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ABSTRACT

A screening previously performed for metal concentration in desert plants indicated that Solanum
elaeagnifolium (silverleaf nightshade) had the potential to be used as abiomaterial for heavy metal removal
from contaminated soilsand waters. The Pb(l1), Cu(I1), Ni(I1), Cd(11), Zn(1l), Cr(111), and Cr(VI) binding
properties of native and NaOH-modified biomass of Solanum elaeagnifoliumwere studied. Batch experi-
ments were conducted with oven-dried and ground leaves of Solanum elaeagnifolium to characterize the
metal-binding properties. These experimentsincluded pH profiles, time dependencies, and metal-binding
capacities of the biomass. Resultsfrom thiswork haveindicated that optimal metal binding occurred at pH 5.0
for Pb(11), Cu(ll), Ni(I1), Cd(I1), Zn(11), and Cr(l11) within a10-15 minute time period. However, optimal Cr(V1)
binding occurred at pH 2.0. Capacity experiments showed that native Solanum elaeagnifolium was able to
bind thefollowing amounts of metalsin mg metal/g biomass: 20.6 mg Pb(l1)/g, 13.1 mg Cu(I1)/g, 6.5 mg Ni(ll)/
0, 18.9mg Cd(ll)/g, 7.0mg zZn(I1)/g, 2.8 mg Cr(l11)/g, and 2.2 mg Cr(V1)/g. However, the NaOH-modified
biomass of Solanum elaeagnifolium showed an increase in metal binding for most of the metal ions studied.
By treatment with HCI, the bound-metal ions were recovered. These resultsindicate that the biomass of
Solanum el aeagnifolium can be chemically modified with NaOH and can be used to remove several metal
ions from aqueous solution. In addition, silica-immobilized Solanum elaeagnifoliumwas used in columnsfor
flow studies which show that silverleaf nightshade could be used to remediate heavy metal-contaminated
watersin acost-efficient manner.

Key words:. Solanum elaeagnifolium, silverleaf nightshade, heavy metal binding, chemical
modification

INTRODUCTION

Natura waters have been found to be contaminated with several heavy metalsarising mostly
from mining wastesand industrial discharges(Grousset et d., 1999; Schalcshaeta., 1998). These
meta saretoxicinboth their chemically combined formsaswell astheelementa form (Manahan,
1993). Acutelead, cadmium, chromium, and copper poi soning in humans causes severedysfunc-
tionintherenal, reproductive, and nervous systems (Berman, 1980; Yong et d., 1998). Besides,
chronic exposureto these contami nants present even at |ow concentrationsin the environment can
proveto be harmful to the human health (Wyatt et al., 1998).

Currently used water trestment technol ogiesinvolving chemical preci pitation, evaporation,
electrochemical treatment, and the use of ion exchangeresinsare expensve and sometimes ineffec-
tive, especialy when metalsare present in solution at very low concentrations (Volesky,1987; Yang
etd.,1998; Ouki etd., 1997). Anemerging field of interestisemploying certain plantswhich
possess thenatural ability to uptake heavy metalsfor theremediation of the environment. Besides
liveplants, studies havedemonstrated that non-viable plant biomass can effectively bindtoxic
metal sand as such can be used to remove metal sfrom solution (Seki et al., 1998). Theunique
ability of these plantsto bind metal s has been attributed to the presence of variousfunctiona groups
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which can attract and sequester metal ions. Thistechnology isattractive mainly becauseitis
effective, environmentaly friendly, andinexpensive. Severd plantsgrowingindifferent climatic
regionshave been studied for this purpose. A screening previoudy performed for metal concentra
tionindesert plantsindicated that Solanumelaeagnifolium (silverleaf nightshade) had the potential
to beused asabiomateria for heavy metal removal from contaminated soilsand waters[Gardea
Torresdey et al., 19984]. Inthispaper weexaminethebinding of Pb(ll), Cu(ll), Ni(ll), Cd(l1),
Zn(I1), Cr(111), and Cr(V1) to the Solanum elaeagnifoliumbiomass. Also, therecovery of these
metalsfrom the biomassusing adilute acid hasbeen studied. In an attempt to remediate metal-
contaminated waters, the ability of the Solanumelaeagnifolium biomassto bind metal ionswas
further investigated under flow conditions.

