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ABSTRACT

Larrea tridentata (creosote bush), shows the ability to uptake chromium(V1) ions from solution. EPA
method 200.3 was followed to digest the plant samples, and flame atomic absorption spectroscopy (FAAS) was
used to determine the amount of chromium taken up in different parts of the plant. The amount of chromium
found within theroots, stems, and leaveswas 57.4 mg/g, 14.2 mg/g, and 19.3 mg/g, respectively, after the
creosote bush was exposed to a 520-ppm chromium(V1) solution. In additionto FAAS analysis, X-ray
microfluorescence (XRMF) analysis of the plant samples provided in situ documentation of chromium absorp-
tion by the various plant parts. X-ray absorption spectroscopy (XAS) elucidated the oxidation state of the
chromiumas Cr(111) absorbed by the plant: The chromium(V1) absorbed from solution was partially reduced to
chromium(l11) in the roots. Some chromium(V1) and the reduced chromium(l11) were transported through the
stems, and finally accumulated as chromium(l11) in the leaves of the plant. The metal was bound to oxygen-
containing ligands within the plant samples. Scanning el ectron microscopy confirmed the presence of chromium
inside the tissues of the plant. Creosote bush may provide auseful method of removing chromium(V1) from

contaminated soils.
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INTRODUCTION

Soilsand waters polluted with toxic metals
areamgor environmental and human health
problem that demand an effective and afford-
ablesolution. Concernsassociated with the
heavy metal contamination of soilshavebeen
well documented (Brown et al., 1994). Current
methodol ogiesto clean toxic meta-polluted
soilsconsist mainly of excavation and burid of
the hazardouswaste. Thismethod hasan
average cost of $1 million per acre of soil
cleaned (Raskin, 2000). Many sitesremain
contaminated s mply becauseit istoo expensive
to clean them up with the current technol ogies.
Many industrialized countriesarefaced with the
chalengeof cleaning sitespolluted withtoxic
heavy metalsand they areturningto cost-

effective methods such asphytoremediation, the
useof plantsto aleviate contamination prob-
lems. Phytoremedation takes advantage of the
plant’snatural capability totakeup nutrients
fromthesoil and the ability of theplant’scellular
componentsto store metal ions (Raskin, 1996).
The benefit of using plantsover methodssuch as
s0il excavation or chemical extractioniscost.
After growth and accumulation of contaminants,
plantscan be harvested inaninexpensive
manner, which alowsfor alessintrusvemeans
of contaminant removal. Therefore, theuse of
plantsto decontaminate hazardouswaste holds
much promiseasaninexpendveand effective
wal to clean hazardouswaste and recover toxic
metal ionsfrom soils. Severd different factors
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control theuse of plantsin the phytoremedation
process, e.g., theability to grow fast thereby
producing large amountsof biomass, andthe
ability of plantsto accumulatelarge amounts of
contaminantinther tissues(Blaylock et d.,
1997). Many different speciesof plantshave
been studied for their potentia applicationin
remova of toxic wastefrom soils(Glass, 1998;
Drakeet al.,1996).

Non-livingtissuesof afafaareableto
bind copper(11), nickel(11), chromium(ll1), and
iron(l1) and (111) from agueous solution
(Gardea-Torresdey et al., 1997; Tiemannet a.,
1999; Tiemann et a., 2000). Thesestudies
suggest that dfdfamay havetheability to
extract metal ionsfrom contaminated soils.
Another example of aplant that hasshown
much promiseinthetreatment of polluted
environmentsissunflower, which hastheability
to take up uranium from contaminated water
(Riordanetd., 1997; Gonzalez-Munoz et d.,
1997;Yang and VVolesky, 1999). The uptake of
cadmium and zinc by Thlaspi caerulescenshas
been studied. Thisplant hasthe potential to
takeup largeamountsof theseionsfrom soils
and storethemetalsinitsstem system
(Watanabe, 1997).

Larreatridentata, or creosote bush,isa
plant that naturaly growsin the Chihuahuan
desert, whichisfound mainly inthearid South-
west regionsof the United States. Thisplant has
the capability to grow in soilscontaminated with
heavy metals. Previousstudiesrevealedits
ability to uptake and accumulate metalsfrom the
soil inwhich the plant grows (Gardea-Torresdey
eta., 1996).

