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ABSTRACT

Contamination caused by heavy metals has been long known as well asitstoxic effects on the environ-
ment and mankind. It has also been observed that some native plants have survived within the areas polluted
with heavy metals. This has been the case with the woody subshrub Solanum elaeagnifolium. We can take
advantage of this singular feature to use its inactivated tissues as a biofiltration system. First, it is necessary to
characterize the mechanism of the binding between the biomass tissues with heavy metals by using chemical
modification techniques. These techniquesinclude chemical esterification and hydrolyzation of carboxylic
groups, and methy! esters, respectively. These studies have shown an overall decrease in metal binding for
esterified biomass, and an overall increase for hydrolyzed biomass as compared to the unmodified biomass.
These experimentswere performed with Cu(ll), Pb(I1), Cr(111), Zn(I1), and Ni(I1). Inaddition, experimentscon-
ducted with modified biomass at different pH conditions were done in order to verify these results. Also, we
used X-ray spectroscopy techniques (XANES and EXAFS) to elucidate the mechanism(s) of metal ion binding.
Finding the mechanism of the metal binding by the Solanum elaeagnifolium biomass is the basis on which any
bioremediation (biofiltration in this case) system should be built.
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INTRODUCTION

Thedamaging effectsthat contamination
with heavy metalsimpingesin our environment
have becomemore obvious, especialy in water
(Spiroand Stigliani, 1996; Bolton and Gorby,
1995; Rich and Cherry, 1987). Several ap-
proacheshave beentakenfor thecleaning up
of such contamination (Jefferset ., 1991), but
none of them can efficiently counteract these
toxic effects. Bioremediationisan environmen-
tally friendly approach that offersmany advan-
tagesover other methodsof heavy metal
decontamination (Kratochvil and Volesky,
1998.). However, to obtain an effective
bioremediation system, itisimperativeto
understand the binding mechanism betweenthe
metal and thebiomass. Thisunderstanding will
ultimately alow usto design morefunctiona

bioremediation (morespecificaly,
bi oadsorption) technique(s). Several biomasses
have been successfully used asmetal binding
materials(Tiemann et a., 2000; Rioset
al.,1999; Korshinet al., 1998; and Gardea-
Torresdey et d., 1996). The metal binding
mechanism of some of these biomasseshas
been studied (Poletteet a.,1997; Tiemann et
al.,1999; Gamezetd., 1999; and Lytleetal.,
1998), but this has not been the case for the
biomass pertinent to the present study.
Solanum elaeagnifoliumisawoody
subshrub, commonly named Silverleaf Night-
shade, whichin many statesand countriesis
consdered asaplague (Parker, 1972; Reagents
of theUniversity of California, 1999). However,
thisaggressiveweed isused for the production
of asteroidal alkaloid called salasodine(Trione
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and Cony, 1991). Solanume. could beanovel
and practical approachfor bioremediationin
aridregions, sinceit naturaly growswell within
theselow precipitation regions. Furthermore,
Gardea-Torresdey and coworkers (Gardea
Torresdey et d., 1998a) demonstrated
Solanumelaeagnifolium'sremarkable ability
tobind certain heavy meta ions. Eventhough
some researchers have shown that Solanume.
canbind meta ions(Baig et d., 1999), the
metal binding mechanismisnot well understood.
Theobjectiveof thisinvestigation istogain
further ingght into thebinding mechanism(s)

and determinethe nature of thechemical ligands
that areinvolvedinmetal binding. Toachieve
thisgoal, Solanume. inactivated tissueswere
chemica modified by the eterification of
carboxyl groupsand the hydrolysisof methyl
ester groups. Then pH studieswere performed
by reacting the native and modified biomass
with Cu(I1), Po(1l), Cr(111), Zn(11), and Ni(I1)
solutions. Also, additiona batch experiments
weredoneto determinethemetal adsorption
capacitiesof thedifferent meta sto the Solanum
e. unmodified and modified biomass. Findly,
meta-saturated Silverleaf Nightshade biomasses
weretakento Stanford Synchroton Radiation
Laboratory (SSRL) for X-ray absorption
spectroscopic (XAS) analysis. At SSRL, the
biomass (native and modified) and model
compoundswereanalyzed using X-ray absorp-
tion near-edge spectroscopy (XANES) and
extented X -ray absorption finestructure
(EXAFS) to determine oxidation states, coordi-
nation numbers, and nearest-neighbor distances
for themetas. These X-ray studies permitted

usto obtain acloser ook at the actual binding
sites of the biomasswith the metalsand
clarified therolethat carboxyl groupsplay in
metal binding.