MATERIALSAND METHODS

Plant (Solanum elaeagnifolium) Collection and Preparation of the Biomass

The Solanumelaeagnifoliumplantswere randomly collected from acontrol sitelocated
approximately four milesfrom asmelter located in El Paso, Texas. Thissteisshielded fromthe
smelter by amountain, thusminimizing metal depositsinthesoil by air pollutants. After collection of
theplants, theleaveswere plucked and washed with deionized water and subsequently driedinan
oven at 60°C for oneweek. Thedriedleaveswereground and sieved through a100-mesh Tyler
screen and the fine biomass obtai ned was used in the experiments described bel ow.

pH Profile for Metal on Binding

Batch pH profile experimentswere conducted based on aprocedure previously reported on
(Gardea-Torresdey et d., 1998b). Insummary, a 250 mg sample of the biomasswasweighed and
washed twicewith 0.1 M hydrochloric acid (HCl) and once again with deionized water to remove
any metalsor soluble biomolecules present inthebiomass. Fifty ml of 0.01 M HCI wereadded to
the biomassto obtain atissue concentration of 5mg/ml. The pH of thissuspension was adjusted to
2.0, and 2 ml aliquotsof the suspension were added to three 5 ml tubes. Similarly, the pH of the
suspension was adjusted to 3.0, 4.0, 5.0, and 6.0 and three, 2 ml aliquotswere collected at each
pH. The suspensionswere centrifuged at 2800 r.p.m and the supernatantswere collectedin
separatetubes. A metal solution of 0.1 mM concentration was prepared and the pH adjusted to
2.0,3.0,4.0,5.0,and 6.0. Ateach pH, 2ml of the metal solution were added to the respective
biomass pellet and supernatant. Inaddition, 2ml of the metal solution at each pH were added to
threetubesfor controls. All thetubeswerereacted onarocker for onehour. Thetubeswerethen
centrifuged at 2800 r.p.m. for five minutes, and the supernatants of the pelletswere collectedin
separatetubes. After recording thefinal pHsof thetubes, themetal content was determined using
flame atomic absorption spectroscopy.
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Time Dependency for Metal 1on Binding

A 250 mg sample of the biomasswasweighed and washed twicewith 0.1M HCI and once
again with deionized water. The biomasswas suspended in 50 ml of 0.01 M sodium acetate to
obtain atissue concentration of 5mg/ml. After adjusting the pH to 5.0, 2 ml of the suspension
weretransferred to 21 tubes—three tubesfor each timeinterval of 5, 10, 15, 30, 60, 90, and
120 minutes. Thetubeswere centrifuged and the supernatantswere discarded. Two ml of 0.3
mM metal solution (buffered to pH 5.0 with sodium acetate) were added to each pellet. All the
tubeswerereacted on arocker for the specified time. Thetubeswerethen centrifuged at 2800
r.p.m. for five minutes and the supernatants were analyzed by flame atomic absorption spectros-
copy (Gardea-Torresdey et al., 1998b).
Metal-Binding Capacity Experiment

A 100 mg sample of the biomasswaswashed twicewith 0.1 M HCI and oncewith deionized
water. Thewashingswere collected and dried in an ovento account for thelossof biomass, if any.
Twenty ml of 0.01 M sodium acetate at pH 5.0 were added to the biomass. After adjusting the pH
t0 5.0, 2.0 ml of the suspension weretransferred to threetest tubes. Thetubeswere centrifuged
and the supernatantswere decanted. To each pellet, 2.0 ml of 0.3 mM meta solution (bufferedto
pH 5.0with 0.01 M sodium acetate) were added. Thetubeswere placed on arocker and reacted
for 15 minutes. Thisprocesswasfollowed by centrifugation and the supernatantswere collected in
three separatetubes. The process of adding the metal solution to the pellets, reacting and centri-
fuging them, and collecting the supernatantswas repeated eight times. Flame atomi c absorption
spectroscopy wasemployed for anayzing the supernatants.

The metal-binding experiment wasfollowed by metal-desorption studies. Two ml of 0.1 M
HCI were added to each metal-laden pellet. The pelletswerereacted withtheacid for 15 minutes.
Thetubeswere centrifuged and the supernatantswere collected and anal yzed for metal content
usi ng flame atomi ¢ absorpti on spectroscopy.

