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Reduction of heavy metals in situ by plants may be a
useful detoxification mechanism for phytoremediation.
Using X-ray spectroscopy, we show that Eichhornia crassipes
(water hyacinth), supplied with Cr(VI) in nutrient culture,
accumulated nontoxic Cr(III) in root and shoot tissues. The
reduction of Cr(VI) to Cr(III) appeared to occur in the
fine lateral roots. The Cr(III) was subsequently translocated
to leaf tissues. Extended X-ray absorption fine structure
of Cr in leaf and petiole differed when compared to Cr in
roots. In roots, Cr(III) was hydrated by water, but in
petiole and more so in leaf, a portion of the Cr(III) may be
bound to oxalate ligands. This suggests that E. crassipes
detoxified Cr(VI) upon root uptake and transported a portion
of the detoxified Cr to leaf tissues. Cr-rich crystalline
structures were observed on the leaf surface. The chemical
species of Cr in other plants, collected from wetlands
that contained Cr(VI)-contaminated wastewater, was also
found to be Cr(III). We propose that this plant-based
reduction of Cr(VI) by E. crassipes has the potential to be
used for the in situ detoxification of Cr(VI)-contaminated
wastestreams.

Introduction
The novel technology of phytoremediation embraces plant
accumulation processes for the cleanup of toxic heavy metals
and organic chemicals (1, 2). Several plant species have been
identified that are excellent hyperaccumulators of a number
of heavy metals, e.g., Brassica juncea (Indian mustard) (3, 4)
and Thlaspi caerulescens (Alpine pennycress) (5). Other
species including Myriophyllum brasiliense (Parrot’s feather)
(6), Salix sp. (willow), and Populus sp. (poplar) have also
demonstrated phytoremediating abilities (7).

A potentially significant approach to heavy metal reme-
diation is the use of plants that detoxify metals in situ through
plant-based chelation, reduction, and/or oxidation mech-
anisms. For example, Potamogeton pectinatus (Sago pond-
weed) detoxified high concentrations of accumulated man-
ganese when aqueous Mn(II) absorbed by the roots was
oxidized to a nontoxic manganese(III) oxide in leaf tissues

over the growing season (8, 9). It was also demonstrated
that cadmium in the xylem sap of B. juncea was chelated by
oxygen (organic acids) and sulfur ligands (phytochelatins)
in the transport, accumulation, and detoxification of Cd (4).
Recent studies have found that selenium detoxification in a
constructed wetland receiving selenite-contaminated refinery
wastewater may be due in part to wetland plant-based
reduction of toxic selenite to nontoxic dimethylselenide gas
(10).

Chromium has many industrial uses, and its unregulated
application has led to the contamination of soil, sediment,
surface waters, and groundwaters (11). Hexavalent chro-
mium was classified as a primary contaminant because of
its mobility in soil and groundwater and its reported harmful
effects on organisms including humans (12). Within living
cells, Cr(VI) induces cancer and mutation by damaging DNA-
protein cross-links and by causing single-strand breaks (13).
Cr(III), on the other hand, is stable, nontoxic, and listed as
an essential element for the good health and nutrition of
many organisms (14).

Because the reduction of toxic Cr(VI) leads to the
formation of stable, nontoxic Cr(III), it is important to study
how this reduction may be implemented so as to achieve
detoxification and therefore environmental cleanup in situ.
Reduction of Cr(VI) can be accomplished abiotically by
reactions with aqueous ions, by electron transfer at mineral
surfaces, by reduction with humic substances and other
organic molecules, and by lyophilized plant tissue (15, 16).
More importantly, from the point of view of environmental
cleanup, the reduction of Cr(VI) can be mediated biologically
by various enzymes and nonenzymatic agents (17, 25);
enzymes include cytochrome P-450 reductase, NAD(P)H
quinone reductase, glutathione reductase, and aldehyde
oxidase (17-21).

