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ABSTRACT

Current precious metal recovery technologies that use harsh chemicals may represent a threat to the
environment and public health. Thus, there is a necessity to devel op environmentally friendly systemsto
retrieve precious metals. In previous experiments, dead alfalfa biomass has shown to be efficient for gold(l11)
recovery. Gold(l11) binding to afalfabiomassisrapid, pH independent, and increases with time and temperature.
Furthermore, with X -ray absorption spectroscopy, alfalfawas found to reduce gold(I11) to gold(0) and produce
nanoparticles. Transmission electron micrographs showed nanoparticles of several shapes and sizes. The
reduction process was a so found to be pH, time, and temperature dependent. In order to resolve the mechanism
of both binding and reduction of gold(111) by alfalfabiomass, further experimentswere performed. The effect of
chemical modification of the alfalfahbiomasson gold(l11) binding and reduction was determined. Also, further X-
ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectros-
copy studies were performed to assess the oxidation state and nearest neighbor of the bound gold as a function
of time. Theresultsindicate that gold(I11) goesto gold(l) and then to gold(0). Also, EXAFS shows that binding

may occur viaanitrogen or oxygen ligand.
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INTRODUCTION

Classical methodsto recover goldfromits
ore, such ascyanidation and thiourealeaching,
utilizeharmful chemicasthat canfindtheir way
to the environment(Addison, 1980; Hiskey,
1985; Deschenes, 1998). Thus, they represent
athresat totheenvironment’ sintegrity and also
tothehealth of thepublic. Thisbringsustothe
need to devel op new recovery technologies
whichareenvironmentally friendly, cost-effec-
tive, and efficient.

Theability of plantsto uptakegold has
been long known (Girling and Peterson, 1980).
They may dothiseither actively, by utilizingthe
plant metabolism, or passively, by meansof the
functional groupsontheir tissues. Thus, wemay
take advantage of thisability of plantsto uptake
gold by using their dead tissuesand taking
advantage of their functional groupsto recover
goldionsfrom aqueoussolutions.

Gardea-Torresdey et d. havefound that
dead afdfatissues (Medicago sativa) havean
appreciable ability to adsorb gold(111) ionsfrom
solution (1999a). It wasfound that gold
binding to afafabehaved dmost pH indepen-
dently. Also, it was seentoincreasewith
temperature (Gamez et al., 2000). It wasaso
found that thegold reacting with thedfafa
biomasswasreduced to el emental gold colloids
(Gardea-Torresdey et al., 1999b). The capac-
ity of dfdfatoreducegold(l11) would augment
the perfomance of arecovery systemfor gold
from agueous solutionsbased on dead dfafa
tissues. In order to enhance such asystem, or
devel op smilar ones, themechanism(s) by
which afafauptakesand reduces gold needsto
be understood.

Theobjectiveof thisstudy isto gainfurther
insght intothechemical processesof uptake
and reduction of gold(I11) by dfafa For this
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purpose, the time-dependence behavior of the
binding was characterized. Also, esterification of
the biomasswas performed to assestherole of
carboxyl moietieson the mechanism. Further-
more, X-ray absorption spectroscopic analysis
wasdoneon severa gold(l11)-laden samplesto
see how the gold changed oxidation statesand
itschemica environmen.

MATERIALSAND METHODS

Alfalfa sample collection

Thedfafasamplesfor thisstudy were
acquired from controlled agriculturd fields
studiesat New Mexico StateUniversity at Las
Cruces, N. M. Theharvest conditionswere
described by Gardea-Torresdey et al., but
basically therootswere separated fromthe
shoots, ovendried at 90 °C, and ground to pass
a100-mesh screen (1996). The shoot biomass
wasused for all the experimentsbecauseit
showed to have ahigher capacity toward gold
binding in previousexperiments (Gardea
Torresdey et al., 1999a).