Chemical Modification of the Biomass with Sodium Hydroxide

Fifteen gramsof the biomasswerewei ghed and washed twicewith 0.1 M HCI, followed by
centrifugation at 2800 r.p.m. and then washed again with deionized water. Thebiomasswasthen
reacted with 150 ml of 0.1 M sodium hydroxide (NaOH) for aperiod of approximately 24 hours.
Thereacted solution was centrifuged and the biomasswas washed three timeswith deionized water.
Thewashed biomasswas subsequently lyophilized in aLabconco freezedryer for three days.

I mmobilization of the Biomassin Silica

Theprocedurefollowed herein hasbeen previously reported (Gardea-Torresdey et al .,
1998b). Approximately 10 grams of the biomasswere wel ghed and washed twicewith0.1 M HCI
and athird timewith deionized water, followed by centrifugation after each wash. The supernatant
from the washingswas collected, dried, and wel ghed to account for theloss of biomassduring
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washing. Onehundred and twenty ml of 5% sulfuric acid (H,SO,) were mixed with enough 6 %
sodiumsilicate (Na,SIO,) toraisethepH of thesolutionto2.0. AtpH 2.0, thewashed biomass
was added to the solution and stirred for 10 minutes. An adequate amount of 6 % Na,SiO, was
then added to Slowly raisethe pH of the solutionto 7.0. Theresulting polymer gel waswashed with
water and oven dried at 60°C for approximately oneweek. Thedried polymer wasground by
mortar and pestle and sieved to obtain aparticle size of that between 20 and 40 mesh.

Column Experiments

Approximately 3ml of the silica-immobilized biomasswere packed inacolumn. Priorto
passing the metal solution through the column, the immobilized biomasswasbufferedtothere-
quired pH by passing severa bed volumes(volume of the polymer inthe column) of 0.01 M
sodium acetate (at the optimum binding pH) through the column until the effluent obtained wasat
that pH (biomass conditioning). Three hundred bed volumesof 0.1 mM meta solution preparedin
0.01 M sodium acetate at optimum binding pH were passed through the column at aflow rate of 1
ml per minute. Two bed volumes, equivalent to approximately 6 ml, were collected in each test tube
by using afraction collector (Spectra/Chrom CF-1) and analyzed for metal content by flameatomic
absorption spectroscopy.

Subsequently, themeta accumulated in the silica-immobilized biomasswasrecovered by
passing 0.1M HCI through the column. Thirty bed volumesof the resulting effluent were collected
and anayzed for metal content.

After recovering themetal fromthe polymer, therecycl ability potentia wasdetermined by passing
anequal number of bed volumesof metal solution through the column and recoveringthemetd ina
amilar manner. Threecycleswere performed on each columnfor every particular metal ion.

Metal Analyses and Statistical Treatment of Data

A Perkin-Elmer model 3110 Atomic Absorption Spectrometer with deuterium background
subtraction wasused to andyzethe effluents. Thewavel engths used for copper, lead, nicke,
cadmium, chromium, and zinc were asfollows: 327.4 nm, 283.3 nm, 352.5 nm, 228.8 nm, 358.2
nm, and 213.9 nm, respectively. Known standardswere used to calibrate theinstrument and to
keep agood quality control, our goal wasto obtain acorrelation coefficient value of ascloseto 1.0
aspossible. Thedifference between the metal ion concentration of the control and that of the
supernatant or effluent wasused to determinethe amount of metal bound to the biomass.

Thebatch experimentswere performed intriplicate and the mean and the standard deviations
were computed for each set of values. Error marginswere determined by cal culating the 95%
confidenceintervals.