Microbial reduction of Cr(VI) to Cr(III) has been dem-
onstrated (26-28). A NADPH-dependent Cr reductase
capable of Cr(VI) detoxification was purified from the
bacterium Pseudomonas ambigua G-1 (29). Several studies
indicate that plants have the ability to reduce Cr (VI) (30-
34). Some of these studies were conducted using speciation
techniques that required chemical extraction of plant
materials before determination of the Cr species in the plant
tissue; however, such sample preparation procedures may
alter the speciation resulting in artifacts. To eliminate sample
preparation artifacts, we used a synchrotron-based X-ray
absorption spectroscopy technique to speciate Cr in un-
treated live plant tissues of Eichhornia crassipes (water
hyacinth), a wetland plant that is frequently planted into
constructed wetland treatment systems containing heavy
metal-contaminated wastewater. Our objective was to
determine whether E. crassipes and other wetland plant
species can reduce toxic Cr(VI) to nontoxic Cr(III) and
subsequently accumulate detoxified Cr into leaf and root
tissues.

Materials and Methods
Plant Collection, Growth Conditions, and Cr(VI) Treat-
ments. E. crassipes was collected in September 1995 from
the lower San Joaquin River, San Joaquin County, CA. From
this parent population, replicate daughter plants were grown
under greenhouse conditions in quarter-strength Hoagland
nutrient solution. The nutrient solutions were supplied with
10 µg mL-1 Cr(VI) as potassium dichromate (K2Cr2O7) and
buffered to pH 7.3 ( 0.2. In basic solution (pH > 6), the
tetrahedral chromate ion, (CrO4)2- is formed; between pH 2
and pH 6, (HCrO4)- and the dichromate ion (Cr2O7)2- are in
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equilibrium, and under more acidic conditions (pH < 1), the
main Cr species in solution is H2CrO4 (35). Given the Cr
solution equilibria, the Cr species in the Cr(VI)-treated
nutrient solutions in our experiments was the Cr(VI)O4

2- ion.
The Cr(VI) treatments ranged from 4 h to 14 days in separate
experiments over 9 months. In all experiments, E. crassipes
leaves were never in contact with the nutrient culture
solutions to avoid precipitation of Cr on leaf surfaces.

Antimicrobial agents, rifampicin (20 µg mL-1) and am-
photericin B (5 µg mL-1) (Sigma Chemical Company), were
added to experiment nutrient solutions as a pretreatment
for 1 week prior to each Cr(VI) treatment and during the
experiments separately and in combination to determine if
a possible plant/microbe association was responsible for
Cr(VI) reduction. Rifampicin was selected as a treatment
antibiotic because it was found to be highly effective in
controlling Cr(VI)-tolerant bacteria that were isolated from
metal-processing waste evaporation ponds (36). Ampho-
tericin B is a broad-range antimycotic and was used to control
possible yeast and mold populations in nutrient culture
solutions. The antibiotic treatments would inhibit possible
interference caused by the microbial reduction of Cr(VI) in
the nutrient solution or on root surfaces. The control of
microbial populations during the Cr(VI) treatment experi-
ments would lead to the characterization of a plant-based
Cr(VI) reduction capability.

To determine the possible location of Cr(VI) reduction,
living intact E. crassipes plants were supplied with 100 µg
mL-1 Cr(VI) with antibiotic additions and remained in
nutrient culture up to 72 h for in situ X-ray spectroscopy
analyses. X-ray spectra for living plants were collected at
intervals of 4, 24, and 72 h. The beam size used to measure
XAS on living plants had an approximately 1 mm vertical
and 20 mm horizontal size.

To gain insight into the possible reduction of Cr(VI) by
plants other than E. crassipes and to evaluate the potential
field application of this plant-based reduction process, we
collected plant tissues from other wetland plant species:
Typha latifolia (cattail), Scirpus maritimus (saltmarsh bul-
rush), and Polypogon monspeliensis (rabbitfoot grass). Shoots
and roots were collected for analysis with X-ray spec-
troscopy in October 1995 from a constructed wetland that
treated refinery wastewater contaminated with Cr(VI) (10).