Theaccumulation of metal ionsfrom soils
and water by plants has been well docu-
mented, but the actual biologica mechanism of
metal uptakeisnot well understood. Discover-
ing theactual ligand(s) responsiblefor the
binding mechanism(s) would alow for the
selection of specific plant speciesfor
phytoremedation processes.

Theobjectiveof thisstudy wastogaina
better understanding of the processesthrough
which creosote bush accumulates chromium(V1)
and chromium(l11) ions, and ascertainthe
functiona chemica groupsresponsiblefor
chromiumbinding. Several spectroscopic
techniqueswere employed in thisstudy and
they include flame atomic absorption spec-
troscopy (FAAS), X-ray microfluorescence
(XRMF), and X -ray absorption spectroscopy
(XAYS). Scanning electron microscopy tech-
niques (SEM) were also used to determine
the presence of chromium inside creosote
bush tissues.

METHODOLOGY

Seedsof Larreatridentata (creosote
bush) were obtained fromaloca vendor inLas
Cruces, N.M. (Dr. Daniel Manuchia, Tel (505)
527-9820). The seedswere planted in 250-
cm? polyethylene pots containing soil collected
from apoint |ocated east of El Paso, Texas,
near theintersection of 1-10 and Avenueof the
Americas. Theplantswere maintained under
controlled greenhouse conditions at atempera-
tureof 29°C. The chromium-free control soil
used to germinatethe seedlingswastested for
chromium content using EPA method 3150
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(acid digestion) and flame atomic absorption
spectroscopy.

After the creosote plantswere approxi-
mately 15 cm high (12 weeksold), every plant
wastransplanted to a50-mL centrifugetube
and therootswere covered with glass beads.

A 3-mm-wide holewas made at the bottom of
the centrifugetube so that a potassium dichro-
mate (520 partsper million Cr(V1)) solution,
adjusted to apH of 5, could be passed through
the glass beads, which supported the creosote
plants. Thetubes containing the plantswerethen
setinsgdeaplastic tray and exposed to the
Cr(VI) solution. The plantswereexposed tothe
solution for a48-hr time period at aflow rate of
2mL/hr, with fluorescent light at room tempera:
tureand an averagerdative humidity of 60%.
Theexperimentswere performed intriplicatefor
quality assurance. After 48 hours, theplants
were harvested from the glassbeadsand rinsed
using tap water for 15 minutes, followed by
three separate rinseswith de-ionized water.

The plant samplesweredried at constant
temperature (59°C) in an ovenfor two days.
The sampleswerethen separated into three
different sections: roots, stems, and leaves. The
different plants’ sectionsweredigested follow-
ing EPA Method 200.3. Thefollowingisabrief
summary of thedigestion method: first, concen-
trated nitric acid (Trace Pure) wasaddedto a
digestion flask containing the sample, followed
by 30% hydrogen peroxide; finaly, concen-
trated hydrochloric acid (Trace Pure) was
added. Control digestionswerea so performed
using empty digestion flasksto ensurequdity
control. Certified chromium standardswere

usedinal thedigestions(sample spikes).
Flame Atomic Absorption Spectroscopy
Thedigested plant material wasanadyzed
for chromium content using aPerkin Elmer 3110
flame atomic absorption spectrometer witha
deuterium background correction (FAAS). To
maximizethesengtivity of theinstrument for
chromium analysis, animpact bead was used.
Thechromium analysiswas performed at a
wavelength of 359.8 nm (recommended analyti-
cd line). Cdibration of theinstrument was
performedinthelinear working rangefor
chromium, and acorrelation coefficient of 0.98
or greater wasobtained for all calibrations. The
instrument responsefor chromium was checked
periodically with aknown chromium standard.
All thesampleswereanadyzedintriplicate, and
themean value of theanaysiswas cal culated.

X-ray Microfluorescence

Thedried plant tissueswereplacedona
glassdideand heldin place using Kapton tape.
Theinstrumental parametersonthe Kevex
Omicron X-ray Microfluorescence Spectrom-
eter wereasfollows: a100-mm-diameter beam,
amolybdenum X-ray source, and an energy
dispersive solid-state detector (EDS). The
operating parametersfor theanaysiswere40
KeV energy source, 5-minute count time, 8-
10% dead time, and an operating current of
1.47 mA. Thechromium anaysiswas per-
formed onthedifferent plant sectionsfor both
the control and exposed plants.

