculoidesLam., which have demonstrated a high capability to
absorb cadmium (Cd), copper (Cu), nickel (Ni), and zinc (Zn) from aqueous solutions. Studies have demonstrated that terrestrial plants such
asBrassica juncegSalsola kalj andProsopisspp. cultivated in hydroponics and agar are able to uptake significant amounts of heavy metals,
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 spetigasyi 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.
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1. Introduction the United States alone there are more than 30,000 potential
sites for hazardous waste treatm@]. In addition, 1200 of
Heavy metal is the generic name given to the group of ele- these sites are on the National Priority List (NPL). Moreover,
ments with an atomic density greater than 6 gi¢hj. While approximately 720 of the sites on the NPL are contaminated
these elements are ubiquitous in the Earth’s crust, their con-with heavy metalg11]. Both the permanence and mobility
centration and availability in soil and water varies from less of heavy metals in soil are affected by several factors in-
than 1000 parts per million (ppm=mgky=mgL=1) to a cluding soil conditions and metal spec[&g], the solubility
few parts per billion (ppb pg kgt =pg L™1), with the ex- in water[13], and the humic substances present in the soil
ception of manganese, which is found in soils in concentra- [14-16] However, the contaminants that are present in soil
tions ranging from 20 to 10,000 ppih]. Metalliferous sails, and air will result in water contamination, which will even-
however, can contain extremely high amounts of certain el- tually reach all living organisms of a particular ecosystem
ements. For example, as seenlable 1 the normal range  [17].
of copper (Cu) in soil is 2-250 mg kg, but it has been re- Although current technologies for cleaning contami-
ported that some metalliferous soils of Zaire can contain up nated sites such as isolation and containment, mechani-
to 50,900 mgkg? of this element2]. Similarly, mercury cal/pyrometallurgical separation, or chemical treatment are
(Hg) is usually found in soil at levels ranging from 0.01 to efficient, they are usually expensive, labor intensive, and soil
0.5 ppm; however, in metalliferous soils, this element can disturbing[11]. More recently, the use of plants in metal ex-
be found at concentrations ranging from 100 to 500 [pin traction (phytoremediation) has appeared as a promising al-
whichis 1000-10,000 times higher than concentrations found ternative in the removal of heavy metal excess from soil and
in plants[4]. water[11,18,19] Phytoremediation can be classified based
The normal concentration of heavy metals in soils, with on the contaminant fate or the mechanisms invo[2€d As
the exception of metalliferous soils, is harmless to living or- for the fate, the classification includes degradation, extrac-
ganisms. However, operations such as mining and energytion, containment or a combination of these; and as for the
production, as well as agricultural activities have increased mechanisms, phytoremediation can be classified as extrac-
the concentration of those elements in once clean §ed$ tion, concentration in plant tissues, degradation of contami-
beyond the necessary critical-concentration. From the lim- nants, volatilization, immobilization at root level, and finally,
ited information available, we can hypothesize that such an erosion and infiltration contrgP0]. Extraction is called rhi-
increase in heavy metal concentration can represent an in-zofiltration when the process is accomplished in water-based
crease in availability which, according to Sage (1992), “avail- cultures[10,21] The processes applied in the removal of
able means that the living cell-membrane can be pag8gd”  heavy metals and other toxic elements include extraction,
As a consequence, some sites contain enough amounts ofontainment and immobilization, and volatilization. Some
essential elements such as Cr, Cu, and Zn to reach toxic levplant species volatilize mercury (Hg) and the non-metal se-
els[8—10]. At the present time, it has been estimated that in lenium (Se)22,23]

Table 1
Concentration of heavy metals in soil and plants mg'kgppm) and clean up criteria
Element Normal range in sdil] Critical soil concentratioifil] Normal range in NJDEP non residential Concentration in
plants[2] clean up criterig5] metalliferous soil§2]

Cd 0.01-2.0 3-8 0.1-3 100 11-317
Total Cr 5-1500 75-100 0.2-5 NA 47-8,450
Cu 2-250 60-125 5-25 600 52-50,900
Hg 0.01-0.5 0.3-5 0.1-%5 NA 1004009
Ni 2-750 100 1-10 2400 19-11,260
Pb 2-300 100-400 0.1-5 600 3,870-49,910
Zn 1-900 70-400 2-400 1500 109-70,480
NJDEP: New Jersey Department of Environmental Protection, NA: not available.

4 [4].

b [3].
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2. Phytoremediation of heavy metal polluted water inflow chamber andillarsia exaltatain the outflow chamber,
the water was effectively decontaminated after a time period

The phytoremediation of polluted water, or rhizofiltration, of 150 days. Other studies using wetland plants have shown
is arelatively new technolod®1]. This process, alsoreferred  thatE. crassipesandLemna minorexposed to Cd contami-
to as phytofiltration, is based on hydroponically grown plants nated waters are able to accumulate this heavy metal with a
that have shown to be efficientin removing heavy metals from bioconcentration factor [metal concentration in plant tissue
water[24]. Plants such aSichhornia crassipeéMart.) have (mg kg~ Y)/initial metal concentration in the growth medium
shown potential to concentrate more than 6000 ppm of cad- (mg L~1)] of 1225 and 2567, respective]$4]. Microspora
mium and lead in the whole plant, and more than 8000 ppm (a macro-alga) was found able to remove 97% of lead from
of copper when grown with 5ppm of these heavy metals an aqueous solution containing 39.4 mgtlof this metal,

[25]. Another plant, the water feri\golla filiculoided.am.), while L. minor (an aquatic plant) removed 76% of lead and
demonstrated the ability to absorb cadmium (Cd), copper 82% of nickel from an aqueous solution spiked with 10, and
(Cu), nickel (Ni), and zinc (Zn). Plants &. filiculoidesex- 5mgL-1 of each metal, respectivel35]. Recent studies

