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ABSTRACT

Traditional methods currently employed to remediate heavy metal-contaminated waters prove to be
cost prohibitive. Therefore, more cost-effective methods of remediating heavy metalsfrom contaminated
waters need to be developed. The use of plant materials as metal adsorbents may be a possible solution.
Previously performed experiments have shown that alfalfa shoot biomass can bind an appreciable amount of
heavy metal ions, even from multi-contaminate-containing solutions. Although alfalfa biomass has shown to
be very effective at removing heavy metal ions from agueous sol ution, more research is needed to understand
the metal-binding mechanism. Carboxyl groupswere chemically modified in order to determinetheir contribu-
tion to the metal-binding process. Batch experiments were performed with the modified biomass and suggest
that carboxyl groups play asignificant role in the binding of copper(1) and lead(I1). Inaddition, X-ray
absorption spectroscopic analysis (XANES and EXAFS) corroborates these results.  These studies are
important for determining the ligands that may be involved in the binding of copper and lead ionsto afalfa
biomass, thus aiding in our understanding of the mechanismsinvolved in the removal and recovery of metal
ions from contaminated waters through phytofiltration.
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INTRODUCTION

Thoughout thelast decade, there hasbeen anincreasing concern over heavy metal contamina
tion of the aguatic environment and the potential health threat to public potable water sources
(Runnelsetal., 1992). Leadand copper accumulationinthe aquatic environment could resultin
toxicity to both human and aquatic life (Honeyman and Santschi, 1988). Much of these contami-
nants can betraced back toindustrial dischargesand smelting operations. Copper isan essential
nutrient inlow concentrations, but in higher concentrationsit hasbeen found to cause stomach and
intestinal distress, kidney damage, and anemia(Carson et a., 1986). In high enough concentrations,
lead hasbeen showntointerferewith red blood cell chemistry, cause damageto the nervous
system, and cause physical and mental birth defects(Carson et al., 1986). For thesereasonsthe
EPA hasregulated drinking water concentrations not to exceed 1.3 ppm for copper and 0.15ppm
for lead (Primary Drinking Water Rules, 1992).

Theuseof biological systemsto remediate heavy metal-contaminated watershas been studied
for sometime (Baker et a., 1994; Chamberlain and Miller, 1982; Bewley, 1980; Zhangand Mgjidi,
1993; Cervantesand Gutierrez-Corona, 1994; Bender and Rodriguez-Eaton, 1994). Many
researchershavefound that nonliving biomateria s can be used to adsorb heavy meta ionsfromthe
environment ( Nagendraet al., 1993; Viraraghaven et a., 1993; Romeand Gadd, 1991; Ramelow
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etd., 1993; Lujanetd., 1994). Themagor chemica structuresresponsiblefor metal ionbinding
arefound withinthesebiomaterials. However, the actua mechanismsinvolved inthisadsorption
processarenot fully understood. Identification of theactua chemical binding Sitesfor heavy meta
ion adsorption would be helpful in engineering aprocessto selectively remove contaminantsfrom
wastewaters.

Previoudy performed studieswith Medicago sativa (alfalfa) have determined that it may be
possiblefor afafato beused asanatural product for adsorption of heavy meta ions (Gardea
Torresdey et al., 1996a, 1998). These studieshaveindicated that the alfalfabiomassiscapable of
binding cons derableamounts of copper(11) and lead(I1) from agqueous solution. However, up until
now, the mechanisminvolved in adsorption of copper(l1) and lead(l1) has not been studied.

Theobjectiveof thisstudy istoidentify the possi ble binding mechanismsinvolvedin copper(l1)
andlead(I) binding by theafafabiomass. Inorder to characterizethebinding of copper(l1) and
lead(I1) by dfdfabiomass, we performed chemica modification studiesalong with X-ray absorption
spectroscopic anayses (XANESand EXAFS). Thesestudiesareimportant to understand the
metal-binding mechanismsinvolvedin copper(I1) andlead(I1) adsorption and possiblemodification
of thebiomassfor selectivebinding of thesemetal ions.

METHODOLOGY

Sample Collection

Thedfafaplantswere collected from controlled field studiesat New Mexico State University.
The plant tissueswere prepared as previoudy described (Gardea-Torresdey et a., 1996a, 1996b,
1998). Inshort, the plantswere washed and then dried in an oven at 90°C for oneweek. The
biomasswasthen ground to passa 100-mesh sieveto achieveauniform particlesize.