Synchrotron XAS Analysis
All XAS measurementswere performed at
Stanford Synchrotron Research Laboratory
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(SSRL), onbeamline 7-3with the storagering
operating at 3 GeV and currentsof 50-100 mA.
A double-crystd silicon monochromator (S
110) wasused in conjunctionwithal.0-mm
upstream aperture. The crystalsof themono-
chromator were detuned by 50% at the absorp-
tion edgeto reject higher harmonics. The
Chromium-K aphafluorescenceexcitation
gpectrum of the different sampleswas collected
witha Canberral3- eement germanium array
detector and the K-edge of the model com-
poundswas measured using X-ray transmit-
tancein nitrogen ionization chambers. The
sampleswere kept at atemperatureof 10K for
theandysisusingliquid heium. Instrumenta
calibration at the chromium K-edgewas
achieved using achromium(0) foil which hasan
inflectioninthe K-edgeat 5997 eV. The spectra
for both themodel compoundsand samples
were obtained by averaging four scans.

XAS Data Analysis

XASandyticd softwareused was
EXAFSPAK, asuite of computer programs
commonly used for EXAFSdataanalysis
(George, 1995). All the XASdatawere pro-
cessed using standard proceduresfor pre-edge
subtraction, splinefit, plineremova, and
Fourier filtering. The pre-edge subtractionon
all thedatawas performed using aGaussian
function. Tonormalizethedata, aVictoreen
polynomial wasused. ThedatawasFourier-
transformed with and without phase correction
to obtain afrequency correlation between the
absorbing and the neighboring atomsasa
function of interatomic distance (R) inang-
sroms. Datafitting was performed by changing

theinteratomic distances, the number of
backscatters, thethreshold energy, and the
Debye-Waller factor (DW).

Model Compounds
Themodel compoundswere obtained

from Fisher Scientific (aspurereagents) to
comparewith thechromium (I11) and
chromium(V1) absorbed by theplants. The
mode compoundsincluded potassumdichro-
mate, chromium(l11) nitrate, and anion ex-
changeresin (composed mainly of weak
carboxilicgroup acids).
Scanning Electron Microscopy

Scanning €l ectron microscopy images of
thethree different section (roots, stems, and
leaves) of creosote bush were obtained inthe
Ingtituto Nacional de Investigaciones
Nuclearesin Mexico (ININ). A PhilipsXL30
El ectroscan, with energy-di spers ve spectroscopy
(EDS), and an andytica high-vacuummicro-
scopewas employed.

RESULTSAND DISCUSSION
Therewasno evidence of chromium
toxicity during thegrowth and trestment of the
creosote plants. The plantswere exposed for a
period of 48 hoursto asolution of 520 ppm of
chromium(V1). Thedigestion procedureused on
the plantswas astandard EPA method for
biologica samples. Theresultscollected from
the sample and subsequent chromium FAAS
analysisaredisplayedin Table 1. Theseresults
show the potential capacity of creosotebushto
accumul ate and store chromium from solution.
The observed chromium uptakeintherootswas
57.4,14.2, and 19.3 mg of chromium per gram
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Figurel. XRMF spectrum of the control
creosote bush root samples. The x axiscorre-
spondsto thex-ray energy, andthey-axis
correspondsto the x-ray counts.
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Figure 2. XRMF spectrum of the creosote bush
rootsof samplesexpased to a520- ppm solution of
chromium(V1). Thex axiscorrespondstothex-ray
energy, andthey-axiscorrespondstothex-ray counts

of dried biomassfor, respectively, theroots,
stems, and leaves of creosote bush. No chro-
mium was detected in the control plants. The
datashow that the roots of the creosote bush
accumul ated the highest concentration of
chromium from solution, followed by theleaves,
andfindly thestems. Thistrendin chromium
absorption and storage by the plant reflectsthe
timerequired for thechromiumto betrans-
ported from the roots and stemsto be accumu-
lated intheleaves of the plant.
Thethreedifferent plant sectionswere
analyzed for chromium content using X-ray
microfluorescence (XRMF). Figure1displays
the X -ray microfluorescence spectrumfor the