posed individually to these heavy metals at concentrationsdemonstrated that mesquitBrésopisspp.), a desert plant
ranging from 8 to 15 ppm, accumulated 10,000, 9000, 9000, species cultivated in hydroponics, was able to uptake Cr(VI)
and 6500 ppm of Cd, Cu, Ni, and Zn, respectivjel§]. As for from the growing medium, transforming this metal to the less
the accumulation velocity, time dependency studies demon-toxic Cr(lll) species within the plant tissug26].
strated that irA. filiculoides Cd accumulation occurs be-
tween 1 and 77 h, indicating that the water cleaning process
can be accomplished rapidB7]. Other aquatic plant species 3. Phytoremediation of heavy metal polluted soil
such asNelumbo nuciferegGaertn. andNymphaea albd..
have been tested for their chromium (Cr) uptake capacity  Currentclean up technologies for the degradation, removal
from aqueous medi§28,29] In experimental conditions, or immobilization of contaminants involve either bulk re-
these plant species have accumulated more than 3000 mg ofnoval or in situ remediation. Soil movement requires ex-
Cr per kg of tissue. This metal, however, has shown to be pensive equipment, disturbs the ecosystem and is not well
very toxic for most plants. accepted by the community. On the other hand, the in situ
Although the heavy metal accumulation (mg of technology depends on the cleaning cost per kg, the selectiv-
metal kg of tissue) shown by these species is high, the ity of the treatment agent, and the feasibility of recovering
efficiency in absolute terms is low since they present low the chemicals used to treat the soil as well as the laden mate-
biomass production and slow-growing ro§4]. In dealing rial from the surface and subsurfg6&,38] The use of acids
with this inconvenience, researchers have tried to use fast-or chelating agents might alter soil properties and its bio-
growing and higher biomass producing plant species. Ter-|ogical componentf39,40]and might be either not selective
restrial plants such as Indian mustaBli junceg have been  or affected by ionic strength, flow rate, and type of contami-
successfully hydroponically cultivated, showing that the ab- nant[41]. Furthermore, soil cannot be used immediately after
sorption of different heavy metals including Zn and Pb can treatment.
be effectively accomplishg@1]. Grasses, spinach, sorghum, Phytoremediation, on the other hand, can be accomplished
and corn are among other plants that have been studied foiin situ, is relatively inexpensive, environmentally friendly,
the removal of heavy metals from water. For example, Colo- and the soil can be utilized immediately after treatment ap-
nial bent grass and Kentucky blue grass were found to ac-plication[10,42]. Although metals at high concentrations or
cumulate more than 150 mg#4 of root dry weight when  in mixtures, as well as their low availability may represent a
hydroponically cultivated in a synthetic solution containing disadvantage for phytoremediation, certain strategies such as
300mgPb ! from [Pb(NGy),] [30]. Studies using aqua- genetic improvement and the use of metal uptake enhancers
cultured seedlings d@. juncealmethodology proposedto be  are rapidly alleviating these limitatiofé3,44] Furthermore,
called blastofiltration) demonstrated that it is possible to re- phytoremediation does not generate sludge and metals ac-
duce Cd concentration to 10 ppb in the absence of competingcumulated by plants can be recovered by metal extraction
ions[30,31] processes and incineration.
Aquatic phytoremediation has also been achieved using
the so called wetlands. According to Horf8] “wetlands 3.1. Heavy metal toxicity to plants
are shallow water bodies containing higher plants with at least
a 50% aerial cover of submerged or emergent macrophytes One of the disadvantages of phytoremediation is that
or attached algaef32]. In this environment, plant species heavy metals at high concentrations or within certain mix-
such as cattaillyphg and tule Gcirpug have shown the ca-  tures may deter plant growth and biomass production. Excess
pability to remove a variety of toxic heavy metals including of heavy metals can affect plant growth in different manners.
Cu and Zn32]. Cheng et al[33] designed a special wetland A summary of the main effects caused on plants by Cd, Cr,
containing Cd, Cu, Pb, Zn, Al, and Mn at <5 mgt. These Cu, Hg, Ni, Pb, and Zn is presentedTable 2 As seen in
investigators found that utilizinGyperus alternifoliusn the this table, these heavy metals can disrupt the physiology and
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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 pr¢d8@&®#61]

Cr Decreases enzyme activity and plant growth; produces membrane damage, chlorosis and rodé@62a6&]

Cu Inhibits photosynthesis, plant growth and reproductive process; decreases thylakoid surfpt& Sk d®,66—69]

Hg Decreases photosynthetic activity, water uptake and antioxidant enzymes; accumulates phenol arfifi(a68iie]

Ni Reduces seed germination, dry mass accumulation, protein production, chlorophylls and enzymes; increases free gadnoladi@s
Pb Reduces chlorophyll production and plant growth; increases superoxide disiota$e 49,74]

Zn Reduces Ni toxicity and seed germination; increases plant growth and ATP/chlorophyi8afib,75,76]

morphology of plants. For example, Cr, Ni, and Pb have been  Reeves and BakgR] analyzed the information available
found affecting chlorophyll productiop4—46] while Cd, concerning the heavy metal concentration in plants and sum-
Cr, Cu, Niand Pb decrease plant groytii—49] Other stud- marized the families and species considered as hyperaccumu-
ies have proven that Cr, Cu, Hg, Ni, and Pb affect thylakoid lators. In their analysis, these authors stated that some pre-
surface area, electron transport and enzymatic activity, or re-vious data, for example those concerning Cr hyperaccumu-
duce chlorophyll productiofs0-53] However, plant species  lation by Dicoma niccolifera Sutera fodinaand Leptosper-
have developed certain strategies that allow them to grow andmum scopariurappear to be incorrect. In the present review,
develop in metalliferous soils. Some of them have evolved in we include the most recent information about plant species
such a manner that they can be considered as metallophytesiewly identified as Cd, Cu, Cr, Hg, Ni, Pb, and Zn hyperac-
even a few of them having metallo-dependent feat{5dk cumulators Table 4. With the exception of the references
Several species dihlaspiare the most known metallophytes of Tang et al.[79] and Asensi et al[80], the information
around the world. These species have been found growing inpresented in this table was generated from 2000 to 2004.
Cd, Pb, Zn, and Ni metalliferous soils in several European As shown in this tableE. crassipesas been identified as
countrieg55,56] Silene vulgariss another welldocumented a Hg hyperaccumulatd87], and new species of the Brassi-
metallicolous plant specig57]. Researchers have realized caceae family have been added to the list of Cd, Ni, and Pb
that such plants can accumulate far in excess toxic transitionhyperaccumulators. In addition, desert plant species such as
elements, characteristics that can be utilized to cleanup heavySalsola kaliand Prosopisspp. from the families Chenopo-
metal polluted soils. diaceae and Fabaceae/Leguminosae, respectively have been
added to the list of Cd and Cr hyperaccumulati@®,78]
Information concerning desert plants is considered very im-
3.2. Heavy metal hyperaccumulator plant species portant because there are many heavy metal laden sites in
desert areas and only a few plant species are able to thrive in
According to Reeves and BakfZ], the term hyperac-  desert ecosystems.
cumulator was first applied by Jaffre et al. in 1976; but the
present connotation concerning the concentration of more3 3. possible use of plants for phytomining
than 1000 mgkg! (0.1%) of metal in plant tissues was
introduced by Brooks et al. in 1977, when they examined the The Capabmty of p|ants to absorb metals of h|gh commer-
Ni concentration irHomaliumandHybanthudrom different  jal value has gained the attention of researchers around the
sites throughout the worlg?]. However, heavy metals such world. The first attempt to use plants for phytoextraction had
as Cd and Cr are considerable more toxic for plants than Ni; 3 connotation of cleaning up; however, scientists have real-
for this reason, scientists realized that the criterion could not jzed that metals can be mined using plants. This technique
be applied evenly. Lately, Baker et §I.7] established that s known as phytomining. Although the technology is still
the percentage of metal concentrated in dry leaves tissuenot well established, nickel mining via plants is already a
should be the criterion to classify a plant as heavy metal patented technolog®2]. There are also reports about plants

hyperaccumulator. For example, plants containing more thanthat uptake gold and silver at high concentrations. Girling
0.01% of Cd or more than 0.05% of Cr in dry leaf tissues

(100 and 500 mg kg, respectively) should be considered Table 3
as hyperaccumulators of such metals. They establishedNumber of metal hyperaccumulator plants

concentrations for Cd, Cr, Cu, Ni and Zn and summarized Metal Criterion (% in leaf No. of families  No. of species
the number of families and species that accomplished with dry tissue)
the criterion Table 3. These researchers considered that cadmium  >0.01 1 1
metal concentration in dried leaves of hyperaccumulator Chromium  >0.05 5 5
plants should be at least an order of magnitude greater thar-oPper >0.1 16 35
Nickel >0.1 36 151

the metal concentrations in leaves of nonaccumulator plantsZinc

. X >1.0 5 13
found on metalliferous soils.
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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 Commelinaceae Asteraceae Pontederiaceae Brassicaceae Compositae Crassulaceae
(Compositae) (Compositae)
Chamomilla recutita Commelina Helianthus Eichhornia Psychotria Dittrichia viscose ~ Sedum alfredii
(Matricaria recutita) communig79] annuug85] crassipeg87] douarrei[88] [89] [91]
[75], Helianthus
annuug81]
Brassicaceae Ericaceae Convolvulaceae Brassicaceae
Arabidopsis  halleri  Erica Convolvulus Brassica
[82] andevalensif30] arvensig86] pekinensig72]
Chenopodiaceae Labiatae Geraniaceae Fabaceae/Leguminosae
Salsola kali[78] Elsholtzia Pelargonium Sesbania
splenden$83] spp.[84] drummondii[90]
Hypericaceae Geraniaceae Leguminosae/Fabaceae Geraniaceae
Hypericum Pelargoniumspp. Prosopisspp. Pelargoniumspp.
perforatum[75] [84] [36] [84]
and Petersof®3] informed thatPhacelia sericeaccumu- aforementioned techniques is excellently covered in depth in