Time dependence

A sampleof 2 g of alfalfabiomasswas
washed twicewith 0.01 M HC1 and oncewith
DI water in order to remove any solublemol-
eculesfromtheafafabiomassthat may interact
withthegoldions. Then, thebiomasswas
resuspended in 200 ml of DI water (10mg/ml),
anditspH wasadjusted to 5, using very dilute
sodium hydroxide (NaOH). Eight ml of biomass
mixturewastransferred to test tubeslabeled 5
min, 1 hr, 3hr, 4 hr,and 12 hr. Thesewere
centrifuged and the biomass pelletswere
reacted with8 ml of agold(I11) solution at pH

5.0 madefrom KAuClI, (59.1 ppmor 0.3 mM).
After their respectivetimes, thetubeswere
centrifuged and the supernatantsanayzed for
gold(l11) content by flame atomic absorption
spectroscopy. To obtain good statistics, the
experiment wasdoneintriplicate. The pellets
were washed with DI water to remove any
unbound gold(l11), freeze dried, and saved
for XAS.

Chemical modification
Esterification methodswere described by
Tiemannet a (1999). A Fisher estexification
was performed. The biomasswas reacted with
excessmethanol using diluteacid asacatalyst.
Thebasic reactionisrepresented below.

o]
2
Biom ass —C K

Capacity experimentswereperformed
with the modified biomassesasprevioudy
decribed (Gardea-Torresdey et a ., 1999a) and
compared to the native biomass.

1%
+ HCl + CH;0H —% Bigpass—C ~g~CHs

X-ray absorption spectroscopic measurements
The X-ray absorption spectrawere
collected at Stanford Synchrotron Radiation
L aboratory, beamline 7-3, for the Au L, edge,
and the standard operating conditionswere 3
GeV and 60-100 mA beam current. The
spectrafor the samplesweretakeninfluores-
cencemode, but for the model compounds
(diluted with boron nitride), transmission mode
wasused. One-milimiter, path-length aluminum
holderswith tapewindowswere used to runthe
samplesas solids. Themonochromator had
Si(111) crystds, anentrancedit of 1 mm, and
was detuned to 50%. Several scanswere
averaged for each X -ray absorption near-edge
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structure(X ANES) and extended X-ray
absorption fine-structure (EXAFS) spectra(~2
to4).

The EXAFSPAK software packagewas
used to analyze the X -ray absorption datausing
standard methods (George and Pickering,

1995; O’ Day et d., 1994). Theresulting
scattering curvefrom the EXAFSdatawas
weighted by k3. Thiswasfollowed by aFourier
trandformationtoyiddacurvesmilartoaradia
Sructurefunction, uncorrected for phaseshifts, that
containsthedistancedataof thenearest neighbors
totheabsorbingatom. TheFT-EXAFSfrom
model compoundswasused to comparetothe
samplestoget Sructurd information.

RESULTS

Time dependence

Thebehavior of gold(l11) adsorption and/
or reduction asafunction of timeisdepictedin
Figurel. Theprocessstartsfairly rapidly and
then slowsdown. It can be observed that after
four hours, practically al thegoldisout of the
solution. Thisimpliesthat by thistimethegold
iseither adsorbed or reduced. At 12 hours,
we do not seeany moregold in solution at
tracelevels.

Chemical modifications

Thegold(l11) binding capacitiesfor the
differently treated biomassesareshownin Table
1. Theesterified biomass capacity is 30.8 mg of
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Figure 1. Time-dependence behavior of
gold(I11) binding to afafabiomass. They-axis
showstheamount of gold inthe supernatant
after thereaction time had taken place.

gold/g of biomass. Thisrepresentsa23.2%
decreasein capacity ascomparedtothe
native(untreated) biomass. Thus, carboxyl groups
may beinvolvedinthebindingof gold(111).
X-ray absorption spectroscopic experiments
The X ANES spectrafor selected samples
of thetime-dependence experimentsare shown
inFigure2. 1t may beobserved that the Au-
biomass 5-min sampl e sharesthe peak around
theedgerise (~11922 eV) withthe Au(ll1)
acetatemodel compound but islessintense.
Thispeak iscaledwhitelineanditshighinten-
sty ischaracteristic of Au(l11) compounds
(Elder and Eidsness, 1987). Also, theintensity
of thislinedropseven morefor the Au-biomass
3-hr sample and itsedge features approximate
that of the Au(l) sulfide model compound.