Analysis of Cr in E. crassipes Tissues. Plant tissues were
analyzed for Cr to detect differences in accumulated Cr
content between leaf and root tissues. Plant samples were
rinsed in deionized water, dried at 70 °C, weighed, and ground
in a Wiley Mill to pass a 40-mesh screen; 100 mg samples
were digested with HNO3/HCl. Chromium concentrations
were measured with ICP-AES according to EPA Method 6010
(37).

X-ray Absorption Spectroscopy Analysis and Data Col-
lection. We used X-ray absorption spectroscopy (XAS) to
detect the chemical speciation of Cr in plant tissues supplied
with Cr(VI). To prepare samples for XAS analysis, leaf and
root tissues of E. crassipes, T. latifolia, S. maritimus, and P.
monspeliensis were triple-rinsed in deionized water, frozen
in liquid nitrogen, ground to a fine texture, and stored at -
80 °C. XAS analyses of frozen and living plant tissues were
completed at the Stanford Synchrotron Radiation Laboratory
(SSRL) on Beam Line 4-1. The electron energy was 3.0 GeV
with a current of ≈50-100 mA. Monochromatic X-rays from
a Si(111) double-crystal spectrometer were detuned 50% for
harmonic rejection and positioned with a 1-mm entrance
slit that produced a beam of ≈1 eV bandwidth at the Cr
K-edge. Frozen leaf, petiole and root tissues, and intact living
plants were placed in a sample chamber at a 45° angle to the
X-ray beam. Fluorescent X-ray spectra of Cr in plant tissues
were obtained by a series of replicate scans (3-20) dependent
on Cr concentration. Plant tissue Cr concentrations ranged

well within the resolution range of the XAS technique, and
the data were of excellent quality. Spectra were also collected
for Cr(VI), Cr(V), and Cr(III) reference compounds and
solutions. The energy positions of all spectra were calibrated
against a Cr reference foil.

Scanning Electron Microscopy of E. crassipes Leaf Sur-
faces. Scanning electron microscopy with energy-disper-
sive X-ray (SEM/EDX) was used to detect the location of
accumulated Cr(III) in E. crassipes leaf and root tissues. To
prepare tissues for SEM/EDX, leaves and roots were har-
vested, triple-rinsed in deionized water, and dried at 35 °C
for 1 week. Air-dry tissues were prepared metallographic-
ally when mounted in cold epoxy, cross-sectioned, and
polished. Mounted samples were carbon-coated and ana-
lyzed with a JEOL 840 scanning electron microscope with
energy dispersive system at Sandia National Laboratory,
Livermore, CA.

Results and Discussion
Cr Accumulation in the Presence of Antibiotics. Most of
the Cr taken up by E. crassipes supplied with Cr(VI) at 10 mg
L-1 was accumulated in plant roots; much less was ac-
cumulated in shoots (Table 1). The presence or absence of
antibiotics in the culture solution did not affect the con-
centration of Cr in plant tissues (P e 0.05) (Table 1). It would
appear therefore that E. crassipes could take up and trans-
locate Cr regardless of whether microbes were present or
not.

Reduction of Cr(VI) by E. crassipes. The comparison of
the X-ray absorption near-edge structure (XANES), i.e.,
valence and local coordination symmetry (38, 39) of Cr in E.
crassipes with 0.1 M [Cr(III)‚(H2O)6] and 0.1 M [Cr(VI)O4]2-

