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ABSTRACT

We have performed several studiesto determine the electrochemical properties of Cu(ll) binding by
alfalfabiomass using carbon paste alfalfa-modified el ectrodes. Experimental conditions such asalfalfa-carbon
paste concentrations, solution pH, and metal preconcentration times were determined. Results of the electro-
chemical studies have shown that an increase in response was observed by increasing the concentration of
alfalfabiomass with amaximum response at 30% (w/w). In addition, the response was found to escalate asthe
pH of the Cu(ll) solutionswere raised from 2-6, which parallel sthe trends observed from previously performed
batch experiments. Thisinformationwill aid in the elucidation of the mechanismsfor metal ion binding by afalfa
biomassin order to develop a better method to clean heavy metal-contaminated waters.
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INTRODUCTION

For more than adecade, researchershave
been|ooking for cheaper, more effective meth-
odsto remediate heavy meta-contaminated
watersand reducethegrowing public healthrisk
(Runnellsetal., 1992). Traditionally, method-
ologiessuch asion-exchangeand reverse
osmosisare employed to remove contaminants
from polluted waters. Dueto thehigh cost
associ ated with these methods, many polluted
areas proveto be cost-prohibitiveto clean.
However, theuseof biological systemsmay
alleviate some of these concerns. Biological
systemshaveprovento bequiteeffectiveat
removing meta ionsfrom contaminated solu-
tionsinalow-cost and environmentally friendly
manner (Atlas, 1995).

Many researchershaveinvestigated the
useof livebiological syssemsasanew alterna-
tivefor theaccumulation of heavy meta con-

taminantsfrom wastewaters (Cervantesand
Gutierrez-Corona, 1994; Zang and Mgjidi,
1994; Bender et ., 1994; Nagendraet al.,
1993; Romeand Gadd, 1991). Nevertheless,
research performed with nonliving algal and pesat
moss biomasses have shown agreat potentia
for removal and recovery of heavy meta ions
(Ramelow et al., 1993; Viraraghavanet d.,
1993; Lujaneta., 1994). Inaddition, tissues
from nonliving plant materials haveshown
severd advantagesfor remediation, which
includethe nondestructive effectsfrom high
levelsof contamination and low cost (Gardea
Torresdey et al., 1996a; 1996b; 1999a;
1999b). However, dueto alack intheunder-
standing of thefundamental mechanism underly-
ing the metal -biomassinteraction, the advance-
ment of bioremediation research hasbeen
limited. Few studieshave been performedto
determinetheactua metd binding mechanisms
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of thebiological materiasfor the purpose of
bioremediation (Gardea-Torresdey et dl.,
1996¢; 1996d; 1997; 1998; Tiemann et al.,
1999; 2000).

Previoudy performed experimentswith
nonliving biomass of Medicago sativa (dfafa)
have shownthat it isableto bind appreciable
amountsof cadmium(ll), chromium(ll1),
copper(l1), gold(l11), lead(I1), nickel (I1), and
zinc(l1) (Gardea-Torresdey et al., 1996c;
1996d; 1997; 1998; Tiemann et al ., 1999;
2000). Inaddition, these studies have shown
that dfafabiomasscan sdectively bind certain
metal ionsinmixed-metal solutions, even under
theinfluence of hard waterswhichtypically foul
commercid ion-exchangeresins(Gardea
Torresdey et al., 1999d). Inspiteof the
biomass smeta-binding abilities, littleisknown
about theactua chemical mechanismsinvolved
intheselective binding and recovery of these
meta ionsby afafabiomass.

Theobjectiveof thiswork isto determine
thepropertiesof Cu(ll) binding by dfafa
biomassus ng e ectrochemica techniques.
Carbon pagte alfalfa-modified € ectrodeswere
employedinthisstudy to performthe
voltammetric anaysisin order to gain abetter
ingght into themetal-biomassinteractions.
Experimenta conditionssuch asoptimal dfdfa
carbon paste concentrations, solution pH, and
meta preconcentration timeswere determined.
Theinformation gathered by thisstudy will help
intheunderstanding of Cu(ll) binding by dfdfa
biomassand aid in determining better methods
torecover meta ionsfrom heavy meta-con-
taminated solutions.

