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ABSTRACT

Due to current technologies used to extract gold, increasing environmental pollution has occurred.
Existing technologies for the extraction and recovery of gold include cyanidation, which usestoxic cyanide.
Because of the potential health threat and waste generated by the cyanidation process, an increasing need to
develop new technologies to extract and recover gold from agueous solution has arisen. Previous experiments
performed have shown that alfalfa has the ability to bind and subsequently to reduce gold(I11) to gold(0).
These experiments have also shown that gold(l11) at high concentrations is adsorbed by the alfalfa biomass
almost independently of pH. Batch laboratory pH profile experiments have been performed at trace levelsfor
both native biomassand chemically modified biomass using a 100 ppb gold(I11) aqueous solution. However,
at trace gold(I11) concentrations, the adsorption of gold(l11) has been observed to be pH dependent. The pH
profiles performed for both the native and esterified biomass were between pH 2.0 and pH 5.0. The observed
trend in the binding by the native alfalfa biomass was highest at pH 3.0 (97%) and decreased to (approximately
50%) pH 4.0 and pH 5.0. However, the esterified biomass had an opposite binding trend, alow binding at pH
2.0and 3.0 (50%) and asharp increasein binding at pH 4.0 with amaximum binding at pH 5.0 (90%). To
explorethe effects of hard cations on thetrace-level gold(111) binding, calcium, magnesium, and sodium were
used. Inaddition, experimentswere performed using all three cations combined in solution to further explore
the effects of multiple hard cations on the trace-level gold(l11) binding to the alfalfabiomass. All experiments
showed that under optimal conditions, the binding was not greatly affected by the presence of the hard
cations.
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INTRODUCTION resins, which are produced by apolymerization
Inthe past few decades, bothheavy metal  processand usually haveleachatesor toxic
contamination and by-productsfrom metal chemicascontained within them (either by-
production have becomealargeconcern. Metal  productsfrom polymerization or unreacted
processing hascreated largeenvironmental reactants such astrichloro ethane) ( Petruzzelli
problems, such asacid minedrainage and the eta., 1997). Another problemwithion ex-
leaking of toxic heavy metasinto theenviron- changeresinsistheir inability towork inhard

ment (Winterbourn et al., 2000). Theprocessing  waters, wherethey become quickly exhausted.
and production of metalssuchasgoldandsilver  Theuseof either precipitation or coagulation
use cyanidation methods, whichprovideaneasy  requiresharsh chemicalsandiscostly (Ayres,

routefor cyanideto enter the environment. 1997). Membranetechnologiessuchasreverse
Current technol ogiesto extract metals osmosisareusudly very expensiveto operateand
fromwastewater, such asion exchange, precipi-  maintain (Rautenbachetd., 2000). Therefore,
tation, coagul ation, activated carbon, and thereisaneed to devel op more cost-effective
membranes have many problems associ ated methodsto clean heavy metdsfromtheenviron-
withtheir use. lon exchangetechnologiesuse mentinanenvironmentaly friendly manner.
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Recently, phytofiltration hasbeeninvesti-
gated asan dternativeto the aforementioned
techniquesto remove heavy metd ionsfrom
wastewater. Phytofiltrationisamethod that
offersaninexpensiveand effectivedternativeto
current water treatment methods. Thetech-
niqueof phytofiltration hasbeen provento
work effectively at thelaboratory scalefor both
sngle-meta and multi-metd solutionsat high
concentrations (ppm levels) (Gardea- Torresdey
etd., 1999). Theactua premisebehind
phytofiltation isto usedead plant biomassasa
sorbent for heavy metals. For example, dfafa
(Medico sativa) has shown great promiseasa
biosorbent for copper(l1), lead(11), zinc(11),
chromium(l11), and chromium(V1) (Gardea
Torresdey et a., 1999). Another biomassthat
hasbeen studied is peat mosswhich hasalso
showntheability toremoval copper(I1) from
aqueous solution (Gardea-Torresdey et dl.,
1996). The cresote bush hasalso shown
excdllent potential to sorb chromium(l11),
chromium(1V), lead(11), nickel (1), and zinc(11)
(Gardea-Torredey et al., 1997). Many other
biomasses have been found to be effective
biosorbentsfor heavy metassuch asaga
biomasses, seaweeds, and bacteria (Kratochvil
and Volesky, 1998). For phytofiltration, there
aretwo main processes used; the biomass
aloneisadded to aheavy metal solutionto
adsorb themeta sor the biomassisimmobilized
into apolymer matrix such asasilicapolymer
(Kratochvil and Volesky, 1998).