Chemical Modification

Carboxyl groupsof the biomasswere methanol-esterified following asmilar method previ-
oudly described (Gardea-Torresdey et al., 1990; Lin and Rayson, 1998; Tiemannet a., 1999). In
summary, 9 g of biomasswas suspended in 633 mL of 99.9% pure methanol and 5.4 mL of con-
centrated hydrochloric acid (HCI) wasadded to give afinal acidic concentration of 0.1M HCI.
While continuoudly stirring the solution, the sampleswere heated to 60°C for 48 h. Controlswere
mai ntai ned throughout the experiment by reacting alfalfabiomasswith either pure methanol or 0.1M
HCl to determineif either the methanol or acid alone affected the biomass. The biomass samples
werethen washed threetimeswith de-ionized water (D) to quench thereaction. Next, the biomass
was|yophilized to be used in batch metal -binding experiments.

Basehydrolysisof thealfalfabiomasswas performed following asimilar procedure previ-

oudly described (Gardea-Torresdey et al., 1990; Lin and Rayson, 1998; Tiemannet a., 1999). In
summary, the9 g of biomasswerereacted with 100 mL of 0.1M sodium hydroxide (NaOH) for a
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period of one hour a room temperature. The hydrolyzation reaction was quenched by washing the
biomasswith DI water threetimesand the biomasswasthen lyophilized for further batch metal-
binding experiments.
Metal-Binding Experiments

Batch laboratory methodswereimplemented as previoudy described in order to determine
theeffect of chemical modification onthebinding capacitiesfor copper(I1) andlead(l1) by thedfafa
biomass (Gardea-Torresdey et d., 1996a, 1996b). In summary, the afalfabiomasswasreacted
with asolution containing 0.3 mM of either copper (I1) or lead(I1) at pH 5.0. The concentration of
biomassin the metd solution was maintained at 5mg biomassper mL. Metal solution controls
werea so kept throughout the experiment to maintain quality control. The biomass-meta solutions
were equilibrated for 10 minutes, centrifuged, and the decanted supernatantswere stored for
analysiswhilefresh meta solution wasagain reacted with the pell eted biomass. Thisprocesswas
repeated ten times, or until the biomassbecame saturated. Thefinal pHsfor all tubeswerethen
recorded, and the supernatantswere analyzed using flame-atomic absorption.

Metal Analysis

A Perkin EImer model 3110 atomic absorption spectrometer with deuterium background
subtractionwas utilized to analyze the supernatantsfrom the meta-binding experiments. The
response of theinstrument was checked periodically with known standards and the instrument was
calibrated with acorrelation coefficient of 0.98 or greater. All of the sampleswereread threetimes
and themean value, aswell asthe relative standard deviation, were computed. The wavelengths
used for the metal analysiswere 327.2 nmfor copper and 283.3 nmfor lead. Animpact bead was
utilized toimprovethe sengtivity. Thedifferencebetweentheinitia metal ion concentration andthe
remaining metal ion concentration was assumed to be bound to the biomass.

X-ray Absorption Spectroscopic Analysis

Separate solutions of 1000ppm copper(l1) and lead(I1) were prepared from the salts of
Cu(I1)SO, and Po(I1)(NO,), , respectively. Two 100 mg samplesof alfalfabiomasswerewashed
threetimeswith 0.1 M HCI to removeany trace metal ionsprior to analysis. Thiswasfollowed by
threewashingswith DI water to removeany remaining acid. The biomasseswerereacted with
either the 1000 ppm copper(I1) or lead(l1)solutionsat pH 5.0 in order to saturateall available
binding sitesprior to X-ray absorption anaysis. The X-ray absorption spectrawere measured on
beam lines X-18B and X-19A at the National Sychrotron Light Source. Thedatawere collected
with S 111 monochromator crystalswith ditsadjusted to give approximately 1-2 €V resolution. All
of the sampleswere measured in transmission mode using standard ion detectorsfor copper and
lead. Model compounds consisting of Cu(l1)SO, and Pb(11)(NO,),, were measured as solid
powdersontape. Thedatawereanalyzed using standard methodswiththe MacX AFSEXAFS
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analysis package and the absorption edge step midpoint was used to determinethe E, val ues.
Quantitative comparisons between unknowns and standards were accomplished with nonlinear fits
based on the general Extended X-ray Absorption Fine Structure (EXAFS) equation and verified
with theoretical smulationscarried out with FEFF 3.11, an ab initio curved-wave single-scattering
EXAFSsmulation code.