lated more than 3857 mg k¢ of Au in root dry mass. Other  other articles and will not be discussed in detail within this
reports indicated that alfalfa plants cultivated in agar-based review[119-122] A brief introduction into the differences
media containing KAuGlor ANOs accumulated morethan  in XANES spectra will be supplied to exemplify the way
370 mgkg! of Au and 120 mg kg* of Ag in the aerial part. that data can be extracted from the whole spectra and a brief
These results open the possibility of using this plant in fu- overview of the data that EXAFS contains.
ture gold and silver phytomining studi¢®4]. In addition,
high resolution transmission electron microscopy (HRTEM) 3.5. XANES spectroscopy
studies demonstrated that alfalfa plants are able to form gold
and silver nanoparticles of different size and shape inside the  XANES spectroscopy contains very useful information
plant tissue$95,96] on chemical oxidation state and coordination geometry of
Starting in 2000, small-scale field trials using seeds of elements in complexefd19-122] Fig. 1A shows the en-
canola Brassicasp.) and cornea mayshave been run at  tire XAS spectrum of copper in an octahedral arrangement
several locations in New Zealand and Br4g@il]. Theresults ~ Of oxygen atoms. The line iRig. 1A shows the division of
of this pilot projects will bring more information about the the XAS spectrum into XANES and EXAFS spectra, which
real possibility of using plants for extracting precious metals. occurs at approximately 50 eV beyond the absorption edge.
XANES spectroscopy provides a three-dimensional picture
3.4. Applications of XAS to phytoremediation of the electronic interactions between the element of inter-
est and the nearest neighboring atom. This interaction is di-
X-ray absorption spectroscopy (XAS) has been used agrammatically shown ifrig. 1B. In this figure, half of a
to study different aspects of the coordination chemistry copper octahedral molecule is shown with the arrows repre-
in many diverse phytoremediation systenfi36,78,93— senting the interaction between the absorbing atom and the
96,98-118,123-130]The uptake and coordination of Cr, backscattering atoms. The various coordination geometries
Ni, Cu, As, Au, and Se by mesquit&halspi goesingense  of chemical compounds are expressed by the electronic in-
Larrea tridentata Pteris vittatg Medicago sativaand As- teractions of the absorber and the nearest neighboring atoms
tragalus bisulcatusrespectively, are only a few examples or the scattering atomd19]. Examples of some different
of phytoremediation systems studied using X-ray absorption Cu geometries and their XANES spectra are displayed in
spectroscop}B6,95,98,103,104[The application of XAS to Fig. 2to show the differences observed inthe XANES spectra.
phytoremediation studies presents a series of advantages ovefig. 2 shows two octahedral complexes of Cu, Cu(ll) nitrate
other techniques. The main advantage of XAS would be the and Cu(ll) tartrate. Slight differences can be observed in the
fact that there is no sample pretreatment; instead the sam-XANES of the two compounds. However, the overall general
ples are run on an as is basis either liquid, solid, of§&3]. shape and position of the absorption edges for both complexes
This part of the review will focus on the different applications are very similar. Also, ifrig. 2a square planer Cu(ll) complex
of XAS including X-ray microprobe, micro-XAS, extended is shown [Cu(ll) phthalocyanine], which has a much differ-
X-ray absorption fine structure (EXAFS), and X-ray absorp- ent absorption edge feature and a different edge position. The
tion near edge structure (XANES) to study the coordination Cu(ll) phthalocyanine absorption edge is shifted to a lower
chemistry of metals in plants potentially usable for phytore- energy than the other two Cu complexes because of donation
mediation[100,108,111,114]The theory behind each ofthe of electrons from ther-system in the phthalocyanine. These
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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 sam[36%
Using compounds of known geometries and oxidation states,
the geometry and oxidation state of an unknown can be deter-
mined, as shown ifrig. 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 (Il) oxidation
state.

3.6. EXAFS spectroscopy
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Fig. 3. LC-XANES fitting of copper within buffalo grass plant sample show-

. . . . ing the varying composition of the sample with components of copper(ll) ac-
EXAFS provides a two-dimensional representation of etate (25.4%), copper(ll) gluconate (34.9%), and copper(ll) sulfide (39.6%)

coordination between absorbing and backscattering atomsand copper(l) chloride (0.0%).
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within a chemical comple}119-122] Fig. 1A shows the addition, it was found that the reduction of selenium varied
dissection of the entire XAS spectrum into the XANES and with distance from stem. Thus, the highest selenate concen-
EXAFS regions. A diagrammatic representation of the inter- tration was found at the center of the stems and the highest
actions observed inthe XANES spectrum is showFign 1B, concentration of reduced organo-selenium compounds was
where the solid black circle represents the absorbing atomobserved in the leaves.

and the white circles represent the backscattering atom. The Howe et al[108] used XANES and X-ray microprobe to
arrows in the octahedral complex shownHig. 1B repre- investigate the localization and speciation of chromium in
sent the simplest interactions between the absorbing and thelrifolium brachycalycinuniclover). They showed that the
backscattering atoms. This interaction creates a wave func-Cr(VI) absorbed by clover was reduced within the plant to
tion that can be Fourier transformed to give a pseudo-radial Cr(lll). The complex Cr(lll) within the tissues most closely
distribution function as shown iRig. 1C, where the major  resembled a hexacoordinated (octahedral}@icomplex.
peak observed in the Fourier transform is the interatomic dis- The results of the study indicated that the majority of the
tance between Cu(ll) and oxygen atoms at approximately Cr(VI) reduction, approximately 75%, occurred at root level
1.95A. The forward scattering and backscattering between and Cr(lll) was subsequently transported throughout the
the absorbing and backscattering atoms create the oscillationglant. Using the X-ray microprobe, they showed that the max-
or the EXAFS spectrum. The oscillations can be representedimum Cr concentration was present in the veins of the leaves

by Eq.(1), also known as the EXAFS equation. and the smaller concentration was found in the leaf margins.
Sarret et al[111] used the X-ray microprobe, bulk, and

¥ = Z (kj;:i) S2F(K) exp(—2k’o?) micro-XAS techniques to investigate the forms of Zn accu-
mulated inArabidopsis halleri This study showed the varia-

—2(R-A) . tion of Zn species within various plant sections. Some plants

exp———— sinfkr + 3(k)] 1) 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
Eq. (1) calculatesy(Kk) or the fractional modulation of the of Zn malate and Zn phytate, with the Zn coordinated to

X—rgy absorption coefficient and accounts for all t'he inter- oxygen atoms in an octahedral arrangement. However,
actions measured or calculated through summation of theby adding citrate to the growth media to enhance Zn up-

specific interaction of a number of atorfs19-122] The  ya1e 7 citrate was identified in the sample spectra. It was
term N in the EXAFS equation corresponds to the total Num- 5154 found that, under hydroponics conditions, the coordi-
ber of absorbing and backscattering atoms in the samsgle, | ation of Zn within the plants was a combination of zinc-

accounts for the inelastic loss procesg) is the energy de- o anic acids in tetrahedral arrangements. In addition, by
p_endence of the photoelectron scattering prqdé%ss the using micro-EXAFS, the authors showed that the coordi-
distance between the backscatter and absod®y andk nation was the same as in the bulk samples. Using X-ray
is the space term for calculating inkaspace or wavevector  ironrobe, it was also determined that Zn was more con-
space & ). Furthermore, the amplitude of the EXAFS IS conirated on the trichomes, with a tetrahedral coordination to

directly related to the number of backscattering atqms in the oxygen and carbon atoms present in the second shell of the
sample. Although EXAFS has been reported to give excel- complex.