rootsof the control plants. Inthisfigure, thereis
no evidence of chromium. X-ray
microfluorescence spectrawere a so obtained
for the stemsand |eaves of the same control
creosote bush, showing no evidenceof chro-
mium (datanot shown). Figure 2 showsthe X-
ray microfluorescence spectrum for theroots of
the plants exposed to 520 ppm of
chromium(V1). Thisfigureshowsadigtinct
chromium peek (at about 5.5keV). Figure 3
showsthe X -ray microfluorescence spectrumfor
thestemsof the plantsexposed to a520-ppm
solutionof chromium(V1). InFgure3thechro-
mium peek hasdecreased Sgnificantly ascom-
paredtothepeak observedinFigure2. Similarly,

Tablel. FAASresultsof thedigestion for chromium foundintheroots, stems, and leavesof the
creosote bush samples exposed to the 520-ppm chromium(V1) solution.

Sample Type | Concentration of Chromium in Sample| +/- 95% Confidence
Leaves 19.3 my/g 11.0
Stems 14.2 mg/g 6.4
Roots 57.4 mg/g 6.5
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Figure3. XRMF spectrum of the creosote
bush stems of samples exposed to a520-ppm
solution of chromium(V1). Thex axiscorre-
spondsto thex-ray energy, andthey-axis
correspondsto the x-ray counts.
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Figure4. XRMF spectrum of the creosote
bush leaves of samplesexposed to a520-ppm
solution of chromium(V1). Thex axiscorre-
spondsto thex-ray energy, andthey-axis
correspondsto the x-ray counts.

Figure4 showsachromium pesk for theleavesof
the plant exposed to the same chromium concen-
tration. Thus, it can beconcduded fromthe XRMF
datathat theuptakeof chromium fromsolution
decreasesfromtheroots, but semsand leaves
show smilar chromiumupteke.

The XANES of the plant samples exposed
tothechromium(V1) solutionareshownin
Figure5, which displaysacompari son between
chromium(V1) (potassium dichromate), withan
absorption energy of 5998 eV, and
chromium(I11) (chromium(l11) nitrate), withan
observed absorption energy of 6008 eV. Inthis
figure, itisevident that thechromiuminthe
plantsand resinismainly sorbed asCr(I11). The
1sto 3d transitionisapparent in themodel
compound chromium(l11) nitrate, theresin
exposedto Cr(VI), and the plant samples
(roots, stems, and leaves). Also, by comparing
theenergy of theedgefor chromium(l11), the
exposed resin and the plant samples (whichisat
about 6008 eV), and to the edge position for
thechromium(l11) nitrate, one can suggest that

thecoordination environmentissmilar inthe
plantsand theresin. Theinflection pointsinthe
figureindicate that the roots absorbed
chromium(V1), but it waspartially reduced to
chromium(I11). The stemstransported some of
thechromium(V1) and chromium(l 1), but the
inflection point observed ontheleavescorre-
spondsonly to chromium(l11), accordingtothe
model compound chromium(l11) nitrate.
Theactua ligand that isbinding the
chromium(I11) to the plant can be determined by
looking at the EXAFS (extended x-ray absorp-
tionfinestructure). The Fourier-transformed
magnitudesfor the EXAFSfor thewesk cation
exchangeresinreacted with chromium(V1) and
thedifferent sectionsof theplantsareseenin
Figure6. Severa investigatorshave shown that
the chromium-oxygen binding distancein
biomass-chromium(l11) isabout 2.0 Angstroms
(Tiemannetal., 2000). Thebond lengths
obtained from the EXAFSfittingsaregivenin
Table 2 for the 520-ppm chromium(V1) ex-
posed samplesand resin. On the other hand, as
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Figure5. XANESfor chromium boundtothe
resin, creosote bush roots, stems, and leaves of
samplesexposed to 520-ppm of chromium(V1)
compared to chromium(V1) and chromium(I11).

seenin Figure 6, acomparison of the plant
samplesand theresin showsthat thebonding
radiusbetween chromium(l11) and the nearest
neighbor isvery smilar. TheEXAFSdata
further strengthen the argument that some of the
chromium(V1) absorbed by the plantinthe
rootsremainsinthe plant aschromium(V1), but
most of thechromium(V1) isreduced to
chromium(l11); thenitistransported through the
semstotheleaves, andfinaly itisaccumulated
aschromium(l11) intheleavesof creosote bush.
Also, thechromium(l11) iscoordinated to
oxygen ligands. It can be seen from Table 2

Table2. Compilation of structural parameters extracted from EXAFS spectraof plants exposed to
520-ppm of chromium(V1). R(Angstroms) isthedistance in angstromsfrom the metal tothe neigh-

boring atom. S?isthe squared standard deviation.