reference solutions, showed that the valence of Cr in leaf,
petiole, and root tissues was like the Cr(III) reference solution
(Figure 1A). This was illustrated by the lack of a prepeak and
positive shift along the energy axis of the E. crassipes tissues
when compared to the Cr(VI) reference. These data provide
clear evidence that Cr(VI) is reduced to Cr(III) in E. crassipes
tissues. Since the Cr(VI) reduction occurred in the presence
of antibiotics, these results show that E. crassipes was able
to reduce Cr(VI) to Cr(III) without the assistance of Cr-
reducing microbes in the nutrient solution or rhizosphere
(Figure 1B). That no microbial reduction of Cr(VI) to Cr(III)
took place in the nutrient culture during the course of the
experiment was further demonstrated by the fact that XAS
speciation of Cr in nutrient culture solutions before and after
plant addition to the antibiotic-amended solutions revealed
the presence of Cr(VI) species only (data not shown).
Furthermore, there was no evidence of microbial colonization
[after Cr(VI) and antibiotic treatments] as shown by SEM of
E. crassipes root surfaces.

To locate the site of Cr(VI) reduction and to determine
the valence of translocated Cr, living intact E. crassipes plants
were supplied with Cr(VI) and placed directly into the X-ray

TABLE 1. Chromium Content in E. crassipes Leaf and Root
Tissues Supplied with 10 µg mL-1 Cr(VI) (-ABF), +
Antibacterial (+AB), + Antifungal (+AF), and in Combination
(+ABF) over 14 Daysa

treatment
leaf

(mg kg-1 dry wt)
root

(mg kg-1 dry wt)

-ABF 89 ( 27ab 5265 ( 610a
+AB 96 ( 28a 5970 ( 410a
+AF 55 ( 5a 4890 ( 740a
+ABF 72 ( 18a 5360 ( 440a

a Element concentration expressed as mean ( standard error of
mean, n ) 4. b Means followed by the same letter are not significantly
different (P e 0.05).
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beam while on-line at SSRL. Within 4 h, we detected
measurable Cr(III) in the fine lateral roots but not in the
main root system. The K-edge XANES of Cr in this root tissue
showed that the Cr(VI) supplied in the nutrient solution had
been reduced to Cr(III) during root uptake (Figure 2). After
24 h, Cr was present as Cr(III) in all roots; within this period,

some Cr(III) was translocated to the petiole. By 72 h, Cr(III)
was present in all plant tissues although at varying concen-
trations. These results show that Cr(VI) was rapidly reduced
during uptake by the fine lateral roots and then translocated
at a slower rate as Cr(III) through the main roots to the leaves.

It is not clear how plants take up and reduce Cr(VI) into
Cr(III) in the fine roots. Plants have been shown to reduce
iron from Fe(III) to Fe(II) by a membrane-bound iron(III)
reductase, prior to uptake (30, 40). A similar mechanism
may exist for Cr; a membrane-bound chromium reductase
has been found in bacteria (29) but not, as yet, in plants.
There is evidence of Cr(VI) to Cr(III) reduction in plant tissues.
Lyon et al. (31) found that Leptospermum scoparium (New
Zealand tea tree) cultured in solutions with Na2

51CrO4

accumulated most of the absorbed radioactivity in the roots;
about 30% of the radioactivity was soluble in 80% ethanol
in the form of three 51Cr complexes with the majority being
identified as a trioxalatochromate [Cr(III)] ion. These
complexes were also found in stem and leaf tissues.

Plant uptake of Cr(VI) has also been investigated using
ESR spectroscopy. One study showed that, after the absorp-
tion of Cr(VI) by Allium sativum (garlic), the first Cr species
produced was mobile Cr(V), where the metal ion was bound
to low-molecular weight ligands; this was followed by the
formation of Cr(III) species (32). Other studies with ESR
spectroscopy showed that when green algae (Spirogyra and
Mougeotia) and two crop species were incubated with
Cr(VI), it generated both Cr(V) and Cr(III) species (33).
Because of its high toxicity, the generation of Cr(V) by plant
reduction of Cr(VI) would have serious consequences for
various ecological cycles. However, in our research we did

FIGURE 1. (A) Comparison of the Cr K-edge XANES of E. crassipes
tissues with 0.1 M [Cr(III)‚(H2O)6] and [Cr(VI)O4]2- reference solutions.
The differences in the noise level of the data of E. crassipes tissues
was a function of Cr concentration. (B) Cr K-edge XANES for E.
crassipes root tissues supplied with Cr(VI) showing the effects of
antibiotic treatments: no antibiotics (-ABF), + 20 µg mL-1 rifampicin
(+AB), + 5 µg mL-1 amphotericin B (+AF), and in combination
(+ABF) on the speciation of accumulated Cr as compared to 0.1 M
[Cr(III)‚(H2O)6] and [K3Cr(C2O4)3‚3H2O] (chromium(III) trioxalate) refer-
ences. The spectra have been offset vertically for clarity.