Ientmtgratomlc_dlstances,the coordinationnumbersobtained |, nsel et al[114] used a combination of X-ray micro-
from this technique usually have an errorde20%. EXAFS
contains a large amount of information that can be extracted
from spectra that has been explained elsewfi8-111]

probe and XAS to determine the spatial and temporal rela-

tionship between iron (Fe) and arsenic (As) species on roots

of the aquatic plant®halaris arundinaceand Typha latifo-

lia. By using the microprobe to map specific areas of the

3.7. X-ray microprobe and micro-XAS plant root, the investigation showed that As on the root sur-

faces consisted of approximately 82% arsenate and 18% of an

X-ray microprobe has been applied to map numerous typesiron-hydroxo-arsenic(lll) complex, in small patches. How-

of geological samples with a resolution better thanut ever, the complex iron-oxide/hydroxide was also present as

however, more recently, the X-ray-microprobe has been ap-a continuous layer over the root surface.

plied to investigate the uptake of toxic elements by plants.

Pickering et al[100] have used the X-ray microprobe and 3.8. Bulk XAS investigation in phytoremediation systems

micro-XAS techniques to investigate the uptake of Séby

bisulcatus In this study, maps of the Se distribution within Using bulk XAS, Gardea-Torresdey et §5,96] have

the roots, shoots, and leaves, were produced based on corninvestigated the uptake of gold (Au) and silver (Ag) by alfalfa

centration. With the combination of these two techniques, the plants. In the Au studies, it was found that tetrachloroaurate

authors were able to determine the oxidation state of Se in dif- was reduced to Au(0) and nanopatrticles were formed within

ferent parts of the plant. More importantly, this study showed the living plants. In another study using inactivated alfalfa

the in plant reduction of selenate to organic forms of Se. In biomass, these researchers were able to calculate the average



1804 J.L. Gardea-Torresdey et al. / Coordination Chemistry Reviews 249 (2005) 1797-1810

size of the Au nanopatrticles using EQ). compounds contained three arsenico—sulfur bonds at an inter-
3 1 atomic distance of approximately 223 indicating that the
Fr = R3(Nratio — 1) + Zdrz - Ed:* 2 compound had a trigonal bipyramidal geometry. In addition,

the XANES analysis indicated that the As(V) was approxi-
This equation was developed by Borrowoski to determine mately 98% reduced in the roots, shoots, and leaves.
the average size of Cu nanopatrticles and has been foundto be Chromium is another element of phytoremediation inter-
applicable to all face centered cubic (FCC) mefaR9]. The est that has been studied using XAS. The major findings in Cr
results of the studies of Au uptake by alfalfa plants showed phytoremediation is the bioreduction from Cr(VI) to Cr(lll)
that the average coordination numbers below the coordina-within the plant§36,106,107]A study performed by Aldrich
tion of bulk Au indicated the presence of Au(0) nanopatrticles. et al. [36] showed that mesquite plants were able to grow
In addition, by using high resolution transmission electron in hydroponics media and agar media containing 80 ppm of
microscopy (HRTEM), it was found that the most common Cr(VI). The study also showed that the agar based growth
Au nanoparticles formed were icoshedral. However, all the media reduced the Cr(VI) by approximately 50%. However,
low energy configurations of Au nanopatrticles were found only Cr(lll) was found to be present in the roots, shoots, and
within the plants. In the studies of Ag uptake by alfalfa, leaves of the plants. In the hydroponics studies with 80 ppm
Gardea-Torresdey et 485] confirmed the formation of Ag  of Cr(VI), it was determined that, in roots and shoots, about
nanoparticles within the living plants. Using bulk XAS and a 1-6% of the Cr still remained as Cr(VI). The rest of the
Eq.(2), it was found that the average size of the Ag nanopar- chromium was found to be a combination of inorganic forms
ticles was of 9. In addition, it was demonstrated that the of Cr(lll) and organic acid-ligated forms of Cr(lll). In this
Ag nanoparticles were trapped in specific areas within the study, the EXAFS data indicated that the average coordina-
plant. These studies have large implications to the phytomin- tion number for the Cr in the plants was approximately 6,
ing of precious metals from low concentrations in soils or indicating that the Cr was present in a Cr(lll)-oxygen octa-
from previously mined areas containing precious metals at hedral complex inside the plants.
trace levels. An investigation about Cr uptake by the wetland plant
Pickering et al[99] investigated the uptake and reduc- crassipeshowed also the bioreduction of Cr(VI) to Cr(lll)
tion of As byB. juncea(Indian mustard) under hydroponics [106]. In this investigation, it appeared that reduction of
growth conditions. These researchers showed that once ALCr(VI) occurred in the fine lateral roots of the plants. Only
(Ilor V) is absorbed, it is converted and stored as an As(lll)- the presence of Cr(lll) was detected within the plants roots,
tris-thiolate complex. They concluded that the coordinating shoots, and leaves. In addition, the average coordination num-
ligand was either a glutathione or a phytochelatin. From this ber of Cr(lll) within the plants was of six presenting only the
study, itwas also observed that the addition of dimercaptosuc-Cr—O binding type. It was also observed that Cr(lIl) translo-
cinate to the growth media resulted in a five-fold increase in cated within the plants was bound to organic acid ligands, yet
the arsenic uptake. The fitting of the EXAFS spectra obtained in the roots it appeared that the Cr was as hydrated Cr(lll)
from each of the samples showed that the As was coordinatedons.
to only three sulfur ligands within the plant. The presence of  In another study, Zayed et 41.07] demonstrated the ac-
the three sulfur ligands indicates that the complexes are in acumulation and translocation of Cr within vegetable crops.
trigonal bypramidal geometry. They investigated different plant species and in all of them the
A different study carried out by Webb et §.04] investi- bioreduction of Cr(VI) to Cr(lll) was observed. More specif-
gated the As uptake tteris vittataL. an As hyperaccumu- ically, all the plants were able to bioreduce or bioconvert the
lating fern under soil growth conditions. In this study, it was toxic CrOs2~ to non-toxic Cr(Ill) species. These researchers
shown that the As absorbed by the ferns, remained in the re-also found no reduction of the Cr(VI) in the hydroponics me-
duced oxidation state and was coordinated to oxygen ligandsdia, thus suggesting that all the Cr(VI) reduction occurred
predominately, with minimal binding to sulfur moieties. In  within the plants.
another study regarding As accumulationfyittatagrown The phytoremediation of Cd has been studied using XAS
in hydroponics media contaminated with As(V), Lombi et to determine the uptake complexes, the production of phy-
al. [105] obtained similar results to those obtained by Web tochelatins, and the speciation of Cd within pldts58,78]
et al.[104]. The XANES analysis showed that the arsenic in Pickering et al[58] have investigated the phytochelatin sys-
the plants was present as 75% As(l1l) coordinated to oxygentems and the associated model compounds using XAS. This
ligands and 25% of the As was still present as As(V). In this study showed the absence of €2t bonds and the pres-
study, no EXAFS were presented and thus, no comment onence only of CdS bonds of 2.54, which were found not
the coordinating ligands can be made. to be indicative of a Cd-thiolate complex. The work also
Aldrich [118] studied the uptake and reduction of As(V) showed that the complexes had coordination numbers around
by mesquite. In this investigation, the author determined that 4 with a tetrahedral coordination. They also investigated this
As(V) was absorbed by mesquite and reduced to As(lll). system using the sulfur K-edge which showed a low en-
Moreover, the presence of arsenic—sulfur compounds was re-ergy feature that was consistent with sulfur bound into a
ported. The EXAFS results showed that the As(lll) sulfur cluster.
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Another study by de la Rosa et #.8] investigated the  cumulating and non-hyperaccumulatimplaspispecies us-
uptake and translocation of Cd 8 kali In this investiga- ing XAS. Through this technique, the authors were able to
tion, XAS spectra of whole plant parts (roots, stems, and identify the functional groups to which Ni was coordinated
leaves) were obtained. It was found that Cd within the plants to within the Thlaspispecies. The study indicated that the
remained in the (ll) oxidation state. In addition, the EXAFS majority of the Ni within the leaves was coordinated to the
data showed that Cd was bound to O, S, and Cd. The re-cell walls and the remainder of the Ni was associated with
searchers concluded that $ kali the Cd transport from  citrate and histidine complexes.
roots to the aerial part might be occurring through the com-  Bracey et al[110] studied the coordination of Zn bind-
plexation with small organic acids. Moreover, the presence ing by spinach carbonic anhydrase. The results of this study
of coordination of CdS in stems and leaves of the plant indicated that the Zn was bound into a Cys—His—Cys2H
suggested the formation of Cd-phytochelatin complexes.  complex. They developed five different models to fit the EX-