Although phytofiltration hasbeen proven
towork effectively with high metal concentra-
tions, very littledataexistsfor the extraction of

trace-level meta ion concentrations (ppb levels)
from solutionswiththismethod. Toachieve
trace-level meta determination, severd analyti-
cal methods can beemployed for analysisof
metal ionsin solution at sub ppm (partsper
million) concentrations. Three of thesemethods
areinductively coupled plasmamass spectros-
copy (ICP/MS), inductively coupled plasma
atomic emission spectroscopy (ICP/AES), and/
or graphite furnace atomic absorption spectros-
copy (GFAAS). Of these methods, GFAASIs
one of the best to determinetrace-level metal
concentrations because of itsprovenlong use
intheanaytical field and the effectiveness of
the Zeeman effect for background correction,
which allowsfor better detection limitsand
better sengitivity.

GFAASusesfour basic stepsdrying,
ashing, atomization, and clean out. Thefirst
step, drying, isused to diminate the solution
part of the matrix and to €liminate spattering
(whichmay causelossof theandyte). The
second step, ashing, isused to removethe
meatrix components (non-sol ution components
suchasionsand sdlts). Thethird step, atomiza-
tion, iswherethe anayteisput into the gaseous
phase as an exited atom which absorbsthe
andytical lineemitted fromthe source. The
fourth step, clean out, isused to removeany
resdualsof theanalyte or matrix fromthe
graphitetube (Gardea-Torresdey et al., 1995).
Animportant part of thedrying, ashing, and
atomization stepsarematrix modifiers. The
matrix modifiershavetwo purposesin GFAAS.
Thefirgtisto makethematrix morevolatile
(thusreducing any spattering that may occur),
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and the second purpose of the matrix modifieris
tomaketheandytelessvolatile(allowingthe
atomizationto occur at higher temperature).
Thus, thereislesslossof the anaytein pre-
atomization stages, providing acleaner atomiza-
tion (Gardea-Torresdey et al., 1995).

Theobjectivesof thisstudy wereto
develop amethod for determining trace-level
gold(l11) (astetrachloroaurate) insolutionusing
GFAASandtodeterminetheability of dfalfa
biomasstobind tracelevelsof gold(l11). In
addition, thisstudy wasdesigned to determine
theeffect of pH on thebinding of tracelevelsof
gold(111) (100 ppb) to the afafabiomassand
thetimerequiredfor gold(I11) sorptionto take
place onthealfafabiomass. Inaddition, it was
necessary to explorethe effectsof varying
concentrations of hard cations(calcium,
magnesium, and sodium, and al threecations
combined together) on the sorption of trace
levelsof gold(I11) to theafafabiomass, with
cation concentrationsvarying from 0.1 ppmto
1000 ppm.

METHODOLOGY

Determination of the Furnace Parameters
Thefurnacewasoptimized for maximum

sengitivity by varying theratiosof thematrix
modifiersand the atomization temperature. In
thisstudy, it wasfound that themodifiers
(magnesium nitrateand palladium nitrate) were
inhibiting theatomization of thegold. The ashing
temperature was dropped to 180 °C because of
thisproblem, and the atomization temperature
wasvaried. A wavelength of 242.8 nmwas
usedfor dl thegold anadysis(refer to Table 1
for thefurnace parametersfor gold analysis).
Cdlibration of theinstrument was performedin
thelinear working rangefor theanalysisof gold
up to aconcentration of 100 ppb. Thecorrela
tion coefficient of the calibration curvewas0.99
or greater for al theanalysesperformed.
Known standardswere periodically checked to
ensurethequality of thedata.

Alfalfa Collection

Thedfafawascollected from controlled
field studiesat New Mexico State University as
previousy described by Gardea-Torresdey et
al. (1998). The plantswereremoved fromthe
soil and washed throughly to removelarge
particlesand debrisfrom them. After washing,
the shoots (stemsand leaves) wereovendried
at 90°C for oneweek. Thedried biomass

Table 1. Thefurnace program used for thegold anaysis.