MATERIALSAND METHODS

Biomass Preparation

Thedfadfabiomassused for thisstudy
was of the Malonevariety and had been se-
lected for itsmeta-binding abilitiesasdeter-
mined from previous studies (Gardea-Torresdey
et al., 1996a; 1996b; 1996d; 1998;1999a;
1999b;1999c; Tiemann et al., 1999; 2000).
Only the shoot materid s (stemsand |eaves)
wereused inthisstudy. Thebiomasswas
removed from thefield and washed cleanwith
water. Following adrying cycleof oneweek at
90°C, the biomasswas ground by aWiley mill
to passa100-mesh sieve. Beforeany experi-
mentswere performed, theground afafa
biomasswaswashed twicewith 0.01M hydro-
chloricacid (HCI) using methodsprevioudy
described in order to remove any meta sthat
might be on the biomass prior to experimental
metal ion exposure (Gardea-Torresdey et dl.,
19964a; 1996b; 1996d; 1998;1999;
1999b;1999¢; Tiemann et al ., 1999; 2000). The
acid-washed biomasswas then washed twice
againwithdeionized (DI) water toremovethe
acid prior to any further experimentation.

Electrode Preparation

Chemically modified carbon pasteelec-
trodes (CME) were prepared by hand mixing
washed afafabiomasswith 0.375g of minera
oil and varying amountsof graphite powder
60% (w/w) to 30% (w/w) depending on
percent of biomass) usingamortar and pestle.
Theamount of biomassusedinthegraphiteoil
mixturevaried in the study from 10% (w/w) to
40%(w/w) to obtain atotal of 1.25g of bio-
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mass, graphite, and oil inthe paste. Theresult-
ing carbon-biomass paste was then packed into
theend of aglasstube (2mmi.d and 2.5mm
0.d.) and in contact with acopper wire protrud-
ing from the oppositeend.

Electro-Analytical Procedure

Three20-mL cdllswereusedinthisstudy:
the preconcentration cell containingthe
copper(l1) solutionto test the CME; the mea-
surement cell containing the supporting e ectro-
lyte (0.05M sodium acetate at pH 5.0); and the
cleaning cell containing 0.1M HCI. Inorder to
obtain thee ectrochemica measurements, the
CME, Ag/AgCl referenceelectrode and plati-
num auixiliary electrodewere placedinthe
measurement cell viaholesinthecover.
Square-wave voltamogramswere recorded
using an EG& G Instruments Princeton Applied
Research Model 394 Electrochemicd Trace
Analyzer. A frequency of 4 hertz wasused
alongwitha50mV amplitudeand 1 srepetition
timefor theinstrumenta settings. Theelec-
trodeswerewashed with DI water prior to any
measurement to removefree-surface metal ions.
Following rinangwith DI water, the CME was
then placed into the measurement cell containing
the supporting electrolytewhere apotential of
0.5V wasapplied and scanned to afinal
potential of - 0.9 V. The CME was scanned
before preconcentration to obtain background
measurements prior to preconcentration studies.
Copper solutionswere madefromaCu(l1)SO4
sdt with DI water and the solution pH was
adjusted using dilute HCl asrequired. Al
solution concentrationswereverified by flame
atomic absorption spectroscopy. For

preconcentration, the CMEwasimmersedin
the20-mL copper solution (stirring) for a
predetermined period of timewith an open
circuitontheCME. Followingthe
preconcentration step, the CME wasrinsed
with DI water and then placed into the measure-
ment cell. After thevoltammetric measurement,
theelectrodewastransferred to thecleaning cell
for 10 minutesto remove the bound metal ions
and then transferred again to the measurement
cdll containing fresh eectrolyte solutionwhereit
was scanned again to verify theremova of the
adsorbed copper. Each experiment was
performedintriplicatewithanew CMEto
provideafresh surfacefor anaysis, with the
exception of the stability experiment wherethe
sameelectrodeswere used repeatedly. The
averagesof thesedataarereported herein.