RESULTSAND DISCUSSI ON
Theeffectsof pH onthebinding of different metal ionsby theunmodified silverleaf nightshade
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biomassisshowninFigurel. Thex-axisrepresentsthe pH and they-axisrepresentsthe percent-
age of metal bound by the biomass. The 95 % confidenceintervalsaredisplayed by theerror bars.
With theexception of Cr(V1), theother six metals, Pb(11), Cu(ll), Ni(11),Cd(11), Zn(l1), and Cr(I11)
behaveinasimilar way. AsthepH of the solutionincreasesfrom2.0t0 6.0, all these metalsshow
anincreasein binding to the biomasswith optimum binding occurring between pH 5.0and 6.0. This
givesusaningghtinto themechanism of the binding involved withinthebiomass. Previousstudies
have reported the binding of metal sto some organic acidswhich contain carboxyl ligands (Korshin
eta., 1998). Our resultsalso suggest that to some extent carboxyl groups (-COOH) arerespon-
siblefor thebinding of metal ions. Reportedly, theionization constantsfor anumber of carboxyl
groupsrange between 4 and 5 (Gardea- Torresdey et al., 1996¢). At lower pHs, the carboxyl
groupsretain their protonsreducing the probability of them binding to any positively chargedions.
Whereasat higher pHs (above 4.0), the carboxyl groups are deprotonated and as such are nega-
tively charged. Thesenegatively charged carboxylate (-COQO ) ligandsattract the positively
charged meta ionsand binding occurs. Thus, metal ion binding to the biomassisin essenceanion-
exchange mechanism whichinvolvese ectrostatic interaction between the negatively charged groups
inthecell wallsand metdllic cations (Waseet d., 1997). However, in Figure 1 it isobserved that
the biomass binds more than 80% of Pb(l1) at pH 3.0. and about 50% at pH 2.0. Thissuggests
that besides carboxyl groups, other groupsmay also be involvedin Pb(I1) binding. Inaddition, the
biomassbinds more Cr(V1) at pH 2.0 compared to that bound at pH 5.0. Inan attempt to gain an
insght into themechanismof Cr(V1) binding by the biomass, two processes have been hypoth-
esized. First, because Cr(V1) occursasan oxo-anionsuch as(CrQ,)*", (HCrO,)-,or (Cr,0,)*,
binding at higher pHswhere negatively charged carboxylateionsprevail ishighly unlikely. Second,
it has been reported that at lower pHs, Cr(V1) isreduced to Cr(l11) by some biomasses (Krotochvil
etal., 1998). Thismight explainthebinding of Cr(VI) at low pHs. The percentagemetal bound by
theslverleaf nightshade biomassasafunction of timeisshowninFigure2. Usingtheoptimal
binding pH from Figure 1, themetal solutionsof Po(11), Cu(ll), Ni(11),Cd(I1), Zn(I1), and Cr(I11)
were bufferedto apH of 5.0, whereasthe Cr(V1) metal solution wasadjustedtoa pH of 2.0.
Although different metal shbind to the biomassat varying degrees, littlechangeisobservedinthe
binding over time. Maximum binding of most of the metalsoccurswithin thefirst 10-15 minutesand
remainsfairly uniform throughout the 120 minutes. Therapid binding of themetd ionstothe
biomassindicatesthat probably adsorptionistaking place and the metal ionsare bound to the cell
walls. Additionally, metal adsorption may be characterized asapassive process becausethe plant
tissueswereinactivated. However, in Figure2 agradua increasein binding over timeisobserved
for Cr(111). Theuniquebehavior of Cr(l11) with respect to the other metalsmay be explained onthe
basisof itssize. Because Cr(l11) hasarelatively smaller ionic radius(0.62 A) compared tothe
other metal ions[ionicradii of Pb(11), Cu(ll), Ni(ll), Cd(l1),and Zn(I1) are 1.19 A, 0.73 A, 0.69
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A,095A ,and0.74 A , respectively], it probably diffusesinto the cell wall and hencerequires
moretimetobind (Lideet al., 1994). Besides, itssmaller size could makeit availableto other
ligandswhich areinaccessibleto bulkier metals.

The metal-adsorption capacity of the unmodified silverleaf nightshade biomasswasdetermined
at the optimal binding pH andtime. The pH of themetal solutionswasadjusted to 2.0for Cr(V1)
and 5.0for the other metals. The metal solutionswerereacted with the biomassuntil the biomass
was completely saturated with the metal . The amount of metal bound by the biomassin mg metal/g
biomassand in umol metal/g biomassissummarizedin Table 1. Ascanbeseenfromthetable, the
affinity of thebiomassfor different metalsvariesto agreat extent. A significant amount of Pb(I1),
Cu(ll), Ni(11),Cd(11), and Zn(I1) are adsorbed by the biomasswhereasthe amount of Cr(I11) and
Cr(V1) adsorbed ismuch less.