MATERIALSAND METHODS
Plant Collection and Preparation of the
Biomass

The Solanum elaeagnifoliumplantswere
collected from acontrol sitelocated approxi-
mately four tofivemilesfrom asmelter |ocated
in El Paso, Texas. The control siteisshielded
fromthesmedter by amountain, henceminimiz-
ing metal depositsinthesoil. Subsequent to
collection, theleaveswere plucked and washed
with deionized water; thenthey weredriedinan
oven at 60°C for oneweek. Thedried leaves
wereground and sieved through a 100-mesh
Tyler screen and thefine biomass obtained was
used inthe experiments described bel ow.
Chemical Modification of the Biomass via
Hydrolization

Hydrolysiswasperformed asfollows.
Four grams of the 100-mesh sampl e of
Solanum el aeagnifoliumwere washed twice
with 0.01M hydrochloric acid (HCI) and twice
with deionized (DI) water to ensurethat no
debris wouldinterferein theexperiment. Next
thewashed biomasswas placed in a150-ml
beaker, and 50-ml of 0.1M sodium hydroxide
(NaOH) were added. The solution was con-
stantly stirred and left to react for an hour.
After this, the hydrolized biomasswas centri-
fuged for five minutesat 2,900 rpm and washed
threetimeswith delonized water. Thepelleted
biomasswasthenimmersaedinliquid nitrogen

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



for 45 minutesfollowed by lyophilization ina
Labconco freeze-dryer.
Chemical Modification via Fisher Esterifi-
cation

Themodificationwasperformed as
previoudy described by Tiemann et a. (1999).
Briefly, threegramsof 100-mesh samplewere
washed twicewith 0.01M HCI and twicewith
deionized water to remove debrisand soluble
matter. Then thewashed biomasswas placedin
around-bottom reaction flask with 211 ml of
HPL C grade methanol and 1.8 ml of concen-
trated HCI. Theflask wasattached to acon-
denser and kept at 60°C for six hours. After
this, thebiomasswas centrifuged for five
minutesat 2,900 rpm, followed by two
washingswith 0.01M HCl and twicewith
deionized water. Then pelleted biomasswas
immersedinliquid nitrogenand lyophilizedin
alLabconco freeze-dryer.

pH Profile Studies for Metal Binding
These experimentswere carried out
according to apreviously reported procedure
(Gardea-Torresdey et d., 1998b). Individua
metal solutionsof 0.1 mM were prepared from
thefollowing sdts: CuSO,, Cr(NQ,),,
Pb(NQ,),, Ni(NQO,),, and ZnCl... Metal
analysiswasperformed by flameatomic ab-
sorption spectroscopy (Perkin Elmer FAAS
Model 3110 Atomic Absorption Spectropho-
tometer with deuterium background subtrac-
tion). Thecalibration curvesobtained with the
meta standardsyielded correlation coefficients
greater than 0.98. Thewavelengthsused were
327.4nmfor Cu(ll), 283.3nmfor Ph(l1),
359.4nmfor Cr(l11), 213.9nmfor Zn(l1), and
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352.5nmfor Ni(ll). Toimprovenebulization
efficiency, animpact bead wasused with al the
metals, except for zinc whereaflow spoiler was
utilized. Finaly, theamount bound was deter-
mined by obtaining the difference between the

find andinitial supernatant metal concentrations.

Metal Binding Experiments

Batch [aboratory methodswereimple-
mented in order to determinethe effect of
chemica modification ontheseparate binding
capacitiesof copper(I1), chromium(i1l),
lead(I1), nickel(11), and zinc(11) by the Solanum
elaegnofoliumbiomass. For these experi-
ments, 100 mg of biomasswere washed twice
with 0.01 M HCI and suspended in 20 mL of
deionized water. Thewashingswere collected
and dried to account for any biomasslost during
washing. TwomL aliquotsof the suspension
weretransferred to threetubesand centrifuged.
The supernatantswere saved for further testing.
Two ml of 0.3mM meta solution at either pH
2.00r pH 5.0 were added to each of the tubes
and equilibrated by rocking for 15 minutes.
After centrifugation, the supernatantswere
savedfor analysisandagain2mL of 0.3mM
metal solutionwere added. Thiswasrepeated
10timesor until the saturation point was
achieved. Subsequently, thefina pHsof dl the
supernatantswererecorded. Sampleswere
diluted asrequired to remain within theinstru-
mental calibration linear range, and metal
concentrationswere determined by flame

atomic absorption spectroscopy.

X-ray Absorption Spectroscopy
Separate solutions of 1,000 ppm

363



364

copper(l1) and chromium(111) were prepared
fromthesaltsof Cu(I1)SO, and Cr(l11)(NO,),,
respectively. Two 100 mg samplesof Solanum
elaegnofoliumbiomass (native and modified)
werewashed threetimeswith 0.01 M HCI to
removeany trace metal ions. Thiswasfollowed
by threewashingswith DI water to remove any
remaining acid. Thebiomasses(nativeand
modified) werereacted for one hour with either
the 1,000 ppm copper(11) or chromium(l 1)
solutionsat pH 5.0. Thiswascarried out to
saturateadl availablebinding sitesprior to X-ray
absorptionanaysis. Inaddition, aweak cation
exchangeresn sample(Dialon®WTO1S)
containing carboxylic groupswasanayzed by
XASfor comparison. Theresnwasalso
reacted with a1,000 ppm of either copper(I1)
or chromium(l11) solutionat pH 5.0.