Salt et al[31] studied the uptake of cadmium Byjuncea AFS data, which included coordination of the Zn directly to
using XAS. These researchers found that the percentage oft S atoms3 S atoms and one O/N ate&hS atoms and 2 O/N
Cdbound to phytochelatins was dependent on time. After 6 h, atoms 1 S atom and 3 O/N atoms, 4 O/N atoms, and 2 S atoms
34% of the Cd was found as €8 and a 60% after 72h. In  and 3 O/N atoms. The best fits of the EXAFS suggested that
addition, it was found that the Cd inside the plant appeared the Zn was coordinated to the 2 S atoms and the 2 O/N atoms
to be in an octahedral geometry containing oxygen ligands. within the complex, indicating a tetrahedral complex formed
In another investigation using XAS, Salt et @l15] studied between the Zn and the carbonic anhydrase.
the uptake of Cd, its mobility, and accumulation in Indian Salt et al.[101] have used XAS to investigate the lig-
mustard, as well as the types of Cd-complexes formed within ands involved in coordinating Zn in the hyperaccumuldtor
the plant. The EXAFS of the samples showed that, when an-caerulescendn this study, Zn was found to be coordinated
alyzing the whole root tissue, Cd was found to be bound into predominately to histidine within the roots of the plant. How-

a phytochelatin complex containing four S ligands. However, ever, in the plants xylem sap Zn was found predominately
in the xylem sap the Cd was found to be coordinated to 6 O/N as free hydrated ions with small amounts of the Zn coordi-

ligands. nated to organic acids. Finally, in the stems of the plants, Zn
The uptake and bio-transformation of Culbytridentata was found to be mainly bound to organic acids with small
(creosote bush) has also been studied using PA3]. In this portions of free hydrated Zn and some bound to histidine.

study, the authors showed that Cu was absorbed and transThe EXAFS of the whole root material showed that the first
ported through the plant as Cu(ll). However, in the leaves shell coordination consisted of 6 O/N ligands. The sap of the
Cuwas presentin the (I) and (1) oxidation states. According plants showed a coordination of approximately 6 O ligands at
to the results, the authors suggested that Cu was complexeéround 2.08\. Also, Zn in leaf tissues showed a coordination
to a phytochelatin. The EXAFS of the study showed that in of approximatef 6 O atoms at 2.08. These EXAFS results

roots, Cu was cooordinated 2 O (at 1.883\), 2 S (at 2.247\), indicate that the Zn was present in octahedral arrangements
and 3 Cu (at 3.7A) atoms. In the stems, Cuwas found to be within the plants after uptake.
coordinated to 2 O (at 1.99), 2 S (at 2.267), and 1/2 of a With the aid of XAS, Kelly et al]109] have studied the