FIGURE 2. Cr K-edge XANES of living intact E. crassipes roots after
4, 24, and 72 h exposure to 100 µg mL-1 Cr(VI). Note the absence
of a pre-peak or shift to more positive energy that would be
characteristic of Cr(VI) XANES.

FIGURE 3. (A) Cr K-edge XANES of T. latifolia, S. maritimus, and
P. monspeliensis leaf tissues from a constructed wetland that
received Cr(VI)-contaminated wastewater. (B) Cr K-edge XANES of
T. latifolia, S. maritimus, and P. monspeliensis root tissues. Note
the absence of a pre-peak or shift to more positive energy that
would be characteristic of Cr(VI) XANES.
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not detect the presence of a Cr(V) intermediate in any plant
tissues; comparison of the XANES of Cr in leaf, petiole, and
root tissues with Cr(VI), Cr(V), and Cr(III) references yielded
no indication that the intermediate valence form Cr(V)
accumulated in E. crassipes during any of the experiments
to a XAS detection limit of ≈1.0 µg g-1. Our research differed
significantly from those studies that revealed the presence
of a Cr(V) intermediate (32, 33). In both of these studies, the
investigators used 4-5-day-old seedlings supplied with
Cr(VI) concentrations ranging from 250 down to 8 mg L-1 [at
8 mg L-1, the Cr(V) signal had almost disappeared; 32] and
208 mg L-1 (33); furthermore, there was no attempt to control
microbial reduction. In our study, we used fully developed
mature plants provided with antibiotics to control microbial
reduction and supplied with lower Cr(VI) concentrations of
10 and 100 mg L-1. In fact, when XAS was used for speciation
of Cr in B. juncea plants supplied with a solution of Cr(VI),
the roots were found to contain Cr(III), although no data
were shown (D. Salt, unpublished, cited in ref 34).

Reduction of Cr(VI) to Cr(III) by Other Wetland Plant
Species. The K-edge XANES of Cr in both shoot and root
tissues of the wetland species (T. latifolia, S. maritimus, and
P. monspeliensis), which were collected from a constructed
wetland that received Cr(VI)-contaminated wastewater, were
very similar to Cr(III) in E. crassipes and the Cr(III) reference
solution (Figure 3A,B). In these species, there was no

evidence that Cr(VI) had accumulated in shoot or root tissues
over the growing season (Figure 3A,B). This suggests that
other wetland species were able to reduce Cr(VI) to Cr(III)
under constructed wetland conditions. Furthermore, it was
found using XAS that a number of vegetable crop species
treated with Cr(VI) were able to reduce Cr(VI) to Cr(III) in
root tissues (41).

Characterization of Reduced Cr in E. crassipes. We
characterized the reduced Cr in E. crassipes by analyzing the
extended X-ray absorption fine structure (EXAFS). From this
technique, we were able to develop structural information
of Cr in plant tissues, i.e., local bond distances (R), coordina-
tion number (N), the chemical identity of coordinating atoms,
and a measure of total disorder (σ2) (39, 42). This analysis
proceeded by first calculating Cr-O backscattering and phase
shift parameters with FEFF (43). Calculation of the K2-
weighted Fourier transforms using the Cr-O phase shift
produced the radial structure functions shown for plant
tissues and reference compounds (Figure 4). In Figure 4A,
the first coordination shell at 2 Å was essentially identical for
leaf, petiole, root, and the Cr references (Figure 4A); this
would indicate that Cr(III) was bound to oxygen in all tissues.