Fromthe pH profileexperiments, itisclear that thebinding of the metalsdropssignificantly
at low pHs. Therefore, we hypothesized that the metal ions can berecovered by decreasing the
pH. A diluteacid (0.1M HCI), which would not degrade the biomass, was used for this purpose.
Themetal recovery dataisaso shownin Table 1. The percentage metal desorbed from the biom-
assvariesfrommorethana100%for lead t041.13%for Cr(VI). Although Cr(111) iscompletely
recovered, thelow recovery of Cr(V1) may bedueto thefact that it isreduced by the biomassto
Cr(111) and isthusmore strongly bound.

Asdiscussed earlier, carboxylateligandsare believed to beresponsiblefor metal binding by
thebiomasses. Thismeansthat metal binding can be enhanced by increasing the number of car-
boxylateligandsinthebiomass. Interestingly, cellulose, hemicellulose, and lignin, whicharemajor
constituentsof most plant tissues, contain methyl esterswhich do not bind metal ionssignificantly.
However, these methyl esters can be modified to carboxylate ligands by treating thebiomasswitha
base such as sodium hydroxide, thereby increasing the metal-binding ability of thebiomass. The
hydrolysisreaction of themethyl estersisasfollows:

O O
i i

R-C-OCH,+NaOH — R-C-O +CH,OH+Na’

Therefore, by chemically modifying the biomass, we hypothesi ze to increase the number
of carboxylateligandswhichwould enhancethe binding ability of thebiomass. Themeta-binding
capacities of the unmodified and NaOH-modified biomassesare compared in Table2. Morethana
100%increasein bindingisobserved for Pb(11) and anincrease of approximately 72 % and 51%
isobserved for Zn(I1) and Cu(l1), respectively. From the enhanced binding demonstrated by the
NaOH-modified biomass, it can be inferred that carboxylateligands are involvedin metal
binding. However, nosignificant difference in Cd(11) binding isobserved upon modification with
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NaOH. Thissuggeststhat probably other ligandsareinvolved in thebinding of Cd(l1) tothe
biomass. Also, aswasexpected, theamount of Cr(V1) bound by the biomassis not enhanced by
modification with NaOH. Thisisbecause Cr(VI) existsasan oxo-anion and, therefore, cannot bind
to the negatively charged carboxylateligands.

The batch experiments have demonstrated the ability of these biomassesto bind various
metals. However, it isnot feasibleto apply abatch systemto the treatment of water. A practica
approach to decontaminate metal -polluted waters with the biomasswoul d be to passthe contami-
nated water through acolumn containing the biomass. Inorder to avoid clumpingandto obtaina
uniformflow rate, the biomasswasimmobilized inaslicamatrix. Thecapacity of theslica-immobi-
lized Solanum elaeagnifoliumbiomassto bind different metal ionsin three subsequent cyclesis
showninFigure3. Threehundred bed volumes of the metal solution were passed through the
columninevery cycle. Theindividua meta ionsarerepresented onthe x-axis, whilethey-axis
representsthe metal bound by the biomass in mg metal/g biomass. Thethreedifferent patternsof
the barsrepresent each of thethreecycles. Theamount of lead(I1) bound by the Solanum
elaeagnifoliumbiomassiscomparatively higher than the other metals. Nevertheless, thebiomassis
capableof binding significant amountsof the other metals, especidly inthefirst cycle. A small
decreasein binding occursfor Ni(l1) and Cd(11) inthe second cycle. However, thedecreasein
binding inthe second cyclefor Pb(Il), Zn(I1), Cr(l11), and Cr(VI) ismore pronounced. Onthe
other hand, the amount of copper bound in the first and second cyclesis approximately the
same. Infact, aslightincreasein Cu(ll) binding isobservedinthethird cycle. Thismay be
because the column was being conditioned in thefirst two cycles and the binding siteswere not
completely exposed.