Cu (at 2.71&) atoms. In the leaves of the plants, the coordi- nature of Zn complex accumulated Batura innoxia The
nation numbers were different being of 1S and 5 Cu (1  results showed that Zn iB. innoxiawas found to be co-
Cu atom at 2.78 and 4 Cu atoms at 3.7,52) atoms. The au-  ordinated to free histidine residuals. The unfiltered EXAFS
thors suggested that Cu was bound into a multi-center-coppershowed within the plasta 4 or 5coordinate system for Zn
complex within the shoots of the plants. with N/O ligands at 2.0 and 18 on average. The multiple
XAS has also been used to study nickel phytoremedia- scattering in the EXAFS showed very similar peaks to that of
tion and its localization and speciation wittiihlaspispecies a Zn-histidine model compound. The results suggested that
[102,103] In an investigation by Persans et[402], the role either a new Zn-binding protein was being produced within
of histidine in Ni uptake byTl. geosingensea Ni hyperac- the plant or a Zn metalloenzyme was over expressed within
cumulator, andr. arvensea Ni non-hyperaccumulator, was the cells of the plants.
studied. The XAS study on these plants showed that there In another study by Sarett et §112], the forms of Zn
were no major differences between the Ni coordination by and Pb accumulated ghaseolus vulgarign the presence
histidine in the tissues. They concluded that the Ni hyper- and absence of EDTA were investigated using XAS. In this
accumulating phenotype did not show an over production research, it was found that Zn was predominately present
of histidine in response to Ni exposure. However, the au- as zinc-phosphate dehydrate regardless of the form of Zn
thors observed that the histidine concentration in the xylem supplied in the growing media. In addition, the results of the
and the shoot remained unchanged in the hyperaccumulatoEXAFS showed that the plants grown in a Zn-EDTA solution
plant after Ni exposure. In addition, histidine concentrations had coordination of 4 O ligands at approximately,&.m
in roots dropped to the levels observed in non-exposed non-both the root and leaves with a second coordination shell of
hyperaccumulating species. Kramer e{a03] have studied P at3.1and 3.8. Very similar results were obtained for the
the subcellular localization and speciation of Ni in hyperac- plants grown using a Zn-sulfate solution. The results from the
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Pb EXAFS showed that, in the leaves of the plants grown in supplied. In addition, it was found that plants supplied with
a Pb nitrate solution, Pb was mainly found as Pb carbonate.selenomethionine absorbed higher concentrations of Se than
However, the leaves of the plants grown in the Pb-EDTA plants supplied with the inorganic Se forms. XAS studies re-
solution contained a mixture of a Pb-EDTA complex and an vealed that, when Se was supplied in the form of selenate
unknown and undetermined Pb complex. and selenomethionine, this Se species remained unchanged.
Sharma et al[130] have investigated the Pb uptake by However, when the poplar was supplied with selenite, a
Sesbania drummondising XAS. In this plant species, itwas species similar to selenomethionine was detected in plant
determined that only PHD complexes were formed within  tissues. On the other hand, Ellis et[dl16] used XAS to in-
the roots and leaves of this plant. It was also reported that in vestigate the production of selenium-methylselenocysteinein
roots, Pb showed a coordination of approximately 10 atoms, transgenic plants. The authors over expressedtibésulca-
8 of which were O atoms and 2 of which were C atoms. tusselenocysteine methyltransferase and transferred it to the
Moreover, it was shown that Pb could be bound in a form non-Se-accumulating. thaliana It was found that after this
very similar to that of Pb acetate. It was also reported that in treatment, the non-accumulating plants were able to uptake
the leaves, the Pb coordination number was of 6, where 2 ofand tolerate different concentrations of Se. The results also
the coordinating atoms were S with interatomic distances of showed that, in plant shoots of the non-accumulating plants,
2.85A. In addition, a LC-XANES fitting was performed on Se was present as Se-methylselenocysteine and gamma-
the samples showing that the composition of the Pb within glutamylmethylselenocysteine. The XAS results also showed
the plants was extremely varied. Features from Pb(ll) acetate,that about 70% of the Se absorbed remained as the selenate
Pb(ll) sulfide, Pb metal and Ph(ll) nitrate were included. It form, in both the controls and the genetically modified plants.
was observed that the plants transformed the Pb(ll) nitrate The results of the Se composition confirmed that the reduc-
into a Pb(Il)-organic acid complex. tion of selenate to selenite is the rate-limiting step in the
XAS was also used to study the mineralogy of the pres- incorporation of Se into selenium-cysteine complexes.
ence of Pb-phosphate grains in the root#gfostis capil-
laris L. used for Pb phytoremediatidi31]. The XANES 3.9. Commercial application of phytoremediation
data showed that the Pb on the roots of the plants exhibited
a spectrum very similar to that of Pb-hydroxyapatite and a  Although information generated from laboratory and
polymorphite structure. The EXAFS showed the polymor- greenhouse investigations illustrate the benefits of phytore-
phite oxygen shells at 2.30, 2.51, 2.71, and Apand the mediation, commercial applications of this technique are rel-
inclusion of a chlorine shell at 3.05were requiredto obtain  atively few. According to Van der Leligt3], “phytoremedi-
a reasonable fit. These researcHé®l] concluded that the  ation will only be accepted if its success is demonstrated”.
precipitation of the mineralized Pb on the roots might be a So far, phytoremediation has demonstrated its assets in many
defensive mechanism of the plants to tolerate high levels of pilot projects developed throughout Europe and the United
Pb or it might be a passive interaction of P with heavy metals StatesTable 5shows some locations where plants have suc-
within the plants. cessfully been utilized to restore heavy metal contaminated
Mercury is another element of phytoremediation interest sites. As seen in this table Cd, Cu, Ni, Pb, and Zn, are the
studied using XAS. Although there have been many studies most common metals extracted using plants. Species from
on Hg phytoremediation, the studies involving XAS are lim- the genudBrassicaseem to be the most effective in cleaning
ited. In one study, XAS was used to investigate the accumula- Pb polluted sites, whereas most of the species tested show
tion of Hg by water hyacinth€H. crassipey[87]. This study capability for Cd and Zn removal. Though the aim of most
showed that the Hg within the plant was initially ionically co-  of the pilot projects is phytoextraction, in some cases such
ordinated to O ligands within the roots and it was concluded as in Lommel, Belgium and the United Kingdom, the pur-
that the coordinating ligands were more likely organic acid pose was phytostabilizati¢43]. In addition, plants have also
ligands. In this case, the authors only used XANES analysis demonstrated their potential use as vegetative cover for water
to determine the coordination environment of the Hg within pollution preventiorj20].
the plants. They reported that Hg was only coordinatedto S  Based on these pilot project results, commercial applica-
ligands and no presence of HQ bonds was detected. tions of phytoremediation are growing. According to Glass
The uptake, coordination, reduction, and volatilization [18], the United States market for metal phytoremediation in
mechanisms of Se in plants have also been studied using XASsoil in 1997 was probably $1-2 million, ranged $15-25 mil-
[100,113,116]Although Se is not a heavy metal, itis a toxic lion by 2000, and will be $70-100 million by 20Q83]. How-
non-metal of environmental interest. As mentioned earlier, ever, the market for phytoremediation of industrial wastewa-
Pickering et al[100] have studied the Se uptake and transfor- ters is relatively low. It has been estimated that in 1997, this
mation using XAS and microprobe techniques. Pilon-Smits market was practically zero, and Gl4$8] estimated that by
et al.[113] studied the uptake and volatilization of Se using 2005, the demand would not be greater than $2 million. Evi-
the poplar hybridPopulus tremulaln this study, Se was sup-  dently, phytoremediation is advancing, but according to Glass
plied as selenate, selenite, and selenomethionine. They found18], phytoremediation will be definitely accepted through
that Se volatilization rate was dependent on the form of Se social processes and sufficientinformation about specific set-
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Table 5
Examples of American and European heavy metal sites with phytoremediation field projects
Location Plants Contaminants Application
Trenton, NJ132] Brassica juncea Pb Phytoextraction

Anderson, SG132]
(hybrid poplar) grasses

Populus deltoids P. balsamifera

Several heavy metals

Phytostabilization

Beaverton, OR Landfield reclama- Populusspp. (cottonwood) Unspecified Vegetative cover/water
tion [20] pollution prevention
Katowice, Poland133] 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 Republigt3] H. annus C. sativa Z. mays C. Zn
hallery
Dornach, Switzerlan{#3] Improved Nicotiana spp. plants Cu, Cd, Zn
(tobacco)
Lommel, Belgium[43] Grasses Zn, Cd, Pb, Cu Phytostabilization
Balen, Belgiun43] Brassica napus Zn, Cd, Pb Phytoextraction

tings for specific contaminants. However, Gardea-Torresdey mediation systems for understanding the complex process but
[135] states, “phytoremediation will allow science to con- also gives investigators a means to fine tune these systems.
tribute towards a giant step in the treatment of this country’s

hazardous waste sites”.

Acknowledgements
4. Conclusions The authors would like to acknowledge the National In-
stitutes of Health (grant S06 GM8012-33) and the University
The use of plants in metal extraction (phytoremediation) of Texas at El Paso’s Center for Environmental Resource
has appeared as a promising alternative for heavy metal req\janagement (CERM) through funding from the Office of
moval from soil and water via extraction, containment and Exploratory Research of the U.S. Environmental Protection
immobilization, and volatilization. Plants suchiasrassipes Agency (cooperative agreement CR-819849-01). We also
andA. filiculoidesLam. have demonstrated high capability thank the financial support from the Southwest Center for
to absorb Cd, Cu, Ni, and Zn from water ponds, whereas sev-Environmental Research and Policy (SCERP) program, and
eral species ofhlaspi S. vulgaris Prosopisspp.,S. kali B. the HBCU/MI, Environmental Technology Consortium that
JunceaB. napusSalixspp., andPopulusspp. have provento s funded by the Department of Energy. Dr. Gardea-Torresdey
be efficient absorbing these metals from polluted soils. More acknowledges the funding from the National Institute of En-
recently, plants have shown that they also can be used as aRjronmental Health Sciences (Grant RO1ES11367-01) and
environmentally friendly alternative for extracting precious the Dudley family for the Endowed Research Professorship.
metals. Although the information generated from laboratory Guadalupe de la Rosa also acknowledges the Consejo Na-

and greenhouse investigations, as well as from many pilot cional de Ciencia y Tecnologia of Mexico (CONACyT) for
projects developed throughout Europe and the United Statess financial support (Grant 131996).

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 References
be of $70-100 million, while for wastewater metal removal
!t W'" be ‘?f up to _$2 _m”“on' The use of phytoremedlat|on [1] B.J. Alloway (Ed.), Heavy Metals in Soils, second ed., Blackie
is increasing, but it will be definitely accepted through social Academic & Professional, London, 1995.
processes and sufficient information about specific settings [2] R.D. Reeves, A.J.M. Baker, in: I. Raskin, B.D. Ensley (Eds.), Phy-
for specific contaminants. However, phytoremediation will toremediation of Toxic Metals: Using Plants to Clean Up the En-
allow science to contribute towards a giant step in the treat- vironment, John Wiley and Sons Inc., New York, 2000, p. 193.
. , . [3] L.Charlet, s/f. Mercury pollution in the Amazon, and the iron cycle.

ment of this Count_ry s hazardous waste sites. Lo http://www.geo.uu.nl/Research/Geochemistry/abstracts/Charlet.html

Perhaps more important, the results of phytoremediation University of Grenoble-I, GIT, BP 53, F-38041 Grenoble Cedex
XAS investigations have produced a better understanding of 9, France.
the types of complexes that are created when toxic elements [4] |. Drabaek, in: M. Stoeppler (Ed.), Hazardous Metals in the Envi-
are absorbed by plants. In addition, a better understanding of ;‘;’;’;‘e”t* ZEE';eVier Science Publisher, Amsterdam, The Netherlands,
the phytochelation system and its coordination complexes (5] M.J. I'3|21.ylock., JW. Huang, in: 1. Raskin, BD. Ensley (Eds.), Phy-
had been developed through XAS. Also, XAS allows the

; i ] D toremediation of Toxic Metals: Using Plants to Clean Up the En-
study of the coordination chemistry of metals within phytore- vironment, John Wiley and Sons Inc., New York, 2000, p. 53.


http://www.geo.uu.nl/research/geochemistry/abstracts/charlet.html

1808

[6] J. Sienkiewicz, Sci. Total Environ. 55 (1986) 339.