RESULTSAND DISCUSSION

Previoudy performed experimentshave
shownthat afadfabiomasshasahigh affinity for
copper ionbinding (Gardea-Torresdey et dl.,
1996b;1999¢). However, dueto thelack of
knowledgeregarding the binding mechanism of
the copper ionsby the alfalfabiomass, wehave
chosento perform voltammetric experimentsto
gainfurther indght into thismechaniam.
Voltammetry isawidely employed method by
many researchersto study adsorption processes
on surfaces. Carbon paste-modified el ectrodes
have been used by several researchersto
investigatetheinteractionsof metal ionswith
different materials(Gardea-Torresdey et d.,
1988; Wang et dl., 1992; Kulaet al., 1999;
Lubertetal., 1999). Inorder to perform
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Figure 1. Effectsof peak current obtained from
various biomass/carbon paste compositions
upon exposureto 0.1 mM Cu(ll) at pH 5.0
with afive-min. preconcentrationtime.
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Figure2. Effectsof preconcentration solution
pH on peak current obtained fromthe
bioaccumulation of 0.1 mM Cu(ll).

voltammetric experimentswiththedfafa
biomass, an € ectrode containing the biomass
wasmade. However, the amount of biomass
needed to makethe optimal paste composition
needed to be determined. Figure 1 represents
thevoltammetric peak height current (LA) that
was obtained upon preconcentration for five
minuteswitha0.1mM Cu(ll) solution at pH
5.0, and varied amounts of afalfabiomasswere
used to makethe electrode paste. The
voltammetric peak height increasesamost
linearly asthe percentage of biomassincreases
(10%-30%), as expected dueto theincreased
binding capacity of theelectrode. However, as
the biomass composition isenriched above
30%, aleveling off of the voltammetric peak
height was observed. Thismay beduetothe
reductionin conductivity of the pastewith
increased biomasscomposition. Therefore,
further experimentswere conducted witha
carbon paste composed of 30% biomass.

Theeffectsof preconcentration solution
pH onthe voltammetric peak height are shown
inFigure2, wherea0.1mM Cu(ll) solution was
used for the preconcentration solution at various
pHs (2-6). Asexpected, thetrendin
voltammetric peak height increased respectively
with pH and closaly resemblesthat previoudy
seenfor thebatch laboratory pH profilesfor
Cu(I1) binding by afafabiomass(Gardea-
Torresdey et al., 1996a; 1996b;1999c). At
lower pH’s, therewaslittlevoltammetricre-
sponse, but from pH 3-4, therewasalarge
increaseinthevoltammetric peak height, which
began leveling off after pH 4, withamaximum
achieved frompH 5.0t06.0. Thedecreasein
voltammetric responseisattributed tolow
adsorption of copper ions, thusindicating that
the mechanism for adsorptionisby a weak ion
exchangeviafunctiond groupsonthedfafa
biomass, which could beweskly acidic (suchas
carboxylicligands) and protonated at pH 2.0.
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Figure 3. Dependence of preconcentrationtime
onthe peak current observed for thedfalfa-
modified electrode exposed to 0.1 mM Cu(ll)
solutionsat pH 5.0.

However, at higher pH values, the coordinating
ligand may be deprotonated and availableto
bind positively chargedionssuchasCu(ll).
Thereisan excellent correlation betweenthe
trend observedin Figure 2 and the batch
laboratory pH profilework previoudy per-
formed (Gardea-Torresdey et d., 19964).
Since carboxylic groupsgeneradly have pK
valuesbetween 3and 4, they aremost likely
responsiblefor the Cu(I1) adsorption asprevi-
oudly found for Ni(I1) and Cr(I11) binding by the
alfalfabiomass(Gardea-Torresdey et dl .,
1996b; Tiemann et al., 1999).

Further information regarding theoptimal
time of exposurewas obtained by varying the
preconcentration time of the CME with the
0.1mM Cu(ll) solutionat pH 5.0. Figure3
showstheincreasing voltammetric response
acquired through extended accumulationtimes
inthe preconcentration solution. Astheaccu-
mulation timeincreases, theresponserises
dowly withinthefirst minute, followed by a

steady increase up to five minutes, and ulti-
mately beginsto level off after ssven minutes.