Figure 4 showsthe percentage of metalsrecovered from the silica-immobilized Solanum
elaeagnifoliumbiomassin the three subsequent cycles. One hundred percent of the bound Cu(ll),
Cd(1l), and Zn(11) wererecovered in thefirst cycle. However, the percentage of chromium (triva
lent and hexavaent) recoveredinthefirst cycleislessthan 20% and eventhough anincreaseis
observed in the subsequent cycles, therecovery ismuch lesscompared to the other metals. As
discussed earlier, thismay bedueto thefact that chromiumisdiffused withinthecell wall and as
suchisnot easily recovered. Nevertheless, thefact that some of the Cr(V1) isrecovered by passing
an acid (pH-profile studiesdemonstratethat Cr(V1) bindsat low pHs) indicatesthat probably
Cr(VI1) isreducedto Cr(l11) by thebiomassanditis, therefore, possibleto recover it. A relation-
ship between the amount of metal bound and that recovered isdemonstrated in the case of Po(l1).
Not all of the Po(l1) isrecovered in thefirst cyclewhich may bethereason for thedecreasein
binding observed in the second cyclein Figure 3. Astherecovery of Pb(Il) increasesinthe second
cycle(Figure4), theamount of metal bound stays approximately the sameinthethird cycle (Figure
3). A similar dependency of theamount of metal bound on the percentage recovered isobserved
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for Ni(I1). Thisisprobably duetothefact that if al themetal isnot recovered from the biomass, the
binding sitesare occupied and asaresult adecrease in binding occursin the subsequent cycles.

CONCLUSIONS

Theinactivated biomass of Solanumelaeagnifoliumwas shown to be capable of binding
severa metalssuchas, Pb(11), Cu(ll), Ni(l1), Cd(l1), Zn(11), Cr(111), and Cr(VI). Metal ion binding
wasrapid, indicating that the metal swere probably adsorbed to the cell wallsof the plant tissues.
Also, metal ion binding wasfound to be pH-dependent suggesting theinvolvement of carboxyl
groupspresent onthecell walls. Chemical modification of the biomass with NaOH enhanced the
metal binding and further supported thishypothes s. Column experimentswith theimmohilized
biomasses proved to beremarkably effectivein theremoval of metalsfrom solution. Also, by
recovering themetal ionsfrom the biomassesusing adilute acid, we demonstrated the potential of
reusing themetas. Recyclability resultshave shown that the column cons sting of theimmobilized
biomass can berecycled and reused for aminimum of threetimesfor al themetalsstudied. Once
themetd isrecovered, theimmobilized polymer isbiodegradable, causing no harmto theenvironment.
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Table 1. Metal adsorption capacity of the unmodified Solanumelaeagnifoliumbiomassand
percentage of metal recovered after treatment with 0.1 M HCI.

Amount of M etal Bound Percentage
M etal lon mg_M etallg umo_l M etal/g 95% C.1. Roefclz)/lvitraeld 95% C.I.
Biomass Biomass
Pb(I1) 20.60 99.42 1.66 107.2 0.15
Cu(lD 13.14 206.92 0.92 88.65 0.12
Ni(ll) 6.50 110.75 0.58 77.00 0.06
Cd(n 18.94 168.53 271 53.79 0.10
Zn(I) 6.96 106.51 0.86 67.16 0.04
Cr(l11) 2.78 53.41 0.18 109.7 0.29
Cr(V1) 2.16 41.62 0.30 41.13 0.23

Table2. Comparison of the metal adsorption capacitiesof the unmodified and NaOH-modified
Solanum el aeagnifolium biomasses.

Amount of M etal Bound in mg
M etal/g Biomass % Increase in
M etal lon Bindi
Unmodified | NaOH M odified Inding
Biomass Biomass

Pb(Il) 20.60 46.79 127.14
Cu(ll) 13.14 19.96 51.90
Ni(ll) 6.50 7.55 16.15
Cd(1) 18.94 18.63 -1.64
Zn(1l) 6.96 11.99 72.27
Cr(lI1) 2.78 3.24 16.55
Cr(VI) 2.16 1.83 -15.28
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Figure2. Percentageof different metalsbound by the unmodified Solanum elaeagnifolium

biomassasafunction of time.
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Figure 3. Capacity of thesilica-immobilized Solanum elaeagnifoliumbiomassto bind different
metal ionsunder flow conditions. A separate columnwasutilized for every metal and each column
wasrecycled threetimes. The capacity of the biomassto bind metalsin thethree subsequent cycles
isshown. Theflow rate used was 1 ml/minute.
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Figure4. Percentage of metal srecovered from the silica-immobilized Solanum el aeagnifolium
biomasswith 0.1M HCI, following the single meta -binding experimentsunder flow conditions.
Metal recoveriesfrom each of thethree cyclesareshown. Theflow rate used was 1 ml/minute.
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