[7] HW. Woolhouse, in: O.L. Lange, P.S. Novel, C.B. Osmond,
H. Ziegler (Eds.), Encyclopedia of Plant Physiology, vol. 12C,
Springer Verlag, New York, 1981, p. 246.

[8] M. Sager, in: M. Stoeppler (Ed.), Hazardous Metals in the Envi-
ronment, Elsevier Science Publisher, Amsterdam, The Netherlands,
1992, p. 133.

[9] L. Taiz, E. Zeiger, Plant Physiology, second ed., Sinauer Associates
Inc., Publishers, Sunderland, Massachusetts, USA, 1998.

[10] B.D. Ensley, in: I. Raskin, BD. Ensley (Eds.), Phytoremediation
of Toxic Metals: Using Plants to Clean Up the Environment, John
Wiley and Sons Inc., New York, 2000, p. 3.

[11] C.N. Mulligan, R.N. Yong, B.F. Gibbs, Eng. Geol. 60 (2001) 193.

[12] A.A. Olajire, E.T. Ayodele, G.O. Oyedirdan, E.A. Oluyemi, Envi-
ron. Monit. Assess. 85 (2003) 135.

[13] L. Friberg, G.F. Nordberg, V.B. Vouk, Handbook on the Toxicology
of Metals, Elsevier, North-Holland Biomedical Press, Amsterdam,
1979.

[14] W. Kordel, M. Dassenakis, J. Lintelmann, S. Padberg, Pure Appl.
Chem. 69 (1997) 1571.

[15] G. De la Rosa, J.L. Gardea-Torresdey, J.R. Peralta-Videa, |. Her-
rera, C. Contreras, Bioresour. Technol. 90 (2003) 11.

[16] G. De la Rosa, J.R. Peralta-Videa, J.L. Gardea-Torresdey, J. Hazard.

Mater. B97 (2003) 207.

[17] S. Shrivastava, K.S. Rao, Bull. Environ. Contam. Toxicol. 59 (1997)
777.

[18] D.J. Glass, in: I. Raskin, B.D. Ensley (Eds.), Phytoremediation of
Toxic Metals: Using Plants to Clean Up the Environment, John
Wiley and Sons, New York, 2000, p. 15.

[19] R.L. Chaney, M. Malik, Y.M. Li, S.L. Brown, E.P. Brewer, J.S.
Angle, A.J.M. Baker, Curr. Opin. Biotechnol. 8 (1997) 279.

[20] US Environmental Protection agency (EPA), Introduction to Phy-
toremediation, EPA/600/R-99/107, National Risk Management Re-
search Laboratory, Office of Research and Development, Cincin-
nati, OH, 2000, 45268 (Electronic document).

[21] V. Dushenkov, P.B.A. Nanda Kumar, H. Motto, I. Raskin, Environ.
Sci. Technol. 29 (1995) 1239.

[22] G.S. Bdiuelos, in: N. Terry, G. Bauelos (Eds.), Phytoremediation
of Contaminated Soil and Water, Lewis Publishers, CRC Press,
Boca Raton, FL, 2000, p. 41.

[23] A. Zayed, E. Pilon-Smith, M. deSouza, Z.-Q. Lin, N. Terry, in: N.
Terry, G. Bdiuelos (Eds.), Phytoremediation of Contaminated Soil
and Water, Lewis Publishers, CRC Press, Boca Raton, FL, 2000,
p. 61.

[24] I. Raskin, R.D. Smith, D.E. Salt, Curr. Opin. Biotechnol. 8 (1997)
221.

[25] M. Sela, J. Garty, E. Tel-Or, New Phytol. 112 (1989) 7.

[26] H.K. Stratford, W.T. Haller, L.A. Garrard, Aquat. Toxicol. 5 (1984)
117.

[27] M. Sela, E. Fritz, A. Hutterman, E. Tel-Or, Physiol. Plant 79 (1990)
547.

[28] P. Vajpayee, S.C. Sharma, R.D. Tripathi, U.N. Rai, M. Yunus,
Chemosphere 39 (1999) 2159.

[29] P. Vajpayee, R.D. Tripathi, U.N. Rai, M.B. Ali, S.N. Singh, Chemo-
sphere 41 (2000) 1075.

[30] S. Dushenkov, Y. Kapulnik, in: I. Raskin, BD. Ensley (Eds.), Phy-
toremediation of Toxic Metals: Using Plants to Clean Up the En-
vironment, John Wiley and Sons Inc., New York, 2000, p. 89.

[31] D.E. Salt, I.J. Pickering, R.C. Prince, D. Gleba, S. Dushenkov, R.D.
Smith, I. Raskin, Environ. Sci. Technol. 31 (1997) 1636.

[32] A.J. Horne, in: N. Terry, G. Bauelos (Eds.), Phytoremediation of
Contaminated Soil and Water, Lewis Publishers, CRC Press, Boca
Raton, FL, 2000, p. 13.

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

[34] N.R. Axtell, P.K. Sternberg, K. Claussen, Bioresour. Technol. 89
(2003) 41.

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

[35] Q. Wan, Y. Cui, Y. Dong, Acta Biotechnol. 22 (2002) 199.

[36] M.V. Aldrich, J.L. Gardea-Torresdey, J.R. Peralta-Videa, J.G. Par-
sons, Environ. Sci. Technol. 37 (2003) 1859.

[37] L.A. Smith, J.M. Houthoofd, in: R.E. Hinchee, J.L. Means, D.R.
Burris (Eds.), Bioremediation of Inorganics, Battelle Press, Colum-
bus, OH, 1995, p. 149.

[38] A. Barona, I. Aranguiz, A. Elias, Environ. Pollut. 113 (2001) 79.

[39] B.J.W. Tuin, M. Tels, Environ. Technol. 11 (1990) 1039.

[40] P. Rdmkens, L. Bouwman, J. Japenga, C. Draaisma, Environ. Pol-
lut. 116 (2002) 109.

[41] A.P. Davis, I. Singh, J. Environ. Eng. 121 (1995) 174.

[42] US Environmental Protection agency (EPA), Phytoremediation
of TCE in Groundwater using Populus, Report prepared by
Jonathan Chappell, Technology Innovation Office, 401 M Street,
SW (5102G) Washington, DC, 1998, 20460 (Electronic document).

[43] D. Van der Lelie, J.P. Schwitzguebel, D. Glass, J. Vangrnsveld, A.
Baker, Environ. Sci. Technol. 35 (2001) 446A.

[44] D.C. Sharma, C.P. Sharma, R.D. Tripathi, Chemosphere 51 (2003)
63.

[45] B.K. Parida, I.M. Chhibba, V.K. Nayyar, Sci. Hort. 98 (2003) 113.

[46] S. Kratovalieva, L. Cvetanovska, Maked. Zem. Rev. 48 (1-2)
(2001) 35-41.