X-ray absorption spectrawere collected
for the Cr K-edge (5989 eV) at beam line 7-3
at the Stanford Synchrotron Radiation Labora
tory (SSRL). Standard operating conditions
were 3 GeV and 50-100 mA beam current. An
Si(111) double-crystal monochromator, withan
entrancedit of 1 mm, wasutilizedfor al the
measurements. The monochromator wasde-
tuned to approximately 50% to reduceinterfer-
encefrom higher order harmonics. All samples
and model compoundswere measured assolids
and packed into 1 mm path-length aluminum
holderswithmylar tapewindows. Inaddition,
inorder to reduce damping from the Debye-
Waller factor, all sampleswererun at approxi-
mately 10K by usingaliquid helium cryostat.
Fluorescence X ASdatafor the sampleswere
collected with aCanberral13-element germa-

nium detector. Ontheother hand, transmission
XASdatawerecollected for the
Cr(NO,),x9H,0 and K_Cr,O, model com-
poundsusing argon-filledion chambers. The
model compoundswereground and diluted with
X-ray-transparent boron nitride prior to mea-
surements. Thecaibrationfor al spectra

obtai ned was performed against the edge
positionof Cr(0) foil. Several scans (between
2-4) were averaged for each of theXANES
and EXAFS spectrato improvethe signal-to-
noiselevel.

Theanayssof theexperimentd EXAFS
datawas performed with the EXAFSPAK
software package obtained from SSRL using
standard methods. In short, the background of
the pre-edge region wasremoved by means of
polynomial linear-fit subtraction. Thiswas
followed by asplineremoval of three segments
and normalization of the databy means of
Victoreen polynomial. TheEXAFSenergy
spectrawerethen converted to wavevector k
space. Theresulting scattering curvewas
weighted by k3, to enhance damped scattering
oscillationsbefore Fourier transformation to

yiedtheradid structurefunction.

RESULTSAND DISCUSSION

Thebinding of Cu(ll), Cr(I11), Ni(1l),
Po(11), and Zn(I1) by Silverleaf Nightshade
showed to be pH dependent, with optimal
binding occurring between pH 5and 6 (Figure
1). ThispH-dependent binding suggeststhat
thebinding of Cu(ll), Cr(l11), Ni(11), Pb(Il), and
Zn(11) by Silverleaf Nightshadeisthrough
carboxyl ligands. ViaNaOH modification
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Figure 1. Effectsof pH onthebinding of
copper(I1), chromium(l11), lead(I1), nickel (11),
and zinc(11) by the native Solanum
elaeagnifolium biomass. Thex-axisrepresents
the pH values studied, and they-axisrepresents
the percentage of metal bound by the biomass.

—4—  Cr (M)
—*——  Zn (I})

0.8 -

0.6 |

0.4 |~ e Cu-native pH 5 |

- we = Cu(II)NO,
|||||||||||||| Cu(T)Cl
0.2

Normalized Absorption

! n 1 . L . |
9020 9040 9060

8960 2000

8980

ev
-

Figure2. X-Ray absorption near edge struc-
ture of Solanum elaeagnifolium biomass
loaded with Cu (I1). Evidenceof similarity
between model compound of Cu (I1)
(Cu(NO,),) and Cu-biomass as compared with
Cu (1) model compound (CuCl).

(hydrolysis), weaobtained greater adsorption
for themetal ionsstudied, ascompared to the
native biomass(Table 2), which further sug-
gested that themetal ion binding wasoccurring
through carboxyl ligands. Moreover, “ obstruct-
ing” or esterification of the carboxyl groups
demonstrated adecreasein metal ion adsorp-
tion, which supportsour hypothesisonthe
participation of Silverleaf Nightshade carboxyl
moietiesinmetd binding. Thesetwofactsare
displayed in Tablesland 2. X-ray absorption

spectroscopic datashowed that both
copper(l) and chromium(l11) arebound to the
biomass of Solanum elaeagnifolium without
changein oxidation state (Figures2 and 3,
respectively). From Figure 2, it can be seen that
the absorption edge differsfrom the model
compound Cu()Cl, butisvery smilar tothe
absorption edge of the model compound
Cu(I1)NO3. Hence, this XANES showsthat
the oxidation state of copper hasnot changed
upon binding. Onthe other hand, Figure 3

Table 1. Metal- binding capacitiesfor Solanumelaeagnifoliumleavesat pH2.