With respect to the second and third peaks at 2.7 (Figure
4A, open arrow) and 3.8 Å (closed arrow), there were
differences among the plant tissues. The second and third
peaks did not appear in the root but did appear in the petiole
and more so in the leaf tissues (Figure 4A). These data suggest
the following. Cr(III) in roots was surrounded by water
molecules (similar to the Cr(III) reference solution); however,
the speciation of Cr appeared to change after translocation
to the leaf. Within the leaf, Cr(III) EXAFS were more similar
to the chromium(III) trioxalate reference [i.e., K3Cr(C2O4)3‚
3H2O] than other Cr references. This suggests that Cr(III)
may be bound by oxalate ligands as was found with L.
scoparium (31).

We obtained an estimate of the amount of Cr(III) bound
to oxalate in the leaf by adding together the transforms of
the chromium(III) trioxalate reference and the 0.1 M Cr(III)
reference solution in varying proportions to simulate the
transform observed for leaf tissue (Figure 4B). The blended
transforms suggest that about 20-30% of the Cr in the leaf
may be bound to oxalate (Figure 4B; closed arrow).

To quantify the structural information obtained from the
EXAFS, we selected the area of the first coordination sphere
(≈1.3-2.4 Å) and back-transformed the function to get the
EXAFS for the first coordination sphere only. This function
was fitted by a least-squares algorithm (44). To determine

FIGURE 4. (A) Comparison of the Fourier transforms of the Cr-O
phase-shifted and K2-weighted EXAFS of E. crassipes tissues with
that of the 0.1 M Cr(III) solution and the chromium(III) trioxalate
compound. Note that the abscissa is a radial distance scale with
the Cr atom that absorbed the X-ray at the origin. The 2nd (open
arrow) and 3rd (closed arrow) peaks at ≈2.7 and ≈3.8 Å in the
oxalate transform are characteristic of Cr(III) bonding to the oxalate
ligand. The petiole and leaf tissues were quite similar to each other
and slightly different from the root tissue. (B) Phase-corrected Fourier
transforms of Cr K-edge EXAFS of chromium(III) trioxalate and 0.1
M Cr(III) blended in proportions indicated. The magnitude of the
transform has also been multiplied by R2 in order to amplify the
more distant bonds. There was a match with the E. crassipes leaf
tissue at ≈20-30% oxalate (closed arrow).

TABLE 2. List of Fourier Transform Structural Parameters and
Least-Squares Fits to EXAFS Data for Cr References and
Accumulated Cr in E. crassipes Tissuesa

sample N ( 1 R ( 0.02 Å σ2 (Å2)

Reference Compounds
Cr2O3 (R ) 2.012)b 5.9 2.015 0.0041
Cr2FeO4 (R ) 2.053)b 5.2 2.020 0.0014
CrVO4 (R ) 2.004)b 6.8 1.996 0.0072
Cr(NO3)3‚H2Oc 5.1 1.99 0.0030
K3Cr(C2O4)3‚3H2Oc 6.0 2.00 0.0039

Reference Solutionsd

0.1 M Cr(III) 6.3 2.00 0.0028
0.01 M Cr(III) 7.9 2.00 0.0078

E. crassipes Tissues
root 6.6 2.00 0.0052
petiole 5.9 2.00 0.0030
leaf 7.0 2.00 0.0054

a The coordination number (N), bond length (R), and mean-squared
relative displacement (σ2) are from least-squares fit. b Known distance
from X-ray diffraction. c Complete crystal structures are unknown.
d Cr(III) aqueous solutions prepared from [Cr(NO3)3‚9H2O].
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N, R, and s2, input into the algorithm along with the data
were the FEFF Cr-O backscattering and phase shift param-
eters that contained two unknown factors, Eo and So

2 that

must be calibrated by fitting to EXAFS from standard
compounds. Eo aligns the muffin tin zero of energy with
that of the experiment and has an effect on the value of R.