Temperature (°C) | 110 | 130 | 180 1800 | 2400
Read off | off off on off
Ramp Time (S) 1 5 10 0 1
Hold Time(S) | 20 | 30 | 20 5 2
Argon Flow (mL/S) [ 250 | 250 [ 250 0 250
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sampleswerethenground usng aWiley Mill to
passthrough a100-mesh sieve.

PH Profile for Gold(l11) Binding

Batch [aboratory experimentswere
performed for the pH studies. A 200-mg
sampleof dfafawaswashed threetimeswith
0.01M nitricacid (HNO,) and twicewith
deionized (DI) water. Thewashing was per-
formed to remove any solublematerial or debris
that may haveinteracted withthe metal ionsin
solution. The biomasswasresuspended in 40
mL of DI water to create asolution of 5mg of
biomassper mL of solution. Thebiomass
suspension was adjusted toapH of 2.0and 2.0
mL of the biomass solution wastransferredtoa
5-mL plastictube. Thiswasperformedin
triplicatefor statistical purposes. ThepH of the
biomasswas adjusted to thefollowing: 3.0, 4.0,
5.0, and 6.0 and allowed to equilibrate at each
respective pH. The adjustment of the pH of the
biomasswasdonewith dilute HNO, or dilute
sodium hydroxide (NaOH), and 2.0 mL of each
pH-adjusted biomasswastransferred to 5-mL
plastictubes(intriplicate). Thebiomasssolution
wasthen centrifuged at 3,000 rpmfor five
minutes and the supernatantswere discarded.
Thegold(I11) 100-ppb solution was madefrom
tetrachloroauratein DI water and adjusted to
the appropriate pH using either dilute HNO, or
dilute NaOH. To the pH-adjusted biomass
pellet, 2.0 mL of the pH-adjusted gold(l11)
solution was added to the respective pH-
adjusted biomass. At each pH, control solutions
of gold(l11) wereset up and all tubeswere
equilibrated for one hour on arocker. After
equilibration, the biomass sol utionswere centri-

fuged at 3,000 rpm for five minutesand the
supernatantswere collected and analyzed for
meta content. Thefinal pH of the solutionswas
measured and gold analysiswas performed with
aPerkin EImer 4100ZL GFAASwith Zeeman
background collection. Cdibration of the
instrument was performed in therange of
analysisup to agold concentration of 100 ppb.
The correlation coefficient of thecalibration
curvewas0.99for al analysesperformed. The
difference between the concentration of the
control and the biomass sol ution was assumed
to have been the amount of gold sorbed by the
biomass.
Chemical Modification of the Alfalfa
Biomass

Thisexperiment wasperformed smilarly to
one previoudy described by Gardea-Torresdey
et a.(1996). A 3.0-g sample of biomasswas
added to a1,000-mL, three-neck flask fol -
lowed by 300 mL of HPL C-grade methanol, to
make abiomass solution of 0.04 mg/mL. Tothis
solution, 2.5 mL of concentrated hydrochloric
acid was added to makea0.1-M acid solution,
whichwasused to catalyzethereaction. Next,
thereaction vessel was heated to 60°C and
kept at aconstant temperaturefor six hours
using acondenser cooled with water, whilethe
samplewascontinualy stirred. The samplewas
then washed threetimeswith DI water and
centrifuged asdescribed earlier. Thesamples
werethen placedinliquid nitrogenfor 45
minutesuntil completely frozen and subsequently
lyophilized (in aLabconco Freeze Dry System/
Freezone4.5) . Thechemically modified biom-
asswasreacted with gold(l11) solution at
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different pH values, ranging between 2.0 and
5.0 by themethod previoudy described inthe
pH profilestudy. All gold(I11) supernatants
resulting from the controlsand reactionswere
andyzedusng GFAAS.