RESULTSAND DISCUSSION

Previous experiments haveindicated that carboxyl groupsplay animportant rolein metal
binding by afafabiomass(Gardea-Torresdey et a., 1996a, 1998; Tiemannet d.,1999). Inorder
to determineif thiswasthe casefor copper(l1) andlead(I1), metal-binding experimentswere carried
out with esterified afafabiomass. The processused to chemically block theavailable carboxyl
groups by transforming them into methyl estersisshowninthereaction bel ow, where R represents
all of the componentsin the biomass (Gardea-Torresdey et al., 1990; Lin and Rayson, 1998;
Tiemannetal., 1999).

R-COOH+CH,OH = " R-COO-CH,+H,0

Table 1 displaystheeffectsof esterification on the binding capacity (milligramsof metal per
gram of biomass) of theafafabiomassfor copper(I1) andlead(I1) binding. A dramatic decreaseis
observed inthe binding capacity by the esterification of availablecarboxyl ligands. Thebinding
capacity of theunmodified biomasswas 19.7 mg/g (310 umol/g) for copper and 43.0 mg/g (207
pmol/g) for lead(11),whilethe esterified biomassresulted in abinding capacity of 2.1 mg/g(33.1
pmol/g) for copper and 0.0 mg/g for lead(l1). Therefore, areduction of nearly 90% of the copper
binding was observed and a100% reduction of lead binding wasobserved. Thisindicatesthat
carboxyl ligandsmust play amajor roleinthebinding of copper(l1) andlead(I1) ionsfrom solution.
However, since only 90% of the copper binding wasaffected, other ligandsmay also beinvolvedin
copper(ll) binding. Inaddition, control experiments conducted with either 0.1M HCl and methanol
indicated little, if no effect, onthe binding (datanot shown).

Sinceit wasdetermined that carboxyl ligandsareimportant in the binding of copper(ll) and
lead(I1) ions, increasing the number of these groups should increasethe biomassbinding ability. This
wasaccomplished through hydrolysis (or saponification) of the biomass, where estersprevioudy not
activeinthe metal-binding process aretransformed into carboxyl groups. Thisprocessof biomass
hydrolyzationisshowninthereaction below, where R representsall of the componentsinthe
biomass (Gardea-Torresdey et al., 1990; Lin and Rayson, 1998; Tiemann et al., 1999).

R-COO-CH, + NaOH = R-COO +Na"+CH,OH

Table1 dsodisplaystheeffectsof hydrolyzation onthebinding capacity (milligramsof metal
per gram of biomass) of the alfalfabiomassfor copper(l1) and lead(Il) binding. Asexpected, a
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sgnificant increasein copper and lead binding wasobserved. After hydrolyzation of theafafa
biomass, the binding capacity for copper(I1) increased 28% to 25.3 mg/g (398 pmol/g) and 107%
forlead (11) to 89.2 mg/g (430.5 umol/g). Thisdataindicatesthat theincreasein metal bindingwas
dueto theformation of new carboxyl groupsontheafalfabiomass. Therefore, thereduction of
metal binding through blocking the carboxy! ligands (esterification), and enhancement of metal
binding through theformation of new carboxy! ligands (hydrolysis), impliesthat carboxyl groups
areimportant in thebinding of copper(I1) and lead(I1) ionsout of solution. Theseresultsconcur
withthefindingsof other researchers(Gardea-Torresdey et d., 1990; Lin and Rayson, 1998;
Tiemannetal., 1999).

X-ray absorption spectroscopy has been shown to be asensitive method to determinethe
electronic and structural propertiesof metals. XANES spectrafor aseriesof copper model
compounds have shown that the edge energy and shape are sensitiveto the metal s-oxidation state
and geometry. Thesedatahave shown that Cu(l) hasapre-edge peak (1s-4pz) at 83984 eV,
whereas Cu(ll) hasatail in thisregion from approximately the 8986 eV peak. For Cu(ll), thefirst
intensetransition occursat 8986 eV (1s-4p) and thereisalso aweak transition at 8979 eV (1s-3d).
By normalizing and taking the difference, the XANES spectrafor Cu(l1) loaded biomasswas
obtained.