FIGURE 5. (A) SEM micrograph of cross-sectioned E. crassipes leaf supplied with Cr(VI) over 14 days. Note the presence of small crystalline
structures along the under-leaf surface (closed arrows). (B) SEM/EDX color map of cross-sectioned E. crassipes leaf tissue showing the
association of Cr (red color) with the crystal structures on the leaf surface (closed arrows; scale bar, 8 µm). (C) SEM/EDX color map of
cross-sectioned E. crassipes root tissue showing Cr (red color) associated with the fine-lateral root tissues.
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So
2 is a multiple electron term that scales the coordination

number. We used electron yield data from powder prepara-
tions of Cr2O3, Cr2FeO4, and CrVO4 to determine that Eo )
12.2 eV and So

2 ) 0.95. Values of σ2 were characteristic of
each material. From this calibration, we estimated error
values for E. crassipes tissues (Table 2). Complete crystal

structure parameters were not known for [Cr(NO3)3‚9H2O]
and [K3Cr(C2O4)3‚3H2O] except that Cr was in octahedral
coordination by oxygen (45, 46). The results of the fitting of
the first coordination sphere of the reference compounds,
Cr(III) solutions, and plant tissues clearly show that, in root,
petiole, and leaf, Cr is bound in octahedral oxygen coordina-

FIGURE 6. SEM micrograph of E. crassipes leaf tissue showing close-up of small crystalline structures along the leaf surface (closed
arrow; scale bar, 5 µm). (B) SEM/EDX spectra of a crystalline structure on E. crassipes leaf surface after Cr(VI) treatment (note the pres-
ence of Cr peaks in the spectra). (C) SEM/EDX spectra of E. crassipes leaf tissue without Cr(VI) treatment.
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tion and that the bond distances are identical to those of the
0.1 M Cr(III) reference solution (Table 2). This again indicates
that Cr(VI) supplied to E. crassipes roots was reduced to
Cr(III) and that Cr(III) was translocated to petiole and leaf
tissues.

A portion of the accumulated Cr appears to be bound to
oxalate in the leaves, and some of it may eventually be
secreted as crystalline structures in and on leaf surfaces. SEM
micrographs of E. crassipes leaf surfaces detected crystalline
structures (Figure 5A-C) along the underside of the leaf
surface. When SEM/EDX spectra of these structures were
collected, they were found to contain a high Cr concentration
(Figure 6A-C). This suggests that chromium oxalate crystals
may have formed on the leaf surface of E. crassipes as Cr
accumulated in leaf tissues. Oxalate is a common ligand in
many plants, and in particular, calcium oxalates in leaves
can form extensive crystal bundles. It has been suggested
that metal-rich crystalline structures in the vacuoles of Larrea
tridentata (Creosote bush), grown near a smelting site, may
be responsible for the immobilization of copper in leaf tissues
(47).

Phytoremediation of Cr by E. crassipes. E. crassipes
accumulated substantial amounts of Cr, especially in roots
(about 5000-6000 mg kg-1 after supplying 10 mg L-1 for a
period of 14 days) (Table 1). E. crassipes is a floating aquatic
plant that can easily be harvested from a treatment lagoon
or constructed wetland (48, 49). We conclude that water
hyacinth has an excellent potential for the phytoremediation
of Cr in wastewater because (i) it has the ability to absorb
and remove toxic Cr(VI) and then reduce it to nontoxic
Cr(III); (ii) it can accumulate Cr in high concentrations in its
tissues, especially roots; (iii) it produces very large amounts
of biomass (106-165 t ha-1 yr-1; 50); and (iv) it may be easily
harvested in the whole plant form thereby including the
substantial amount of Cr in the roots. Thus, the Cr(VI)
reduction/detoxification process of E. crassipes and other
wetland plants has the potential to be utilized for the in situ
remediation of Cr(VI)-contaminated groundwater, sediments,
and industrial wastestreams.
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