[47] R.P. Singh, R.D. Tripathi, S. Dabas, S.M.H. Rizvi, M.B. Ali, S.K.
Sinha, D.K. Gupta, S. Mishra, U.N. Rai, Chemosphere 52 (2003)
1245.

[48] J.L. Uveges, A.L. Corbett, T.K. Mal, Environ. Pollut. 120 (2002)
319.

[49] J.R. Peralta, J.L. Gardea-Torresdey, K.J. Tiemann, E. Gomez, S.
Arteaga, E. Rascon, J.G. Parsons, Bull. Environ. Contam. Toxicol.
66 (2001) 727.

[50] S. Verma, R.S. Dubey, Plant Sci. 164 (2003) 645.

[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. Wojcieska,
D. Wolinska, Z. Pflanzenphysiol. 108 (1982) 385.

[54] J.A.C. Verkleij, N.A.L.M. Van Hoof, A.N. Chardonnens, P.L.M.
Koevoets, H. Hakvoort, W.M. ten Bookum, H. Schat, W.H.O. Ernst,
Dev. Plant Soil Sci. 92 (2001) 446-447 (Plant Nutr.).

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

[56] M. Koch, K. Mummenhoff, H. Hurka, Biochem. Syst. Ecol. 26
(1998) 823.

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

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

[59] O. OQuariti, N. Boussama, M. Zarrouk, A. Cherif, M.H. Ghorbal,
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. Swartz,
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. Shrivastrav,
S. Dass, S. Prakash, Agric. Ecosyst. Environ. 62 (1997) 53.

[64] N. Babalakova, D. Traykova, Bulg. J. Plant Physiol. 27 (2001) 93.

[65] M.F. Yanofsky, Seed plants exhibiting early reproductive devel-
opment based on genetic engineering of floral meristem identity
genes, PCT Int. Appl., 1997, WO 97-US968219970604.

[66] K. Ogawa, S. Kanematsu, K. Asada, in: Photosynthesis: From
Light to Biosphere, Proceedings of the International Photosynthesis
Congress, vol. 4, 10th, Montpellier, France, 20-25 August 1995,
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 215
(2002) 1047.



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

[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. Bdiuelos (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 cadmiumHzay
lianthus annuusin: 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.

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

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

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

[89] M. Melendo, E. Benitez, R. Nogales, Fresenius Environ. Bull. 11
(12b) (2002) 1105.

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

[91] X. Yang, X. Long, W. Ni, C. Fu, Chin. Sci. Bull. 47 (2002)
1634.

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

[93] C.A. Girling, P.J. Peterson, Trace Subst. Environ. Health 12 (1978)
105.

[94] E.A. Gomez, The nanoparticle formation and uptake of precious
metals by alfalfa plants, MS thesis, Department of Chemistry, Uni-
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. Parsons,

H. Troiani, M. Jose-Yacaman, Langmuir 19 (2003) 1357.

[96] J.L. Gardea-Torresdey, J.G. Parsons, E. Gomez, J.R. Peralta-Videa,

H.E. Troiani, P. Santiago, M. Jose-Yacaman, Nano Lett. 2 (2002)
397.
[97] C.W.N. Anderson, R.B. Stewart, C.T.J. Wreesmann, G.L. Smith,

1809

[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, 1.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, 1.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.

[115] D.E. Salt, R.C. Prince, |.J. Pickering, I. Raskin, Plant Physiol. 109
(1995) 1427.

[116] D.R. Ellis, T.G. Sors, D.G. Brunk, C. Albrecht, C. Orser, B. Lahner,
K.V. Wood, H.H. Harris, 1.J. Pickering, D.E. Salt, BMC Plant Biol.
4 (2004).

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

[118] M.V. Aldrich, Toxicity and accumulation of chromium, lead, cop-
per, and arsenic in Mesquitérosopisspp.), Ph.D. Dissertation,
Environmental Science and Engineering PhD Program, University
of Texas at El Paso, 2004, 114 pp.

[119] D.C. Koningsberger, R. Prins (Eds.) Chemical Analysis, vol. 91:
X-ray Absorption: Principles, Applications, Techniques of EXAFS
SEXAFS, and XANES, John Wiley and Sons, 1988, 673 pp.

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

[121] J.E. Penner-Hahn, Compr. Coord. Chem. Il 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) 656.

[124] J.W. Sobczak, E. Sobczak, A. Drelinkiewicz, M. Hasik, E. Wenda,
J. Alloy Compd. 362 (2004) 162.

[125] T.E. Alcacio, D. Hesterberg, J.W. Chou, J.D. Martin, S. Beau-
chemin, D.E. Sayers, Geochim. Cosmochim. Acta 65 (2001)
1355.

[126] P. Frank, R.M. Carlson, E.J. Carlson, K. O. J. Inorg. Biochem. 94
(2003) 59.

J.L. Gardea-Torresdey, B.H. Robinson, J.A. Meech, Proceedings of [127] R.P.W.J. Struis, C. Ludwig, H. Lutz, A.M. Scheidegger, Environ.

the Gold 2003 Conference on Gold phytomining: New Industrial
Applications of Gold, The World Gold Council and the Canadian
Institute of Mining, Metalurgy and Petroleum, Vancouver, Canada,
2003, p. 35.

[98] I.J. Pickering, C. Wright, B. Bubner, D. Ellis, M.W. Persans, E.Y.
Yu, G.N. George, R.C. Prince, D.E. Salt, Plant Physiol. 131 (2003)
1460.

[99] 1.J. Pickering, R.C. Prince, M.J. George, R.D. Smith, G.N. George,
D.E. Salt, Plant Physiol. 122 (2000) 1171.

Sci. Technol. 38 (2004) 3760.

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

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

[130] N.C. Sharma, J.L. Gardea-Torresdey, J.G. Parsons, S.V. Sahi, En-
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. Poland, 1997, 4 pphttp://www.ics.trieste.it/documents/chemistry/
Mag. 63 (1999) 777. remediation/publications/Soil1997/.%5CMartaeg.pdf

[132] US Environmental Protection agency (EPA), A citizen’s guide to [134] C. Keller, D. Hammer, D. Genske, Phytoremediation of heavy metal
phytoremediation, Technology Innovation Office, 401 M Street, SW contaminated soils with hyperaccumulation plants and high biomass

(5102G) Washington, DC 20460, EPA 542-F-98-011, 1998b (Elec- species. Swiss Federal Institute of Technology, The first meeting
tronic document). of Working Group 2, EPFL, Lausanne, CH, 18-19 February 1999.
[133] M. Gorska, Phytoremediation in Polland, Department of Land http://Ibewww.epfl.ch/cost837/WGgrogress.html#Lausanne

Management, Institute for Ecology of Industrial Areas, Katowice, [135] J.L. Gardea-Torresdey, Environ. Prog. 22 (2003) 2.


http://www.ics.trieste.it/documents/chemistry/remediation/publications/soil1997/.%5c19_martaeg.pdf
http://www.ics.trieste.it/documents/chemistry/remediation/publications/soil1997/.%5c19_martaeg.pdf
http://lbewww.epfl.ch/cost837/wg2_progress.html

	Phytoremediation of heavy metals and study of the metal coordination by X-ray absorption spectroscopy
	Introduction
	Phytoremediation of heavy metal polluted water
	Phytoremediation of heavy metal polluted soil
	Heavy metal toxicity to plants
	Heavy metal hyperaccumulator plant species
	Possible use of plants for phytomining
	Applications of XAS to phytoremediation
	XANES spectroscopy
	EXAFS spectroscopy
	X-ray microprobe and micro-XAS
	Bulk XAS investigation in phytoremediation systems
	Commercial application of phytoremediation

	Conclusions
	Acknowledgements
	References