Time-Dependency Experiments

Batch experimentswere performed with
theafafabiomassfor thetime-dependency
study. A 200-mg sample of afafawaswashed
threetimes, oncewith 0.01 M nitricacid and
twicewith DI water. The biomasswasresus-
pendedin40 mL of DI water to createa
solution of 5 mg of biomassper mL. When
observing thegold(111) timedependency for
binding, thebiomassand gold(l11) weread-
justedto apH of 3 (pH 3 wasthe observed
optimal pH for gold(l11) bindingtotheafafa
biomass). Inthegold(l11) time-dependency
studies, 2.0 mL of the biomasssolutionwas
transferredtoa5-mL plastictube. Thiswas
performedintriplicatefor statistical purposes.
Theadjustment of the pH of thebiomasswas
performed as described earlier. Tubeswere
equilibrated at thefollowingtimes: 5, 10, 15,
30, 45, and 60 minutes. Theequilibrated
solutionswere centrifuged asdescribed earlier,
andthegold anaysiswas performed with
graphitefurnace atomic absorption.

I nterference-Binding Studies

Batch experimentswere performed with
the biomassfor the binding-interference study.
A 200-mg sampleof adfafabiomasswas
washed threetimes, oncewith 0.01 M nitric
acid and twicewith DI water. Thebiomasswas
resuspended in 50 mL of DI water to createa

solution of 5 mg of biomassper mL. The
biomasswas adjusted to apH of 3.0 (the
observed maximum binding pH for gold(l11) and
theafafabiomass), and 2.0 mL of the biomass
solutionwastransferredtoa5-mL plagtic tube
(thiswasperformedintriplicatefor satistical
purposes). The pH-adjusted biomasswasthen
centrifuged at 3,000 rpm for fiveminutesand
the supernatantswerediscarded. Gold(I11)
solutions (100 ppb) with thefollowing hard
cation concentrationswere madefor theinter-
ference-binding study: 0.1 ppm, 1.0 ppm, 10.0
ppm, 100 ppm, and 1,000 ppm for each of the
interferencesof either calcium, magnesium, or
sodium. Another study performed wasto
observetheeffect of al threeinterferingions
together in solution at the same concentrations
(0.1 ppmof calcium, magnesium, and sodium
combined together in solution, whichwas
increased up to 1,000 ppm). ThepH of each
solution wasadjusted to pH 3.0 using dilute
NaOH or HNO, (as mentioned earlier, pH 3
wastheoptima pH for gold(I11) binding to the
dfdfabiomass). Control gold(l11) solutions
containing the same concentrations of the hard
cationsasthereactions werealso set up as
described previoudy. Anaiquot of 2.0 mL of
each solution was added to three different
tubes, and thetubes wereequilibrated ona
rocker for one hour. After equillibration, the
sampleswere centrifuged at 3,000 rpmfor five
minutes, and the supernatantsfor both the
reactionsand controlswere collected for gold
anayss. Thegoldandysswasperformedusing
GFAASasdescribed earlier.
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Figurel. Theeffect of temperature onthe
atomization of goldinthefurnace.
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Figure?2. Theeffect of pH on thebinding of
tetrachloroaurate (gold(111)) to alfalfabiomass
from agueoussolution at tracelevels.

RESULTSAND DISCUSSION

To optimize the graphitefurnace, param-
etersfor theanaysisof metasinvolved varying
theratiosof matrix modifiers, ashing tempera:
ture, and atomization temperature. However,
for theanalysisof goldinthisstudy, it wasfound
that the modifierswereeither inhibiting the
atomization of gold from the graphite platform,
or themodifierswere making thegold more
voldtile. Therefore, useof thematrix modifiers
waseliminated from thefurnace program. To
€l evate some of the problemsassociated with
not using matrix modifiers, theashing tempera-
turewas|owered to 180 °C. The best atomiza-
tion temperaturewas determined by varying the
atomization temperature and observing the peak
areaof theanayteor goldinthisstudy. Ascan
beseeninFigure 1, theoptimal temperaturefor
gold atomization under thedefined furnace
parameterswas 1,800°C. Thistemperaturewas
chosen because the observed peak areaof the
gold deviated theleast fromtheideal peak area
of 0.500 A-s(absorbance seconds). All gold
anaysiswas performed using the parameters
displayedin Table 1.

Inall of the experiments, except for the
time-dependency ones, the sampleswere
reacted with the gold for one hour and the
difference between the controlsand the reacted
sampleswas assumed to be the amount bound
by thealfalfabiomass.