Table 1. Gold-binding capacity for the esterified biomass as compared to the unmodified biomass.

Capacity (mg Au/g biomass)

% Decrease

Unmodified Biomass 40.1

Esterified Biomass 30.8

23.2
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Figure2. XANES spectrafor thetime-depen-
dence experiment samples. 5min, 3hr, and 12
hr. Included are the absorption edges of the
model compounds: Au(l11) acetate, Au(l)
sulfide, and Au Fail.
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Figure3. FT-EXAFSof the 3-hr Aubiomass
samplecomparedto Au(l11) acetate, Au(l)
sulfide, and Aufoil model compounds.

Findly, the Au-biomass 12-hr sampleshowsa
peak at ~11945 eV and amuch lower intensity
whiteline. The peak at ~11945 eV ischaracter-
istic of gold metal (Elder and Eidsness, 1987).

Figure 3 showsthe EXAFS spectrafor the
Au-biomass 3-hr sampleaongwith gold-
acetate, gold-sulfide, and gold-foil model
compounds. Itisclear that the samplesharesa
peak with the gol d-acetate model compound.
Thiscould represent agol d-oxygen bond length.
Ontheother hand, it doesnot share apeak with
thegold-sulfidemodel compound. Furthermore,
the sample al so sharesthe peak that corre-
spondsto the gold-gold bond seeninthe gold-
foil model compound.

DISCUSSION

Anincreaseintheremoval of goldfrom
the supernatant with timewas shown by the
time-dependence experiment. Approximeately 4
hr passed beforepractically dl thegoldin
solution had been either adsorbed or reduced.
It may be concluded that the uptake of gold(I11)

by afafabiomassshouldinvolveamorecom-
plex mechanism thanion exchange because
thesetypes of reaction are known to occur very
rapidly (Nakgimaand Sakaguchi, 1993).

A capacity reduction of 23.2% was
caused by the esterification of theafafabiom-
ass. Thissuggeststhat adsorption of gold(l11) by
dfdfabiomassinvolvescarboxyl groups. Gold
tetrachloroaurateisknownto exist asthe AuCl
squareplanar anioninsolutionat pH from~ 2
to 5.5 (weareworking at pH 5) and excess
chloride concentrations (Fargeset al., 1993).
Also, at thispH the carboxyl, groupsare mostly
deprotonated (negatively charged). Thus, it
would bemorelikely that the carboxyl groups
wereinvolvedinaligand exchangemechanism
rather than an el ectrostatic interaction.

The XANESfor the 5-min sampleof the
time-dependence experiment showsashift of
thewhite-linefeatureto higher energies, accom-
panied by adepression of theintensity. The
white-linefeaturein goldisknownto shiftto
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higher energieswhen the oxidation number
decreases (Elder and Eidsness, 1987). In
addition, thedepressoninthewhitelineinten-
Sty suggeststhat thegold isgoing to lower
oxidation states. Thisisbecausethewhite-line
arisesfrom 2pto 5d el ectronic transitionsand
theée ectronic configurationsof gold(1) and
gold(0) should have most 5d states occupied
(Pantdlouriset a., 1995). This, inconjunction
with the absence of agold(0) peak, suggests
that thereisarapidreductiontogold(l). In
additionto showing thesametrend inthewhite-
linefeature, the 3-hr sample showsapeak at
~11945eV. Asmentioned before, thispeakis
characterigtic of gold(0) and can be seenfor
particleslarger than 10 A (Elder and Eidsness,
1987). Thus, after three hours, somegold(I11)
has been reduced to gold(0). Furthermore, the
12-hr sample showsavery clear gold(0) peak
and amost no signsof awhiteline. These
XANES resultssuggest that gold(I11) goesto
gold(l) beforegoing to gold(0), and that the
reductionto fromgold(1) to gold(0) ismuch
dower thanthat fromgold(l11) togold(l).