The XANES spectrafor copper(l1)-loaded biomassisshownin Figure1. A weak 1s-3d
peak isclearly seen for both copper(l1)-loaded biomass and the model compound Cu(l1)SO,,
From Figurel, it can be seen that the edge position for the copper(l1)-loaded biomass (Cu-
biomass) iswithin5eV of themodel compound, thusindicating that the copper bindsto the biom-
assascopper(I1). TheFourier transform EXAFS (FT-EXAFS) andfirst shell peak indicate similar
metal coordination environments between themodel compound and the copper(11)-loaded biom-
ass. The Cu-O distanceswere determined to be 1.99A and 1.95A for Cu(l1)SO, and the
copper(l1)-loaded biomass, respectively. Thesedatasuggest that sulfur isnot involvedin copper(I1)
binding sincethe bond distancefor Cu-cysteineistypicaly 2.3A. Therefore, copper(l1) coordina-
tionisoccurring though an oxygenligand, most likely acarboxyl group.

Thedifficultiesand limitationsof |lead EXAFS dataanalysishave madethismetd difficult to
perform X-ray absorption anaysiswith. The problemsassociated with Pb EXAFS (multiple
coordination numbersand distances, static and dynamic disorder, anharmonic disorder, and high
thermal motion) result in broadening of the EXAFS oscillationsand apoor signal to noiseratio. In
order to reduce these effects, the X -ray absorption analysiswererun at room temperature and 40K
for thelead-loaded biomass (Pb-biomass) and at room temperature and 100K for the model
compound Pb(NQ,),. Thesampleswere cooled using aDisplex closed-cyclerefrigeration system.
The XANES spectrafor thelead-loaded biomassand Po(NO,), are shownin Figure 2. Ascanbe
seeninFigure 2, the EXAFS ostillations and edges are broadened at room temperature. Similar E;
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valuesfor themodel compound Pb(NO,), and the |ead-loaded biomassindicate that lead ishinding
tothebiomassaslead(l1). TheFT-EXAFSdatafor thelead(l1)-loaded biomass, lead foil, and
model compound Pb(NO,), areshowninFigure3. Thebest agreement between the standards
and thelead-loaded biomassEXAFS dataisfor lead(I1) binding to oxygen atoms, most likely
carboxyl groups.

CONCLUSIONS

Chemica modification viaesterification of available carboxyl groupsontheafafabiomass
resulted in adramatic decreasein copper(l1) and lead(11) binding. No binding was observed for
lead(11) after esterification, whileasmall amount was noticed for copper(l1). Thisindicatesthat
other binding sitesmay still beinvolvedinthebinding of copper(I1). Inaddition, hydrolysisof the
biomass demonstrated an appreciableincreasein both copper(11) and lead(11) binding. Thisfurther
indicatesthat carboxyl groupsareresponsiblefor thebinding of copper(11) and lead(11) from
solution by afafabiomass. X-ray absorption experiments provided information about the oxida-
tion state and coordination environment of copper(I1) and lead(11) bound to thedfafabiomass. In
both cases, the metal ionsbound without changein oxidation. Fromthe EXAFSdata, we have
determined that both copper(l1) andlead(I1) binding occurred by coordination with an oxygen
atom, most likely viacarboxyl groups. Therefore, through the use of chemica modification and X-
ray absorption spectroscopy, we have shown that carboxy! ligands play amajor roleinthebinding
of copper(l) andlead(I1) by afafabiomass. Thisinformationwill beuseful inthe understanding of
the metal -binding mechanismsinvolved in copper(l1) and lead(l1) adsorption by alfalfabiomassand
the possible modification of thebiomassfor selectively removing these metd ionsfromwaste
effluentsand contaminated waters.
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Tablel1. Alfafabiomasscapacity for copper(ll) and lead(l1) beforeand after esterificationand

hydrolysis.
mg of metal/g of alfalfa biomass
M etal 1on
before modification after esterification after hydrolysis
cu(ll) 19.7 2.1 25.3
Pb(ll) 43.0 0.0 89.2
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Figurel. XANES spectrafor Cu(11)SO4- and Cu(l1)- loaded biomass.
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Figure2. Normalized Pb L111 XANES spectrafor (A) Pb biomassat room temperature (solid)
and 40K (dash), and (B) Pb(11)(NO3)2 at room temperature (solid) and100 K (dash).
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Figure3. FT k?-weighted EXAFS oscillationsfor Pb biomass (solid), Pb(11)(NO3)2 (dash), and
Pofoil (long dash).
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