Figure 2 showsthe pH dependency for the
binding of tracelevelsof tetrachl oroaurateto the
afafabiomass. InFigure 2, it can be seenthat
at trace concentrationsgold bindstotheafalfa
biomassin apH-dependent manner. The
maximum binding of thegold(l11) tothedfafa
biomass occurred at pH 3.0 and decreased
amost linearly to pH 5. However, the binding of
gold(l1) totheafafabiomassat high concen-
trations showsadifferent trend, ascan be
observedin Figure 3. Thisdifferenceinbinding
at traceand high levelsmay bean artifact of the
presenceof high affinity ligandsinor onthe
afdfabiomass(ligandssuch assulfur and amino
groups). At highgold(l11) concentrations, the
gold may beforced to bind tolow-affinity
ligands, but at trace level sthe binding may occur
through the high-affinity ligandsonly. Inaddi-
tion, thedifference may bedueto acharge
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Figure4. Theeffect of pH on thebinding of

gold(l11) tochemicaly modified (esterified)
dfdfabiomassat tracelevels.

repulsion of thetetrachloroaurateand the
surface of thedfafabiomass. The
tetrachloroaurateispresentin solutionasa
negatively charged complex, and at above pH
4, the surface charge on the biomass should be
negative. Thiswould explaintheobserved
reductioninthebinding of thetetrachloroaurate
tothedfafabiomasswithincreasing pH.

By using the Fisher esterification method,
the carboxyl groups can be blocked or changed
toamethyl ester. By blocking the carboxyl
group, adifferent trend in thebinding of the
tracegold(l11) levelstotheafafabiomassis
observed. Ascanbeseenin Figure4, the
binding becomesdirectly dependent on the pH.
However, at low pH, the observed binding of
the alfalfabiomassisdecreased by 40 percent.
Nevertheless, by blocking the carboxyl group,
at higher pH valuesthe surface chargeonthe
afafabiomassischanged fromanegativetoa
neutral charge. Thischangeinthesurface
chargeof thealfafabiomassmay alow the
gold(l11) ionsto get closer to theafafabiomass
at higher pH and allow anincreasein thebinding
to occur aswas observed by the esterified

biomassin Figure4. The binding of the
gold(l11) totheesterified alfalfabiomassis
further evidencethat the carboxy! group isnot
responsiblefor the binding of thegold(l11) to
theafafabiomass.

Theresultsfrom thetime-dependency
study for thebinding of trace-level gold(l11) to
theafalfabiomassareshowninFigure5. As
canbeseenin Figure5, themgority of the
binding occurswithin thefirst five minutes of
contact; however, the binding doesnot become
constant until after 20 minutesof contact of the
biomassand gold(I11) solution. It hasbeen
observed by Gardea-Torresdey et al. that the
binding of many positively charged metd ions
from sol utionisindependent of time, meaning
that sorption of themetal ionsoccurswithinthe
first fiveminutesand remains constant up to 60
minutes (1998). Thismay indicatethat the
binding of thegold(l11) ionstotheafafabiom-
assisoccurring through adifferent process. It
has been shown that the binding mechanism of
tetrachl oroaurateto different sorbentsoccurs
through areduction mechanism. Themechanism
of gold(111) adsorptionto aga biomassinvolves
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Figure6. Theeffect of calcium onthebinding
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fromagqueoussolutionat pH 3.

thereduction of gold(l11) togold(l) (which
involvesthelossof two chlorinemolecules) and
further reductionto gold(0) (Greeneetd.,
1986). So the observed resultsfor time depen-
dency of the sorption of thegold(l11) tothe
afafabiomassmay beindicating that at trace
levels, thisreduction mechanismisoccurring,
thusd owing thebinding of thetetrachl oraurate
to theafalfabiomassand causing atime depen-
dency for gold(l11) adsorptiontotheafafa
biomass. It was determined from this ex-
periment that areaction time of one hour
was sufficient for the reaction of
tetrachloroaurate with the alfalfabiomass of
the experiments performed.