M orethan 80% of thefina responsewas
generated withinthefirst fiveminutesof expo-
sure. Thesefindingsarein agreement with
batch |aboratory, time-dependent experiments
which haveindicated that themgority of the
Cu(Il) accumulation takesplacewithinthefirst
fiveminutesof contact withtheadfafabiomass
(Gardea-Torresdey et al., 1996a). Because of
therapid accumulation of Cu(l1) at the electrode
surfacewithinthefirg fiveminutesof
preconcentration, the subsequent experiments
were performed with apreconcentration time of
fiveminutes.

Sincetheafafabiomassfromthe CME
has shown to have astrong pH-dependent
affinity for Cu(I1) asdisplayed by the
voltammetric responseobtainedin Figure 2,
lowering the pH of the cleaning solution with
0.1M HClI should removethe Cu(l1) bound
fromtheeectrodesurface. Therefore, renewa
of the el ectrode surface was accomplished by
immersing theelectrodein 0.1M HCl for a
period of 10 minutes, and by the subsequent
voltammetric run which showed no copper peak
(datanot shown). Theeffectivecleaningand
renewal of theelectrode surfaceisshownin
Figure4, which displayspeak current obtained
fromaseriesof 12 repetitionsof accumulation
and cleaning with the same el ectrode surface.
AsseeninFigure4, apeak current of 9UA was
obtained for thefirst two runs, which diminished
to asteady mean peak current of 6.08uA.
Theseresultsindicatethat the electrode hasa
stable surfacewherethe Cu(l1) ishbinding and
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Figure4. Effectsof sorption/stripping cycleson
thepeak height using asingleelectrode. The

el ectrode was exposed for five minutestoa
preconcentration solution of 0.1 mM Cu(l1) at
pH 5.0 scanned, and then cleaned with0.1 M
HC1for 10 min.

Figureb. Effectsof varying Cu(ll) concen-
trations used for the preconcentration
solution at pH 5.0 on the voltammetric
response of thealfalfa-modified carbon
paste el ectrode.

the mechanism for the mgjority of the binding
isthrough areversible process, most likely via
an ion exchange-type process through car-
boxylicligands.

The CME svoltammetric responseto
varying concentrationsof Cu(ll)
preconcentration solutionsisshownin Figure5.
Ascan beseenfrom Figure5, theresponseis
linear from 0.02mM Cu(ll) to 0.8mM Cu(l1)
(2.27 ppmto 50.8 ppm) with acorrelation
coefficient of 0.99. Theresponsebeganleveling
off beyond the shown data points, indicating the
saturation of thealfalfabiomassbinding Stesat
theelectrode surface. Theseresultsindicate that
chemicd binding Stesonthedfafabiomass
haveahigh affinity for the copper ionsin solu-
tion and theamount of accumulationisafunc-
tion of surface area, which demonstratesthat the
accumulation of Cu(ll) isonly at the exposed
electrode surfaceand Cu(l1) doesnot leach into

theinner electrodepaste. Therefore, the
binding of Cu(ll) by theafafabiomassismost
likely through functiona groupslocated onthe
surface of thetissuecell walls, sincethe accu-
mulation did not increase with preconcentration
time (Figure 3) and solution concentration.
Theexperimental resultsobtained have
shown that the use of electrochemica methods
can provide useful information to hel p elucidate
thebinding mechanismsof biomaterials.
Through voltammetric measurementsviamodi-
fied carbon paste electrodes, the effects of
varying preconcentration timesand solution pH
haveindicated that the accumulation of Cu(ll)
by theafafabiomassisoccurring through
surfacefunctiona groupsviaanion-exchange
typeprocessand most likely involves carboxyl
groups. Inaddition, the datahave shown that
thebinding mechanismismost likely tobea
reversibleprocess. Therefore, theuseof dfdfa
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biomassto recover copper ionsfrom contami-
nated waters by way of areusable, cost-
effectivemethod would hold great promise.
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