Thenature of the near-neighbor atoms
surrounding the gold can be characterized by
EXAFS. Thisisachieved by probing the
backscattering interactions of the gjected
photoel ectron from the X -ray-absorbing gold
atom. Nevertheless, EXAFScannot distinguish
between elementsthat are close-row neighbors
intheperiodictable(e.g., O fromN) dueto
their smilar phase shiftsand scattering potentials
(Penner-Hahn, 1999).

The FT-EXAFS of thetime-dependence,
3-hr sample shows agol d-oxygen(or nitrogen)

peak and agold-gold peak, but no gold-sulfur
peak. Theseresultsare cons stent with the ones
obtained for the chemica modification experi-
mentssincethey indicatean oxygen-containing
ligand. The absence of the gold-sulfur peak was
not expected because experiments performed
with other biosorbentsindicate that the adsorp-
tion of gold shouldinvolvesulfur-containing
moieties. Sulfur-donor binding Stesareknown
tostabilize Au(l) (Sadler, 1976). It hasbeen
proposed that sulfur groupsareinvolvedinthe
biosorption of gold(l11) by Chlorellavulgaris,
but they do not account for al thegold binding
asamino modification reduced 50% of the
binding (Greeneet d., 1986; Darndll etd.,
1986). Thus, thereisalso the possibility that
amino groupsareinvolved inthe mechanism,
especialy sinceat low pH, they are positively
charged and thegold(l 1) existsasAuCl .
Itisnot unreasonableto believethat the
majority of the gold goesto oxygen/nitrogen-
containing ligandssince even though theremight
be gold-sulfur preferentia binding, there might
not be enough sulfur groups. 1t hasbeenknown
that gold will bind to alow-Z atom such as
nitrogen or oxygenif denied accessto sulfur;
Au(l) will dothisin order to achieve two-
coordination (Elder and Eidsness, 1987).
Ontheother hand, thereduction of AuCl
may occur viaseveral mechanisms. The
tetrachloroaurateion could undergo hydrolysis
reactionstofinaly producedementa gold
(Kuyucak and Volesky, 1986). Also, reduction
by photolysis, whichinvolvesUV radiation,
could beoccurring (Bronsteineta., 1999).
Control solutionsdo not show gold reduction,
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thusthese processes might not be playing an
appreciablerole. Thismeansthat thebiomassis
themajor oneresponsiblefor thegold reduc-
tion. Thenext stepistotry toidentify the
moiety that getsoxidized onthebiomass. It has
been demonstrated that proteinscontaining
cysteine and other disulfidesare ableto reduce
gold(l11) totheelemental state (Shaw 111 etdl.,
1980). Nevertheless, wedo not seeagold-
sulfur peak inthe EXAFS spectra. A possible
explanationfor thisisthat sulfur groupsare
involved inthereduction, but that thereare so
few gold-sulfur bondsthat we cannot seethem
with the EXAFStechniqueweemployed. On
the other hand, hydroxyl groupson sugar balls
have been known to reduce Au(l11) to Au(0),
thusthe complex carbohydrateson theafafa
cell wall could bethe onesresponsiblefor the
reduction of AuCl, (Kunioet d., 2000).

CONCLUSION

These studieshave shown that there could
be severd mechanismsinvolvedinthebinding
and reduction of AuCl, by afalfabiomass.
Carboxyl moietiesareinvolved anditisvery
possiblethat the hydroxyl groupsarerespon-
sblefor thereduction. Moreimportantly, it was
shownthat Au(l11) goesthrough Au(l) before
goingto Au(0). Itispossiblethat AuCl, is
involved inligand exchange, aswell aselectro-
staticinteractionswith the biomassto makethe
electrontransfer possible. Thisinformation
should help enhancetheability of dfdfaasa
potentia phytofilter for therecovery of gold
from agueous sol utions, aswell asproducing
gold colloidsof useful characterigtics.
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