Thefina part of thisstudy wasto deter-
minetheeffectsof hard cations(cacium,
magnes um, and sodium) on the binding of the
gold(l11) ionstotheafafabiomass. These
reactionswere performed asdescribed inthe
methodol ogy section. Figure 6 showstheresults
for theeffect of calcium on thebinding of the
gold(l11) ionstotheafafabiomass. Asisshown
inFigure6, calcium hadlittleto no effect onthe
binding of tracelevelsof gold(l11) tothedfdfa

biomass. However, thereisadecreaseinthe
binding of thegold(l11) to theafafabiomassat
acalcium concentration of 1,000 ppm. Never-
theless, if thecalciumwerebinding tothedfdfa
biomass at aconcentration of 2000 ppm
calcium and 100 ppb of gold(I11), there should
beno binding of thegold(l11) totheafalfa
biomass. Theca cium should overwhelmthe
high- and low-affinity binding Stesfor the
gold(l11), and asseen from Figure6, thisisnot
the case. Theresults of thereaction of magne-
sumand gold(I11) withtheafafabiomassare
displayedin Figure7. Aswiththecacium
interferent, thereislittleto no observed effect on
thebinding of thetracelevelsof gold(l11) tothe
dfafabiomass. InFigure 7 thereisno observed
decreaseinthebinding of thegold(l11) tothe
dfdfabiomasswithincreasngmagnesum
concentration. Theinterference of sodiumwas
aso sudiedfor itseffect onthe binding of the
gold(l11) totheadfafabiomass. Theresultsof
thisstudy aredisplayedin Figure8, whereit can
be seen that the binding of thegold(l11) tothe
afafabiomassisindependent of the sodium
concentrationin solution. For theindividual
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Figure8. Theeffect of sodium on the binding of
gold(l11) tothedfafabiomassat tracelevels
from aqueous solution at pH 3.

cationsin solution, thereisno apparent compe-
tition of the hard cationsand thegold(111) for
binding siteson theafalfabiomass. However
suppression of the binding may beduetoionic
strength of the solution sincethereare 10,000
timesthe partsper million solution concentration
of thehard cationsthanthegold(l11). Figure
9displaystheeffect of al three hard cations
combined together in solution onthe binding of
tracelevelsof gold(I11) to theafafabiomass.
Aswith the experimentsperformed with the
individua hard cations, therewaslittleto no
effect onthebinding of gold(l11) totheafafa
biomass. If the cal cium, magnesium, and sodium
werebinding to the alfalfabiomass, there should
beno binding of thegold(l11) totheadfafawith
concentrations of 1,000 ppm of calcium, 1,000
ppm magnesium, and 1,000 ppm of sodium
combined together in solution. Thissdectivity of
theafafabiomassof gold(l11) over calcium,
magnes um, and sodium meansthat thismay be
apotential method to removegold(l11) from
hard waters. Any depression of the binding of
thetrace-level gold(l11) totheafafabiomass
maly be dueto theionic strength of the solution.
Inthis casethere were 30,000 timesthe parts

per million concentration of calcium, magnesium,
and sodiuminsolutionthangold(l11). Thegold
ispresent asanegatively charged complexin
solution and it may bemoredifficult tobind the
gold(l11) inthepresence of suchahighionic
strength. However, binding of thegold(111) till
occurs, showing sdectivity of thedfafabiomass.

CONCLUSION

It wasfound that pH isvery important to
thebinding of tracelevelsof gold(111) tothe
afafabiomass, for both the native biomassand
thechemically modified (esterified) biomass.
But, the pH dependency for the binding of the
gold(l11) tothenative afafabiomasswas
different than that observed for the esterified
biomass. Thistrend in dependence onpH for
binding trace-level gold(l11) wasnot observed
at high-concentration gold(l11) reactionswith
theafafabiomass, which may beduetoan
expression of thehigh-affinity ligandsinthe
dfafabiomassfor gold(I11). At highgold(lI1)
concentrations, thelow-affinity ligandsinthe
biomassmay beavailableto bind thegold(l11)
from solution. However, at trace concentrations,
only thehigh-affinity ligandswould bind the
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Figure9. Theeffect of al threehard cationson
thebinding of gold(I11) tothealfalfabiomassat
tracelevelsfrom agueoussolutionat pH 3.

gold(l11). Also, determinedinthestudieswas
that timeisimportant for the sorption of trace
levelsof gold(l11) tothedfadfabiomass. The
interference studiesshowed that the alfalfa
biomassisapotentia method for therecovery
of gold(I11) from hard waters. Thiswasshown
inthesdectivity of thedfafabiomassfor
gold(I11) over calcium, magnesium, and sodium
ionsinsolution.
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