Roots
Neighboring Atom Coordination # R (Angstronms) 5%
Cr-O 4 1.965 .00275
Cr-O 1 2.3587 .00275
Cr-S 1 3.1186 .00275
Stems
Neighboring Atom Coordination # R (Angstroms) S
Cr-O 4 1.9636 .00035
Cr-O 1 2.3546 .00035
Cr-S 1 3.084 .00035
Leaves
Neighboring Atom Coordination # R (Angstrons) 53
Cr-O 4 1.9619 .00146
Cr-O 1 2.3812 .00146
Cr-S 1 3.0825 .00146

Proceedings of the 2000 Confer ence on Hazar dous Waste Resear ch

121



122

Transform magnitude

3 4
R (Angstroms)

Figure6. EXAFSspectrafor thechromium
bound to the creosote bush roots, stems, and
leaves of samplesexposed to 520-ppm Cr(V1),
compared withresin bound to Cr(l11).

Figure7. SEM image of theroot of creosote
bush exposed to 520-ppm chromium(V1).

that for asystemwith four oxygen atoms
coordinated to the chromium, the distanceto
thethefirst shell ranges between 1.96 and
1.97 Angstroms.

Thedetailed photographsthat provided
important information about the surface struc-
ture and morphol ogy from the control sections
of creosote bush (not shown) revealed aclear
structure of theroots, stems, and leavesthat
werefreeof themetal. Theimage of the scan-
ning eectronmicroscopy inFigure7 clearly
showsthe presence of chromium metal accu-
mulated insdethetubesor xylem of theroots of
creosote bush of thetissue, represented asa
denseclear mass. Figure8isan energy-
dispersive spectroscopy analysisthat corrobo-
ratesthe presence of themetal in situ. Figure9
clearly documentsthe presence of chromium
insdetheleavesof creosote bush, which
appearsasfuzzy material insdethehairy parts
of theleaf, when compared with the photograph
of thecontrol leavesdisplayedin Figure 10.

CONCLUSIONS

Thedataobtained from the FAAS shows
that theroots of the creosote bush accumul ated
the highest concentration of chromiumfrom
solution, followed by theleaves, andfinaly by
thestems. Thistrend in chromium absorption
and storage by the plant indicatesitsability to
uptakethe metal to be absorbed, partially
reduced, and finally transported from theroots
to beaccumulated mainly intheleaves.

Examining the spectraobtained fromthe
X-ray microfluorescence analyses, it canbe
concluded that the uptake of chromiumfrom
solutionishigher intheroots, and theuptake
between stemsand leaves appearssimilar.

The datapresented in this study show that
chromium(V1) wasreduced to chromium(l 1) by
the creosote bush plants and may be bound to
carboxyl groups. The XANES comparisons of
chromium(V1), chromium(l11), and the samples
of the creosote bush show that the chromium
absorbed by the different partsof theplantisin
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Figure8. EDSof theroot that demonstrates
the presence of chromium insidetheroot of
creosote bush exposed to a520-ppm chromium
solution. Thex axis correspondsto the energy,
and they-axis correspondsto the x-ray counts.

asmilar oxidation stateaschromium(V1)
absorbed by resin exposed to the same solu-
tion. Dataobtained from the EXAFSfittings
suggest that chromium(V 1) bound by creosote
bush startsaschromium(V1) intheroots, and
thenitispartialy reduced to chromium(l11), but
the metal formsabond with oxygen atomsthat
may bepart of carboxyl groups. Thisprocessis
suggested as part of the plant metal-binding
mechanism. Thisstudy, accomplished under
controlled conditions, clearly demongtratesthat
chromium uptake startsat therootsandis
trangported to stemsand leaves.
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