M etal Native_ HydronZ(_ed Esterifieq
(mg M etal/g Biomass) (mg M etal/g Biomass) (mg M etal/g Biomass)
Cu (1) 12.3 20.7 1.30
Cr (111) 0.00 2.40 0.00
Pb (1) 13.0 20.1 4.50
Ni (11) 0.00 0.00 0.00
zn (I1) 1.36 4.28 0.00
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Figure3. X-Ray absorption near- edge
structure of Solanum elaeagnifoliumloaded
with Cr (111). A comparisonwithmodel com-
poundsof Cr (I11) asCr(NO,), and Cr(V1) as
K.Cr.O..
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Figure4. Extended X-Ray absorption fine
structure (EXAFS) Solanum elaeagnifolium
biomass. Showing model compound
Cr(NQ,) vs. Cr-biomass and Cr-resin at pH
5.

displaysapre-edgefeaturefor themodel
compound belonging to Cr(V1) (K,Cr,0,),
whichisabsentinthe Cr(I11) model compound
(Cr(NQ,),) andthe XANES pertaining to
Cr(I11)-biomass. Thus, thisindicatesthat the
oxidation stateof Cr(l11) did not changeupon
binding to Solanum biomass. In addition,
EXAFSstudies showed that chromium(l11)
bindsto the biomassviaan oxygenligand at pH
5, similar tothat of aweak cation-exchange
resin, further suggesting theinvolvement of
carboxyl groups (Figure4), withavery smilar
interatomic distanceof 1.97 and 1.98 A,

respectively. Figure5showsthe EXAFS
resultsfor copper(l1) binding at pH 5.0, indicat-
ing that copper(l1) also bindsthroughaligand
similar tothat of aweak cation-exchangeresin.
Thissuggest that theligandsinvolvedin
copper (1) binding could also be carboxyl
groups. Figure6 displaysthe EXAFSfor
copper(ll) to native, esterified, and hydrolyzed
biomass. The EXAFSfor the nativeand hydro-
lyzed biomassesisvery smilar but isdifferent
for the esterified biomass. Thiscould bedueto
adifferent typeof ligandinvolvedin copper
binding, which can only be observed whenthe

Table 2. Metal- binding capacitiesfor Solanumelaeagnifoliumleavesat pH5.

M etal Native _ Hydrolyze_d Esterified_
(mg M etal / g Biomass) | (mg M etal / g Biomass) (mg M etal / g Biomass)
Cu () 45.9 70.5 10.3
Cr (111) 43.1 78.3 34
Pb (1) 31.9 80.9 12.6
Ni (11) 13.3 35.7 1.8
zZn (I1) 1.5 32.8 2.35
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Figureb5. Extended X-Ray absorptionfine
structure (EXAFS) for Solanum
elaeagnifoliumloaded with Cu(I1). Showing
that Cu(l1)-biomassbindsthrough aligand
smilar tothat of aweak cation exchange (resin).
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Figure6. Extended X-Ray absorptionfine
structure (EXAFS) for modified Solanum
elaeagnifolium biomass|oaded with Cu(l1).
Featuring the equival ence between thebinding
of native and hydrolyzed biomassloaded with
Cu(ll), aswell asthedistinct EXAFSfor the
esterified Cu(I1)-biomass.

carboxyl groups presentinthebiomassare
blocked (esterified). Other model compounds
such asCu(l1)S corroborate this observation, as
showninFigure 7. The EXAFS of the copper-
eterified biomassindicatestwo possibleligands
(oxygenand sulfur) astheresponsiblegroups
for copper binding to Solanum elaeagnifolium
biomass. Findly, Figure8 displaysthevery
smilar interatomic distancesof Cr(l11) binding
to native, hydrolyzed, and esterified biomass
(1.97,1.98,and 1.98A, respectively). This
indicatesthat Cr(111) could be bound to
Solanum e. through carboxyl moietiesin
the biomass.

Therefore, through the use of
chemica modification and X-ray absorption
spectroscopy, we have shown that carboxy!
ligandsplay amgjor roleinthebinding of Cu(Il)
and Cr(I11) by Silverleaf Nightshade biomass.
Thisinformationwill beuseful inunderstanding
the metd-binding mechanismsinvolvedinmeta

adsorption by Solanum elaeagnifolium
biomass and the possible modification of
the biomassfor selectively removing these
metal ionsfrom waste effluents and con-

taminated waters.
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structure (EXAFS) of esterified Solanum
elaeagnifolium biomass|oaded with Cu(l1).
Evidence of oxygen and sulfur aspossible
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Figure 8. Extended X-ray absorption fine
structure (EXAFS) of modified Solanum
elaeagnifolium loaded with Cr(111).
Comparison of native, hydrolyzed and
esterified biomass.
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