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ABSTRACT

Chromium(V1) isacommon waste product generated from industrial processes such as electroplating,
wood preservation, and metal finishing, and ishighly toxic as compared to chromium(l11). Current disposal and
treatment methods, such asion exchange resins, are costly and pose a great health risk to the public. A more
environmentally sound and cost-effective method of phytofiltration using alfalfa biomass may be a plausible
solution. Previous studies have shown afalfato have ahigh affinity for chromium(lil) at pH 5 and 6 under
single-metal and mixed-metal conditions. Flow studies performed using silica-immobilized alfafabiomasswere
conducted and X -ray microfluorescence (XRMF) was used to show conclusive evidence of chromium(l11)
binding. Studies performed using X-ray absorption near edge structure (XANES) provided direct evidence that
alfafahbiomassreduces chromium(V1) to chromium (111). Time and temperature studies conducted at pH 2 and 5
werealso utilized to study the reduction process of chromium(V1) to chromium (I11). Temperature experiments
showed that chromium (I11) binding increased asthe temperature increased under single-and mixed-metal
conditions. However, chromium(V1) binding does not follow the same temperature-dependent trend. This
information will lead to the devel opment of an environmentally friendly and cost-effective phytofiltration system
using alfalfabiomass.
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INTRODUCTION
Hexava ent and triva ent chromium gain accessto ground and surfacewatersthrough industrial

processes such as el ectroplating, meta finishing, wood preservation, and tanning. Both valences of
chromium are potentially harmful at high concentrations, but hexaval ent chromium posesagrester
hedlth risk to the public. Hexava ent chromium isconsidered aprimary contaminant duetoitsability
to gain accessto groundwater and soil, whereit has detrimental effectson humansaswell as
animals(Kortenkamp et a., 1996). Chromium(V1) has been found to be acancer-causing agent
and posesother hedlth risks such asliver damage, dermatitis, and gastrointestina ulcers (Carson et
al., 1986; Brown and Kodama, 1987). On the other hand, in median concentrations, chromium(l11)
isamorestable, lesstoxic, and listed asan essential element (in trace concentrations) to provide
good hedth (Katz and Salem, 1994).

Conventiond treatment methodsutilized in €l ectropl ating and metal finishing plantsinvolvea
lengthy process, have high disposa and chemical costs, and do not completely reduce
chromium(V1) (Srivastavaet d., 1989). Contaminated waters containing low concentrations of
chromium(V1) aretypically treated withion exchangeresins, but thismethod isa so costly duetothe
high priceof theresin.

Inview of thesetreatment shortcomings, avariety of inexpens ve biomasses have been studied
for their ability to uptake chromium(V 1) and chromium(l11). Among these biomasses are seaweed,
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water hyacinth, sawdust, dgae, and dfadfa(Darnal et d., 1986; Kratochvil et al., 1998; Lytleetd.,
1998; Singh et adl., 1992; Tiemann et a., 1998; Tiemann et a., 1999). Further studieshave been
conducted on the ability of the biomassesto reducetoxic chromium(V1) to lesstoxic chromium(ll1).
Thereduction of chromium(V1) can be accomplished abiotically by redox reactionswith agqueous
ions, electrontransfer at mineral surfaces, or reduction by lyophilized plant tissue (Lytleet ., 1998;
Wittbrodt and Palmer, 1996).

Also, most treatment processes must ensureremoval of both chromium(V1) and
chromium(I11), but current biosorption studiesonly focuson theremoval of asingleform of chro-
mium. The characteristicsunder which biomassesbind either form of chromium arevastly different
and very littleresearch hasbeen donein order to rel ate these two mechanisms.

Previous studieshave shown that ground afalfabiomassbindschromium(l11) by way of
carboxyl ligands(Tiemann et d., 1999). Alfalfamay also possessasupply of e ectron donorsfor
chromium(V1) reduction. With thisinmind, alfalfamay havethe ability to uptake both formsof
chromium. Theobjective of thisstudy isto determine the mechanism of chromium(V1) binding and/
or bioreduction by alfafabiomass. The study employsthe use of X-ray Absorption Spectroscopy
(XAYS), X-ray microfluorescence (XRMF), and batch experimentsto ascertainthe ability of the
afafabiomassto bioreduce chromium(V1) to chromium(l11).

MATERIALSAND METHODS

AlfalfaCoallection. Theafafaplantswerecollected from field studiesconducted at New
Mexico State University near Las Cruces, New Mexico. Thealfalfaplantswereremoved fromthe
soil and washed with water to removedirt and debris. Theroot materia was separated from the
shoot material which containsthe stemsand leaves. The sampleswereoven dried for aweek at 90°
C and ground with aWiley mill to passthrough a100-mesh sieve.

pH Profile Studiesfor Chromium Binding. Theprotocol for thisexperiment wascarried
out according to the method previoudy outlined by Gardea-Torresdey et a. (1996). A metal
solution containing 0.1 mM of chromium(l11) was prepared from Cr(NO3)3) and a0.1 mM
solution of chromium(V1) was prepared from K2Cr207. The solutionswereadjustedtopH 2, 3,
4,5, and 6, and reacted with their respective pH biomasspellet for one hour. Thisexperiment was
performedintriplicatefor statistica purposesand to maintain quality control. The supernatantswere
collected and final pHswererecorded. Meta analysiswas performed by flame atomic absorption
spectroscopy.

Time Dependence Studiesfor Chromium Binding. Thetime-dependence procedure
followed wassimilar to that previoudly reported (Tiemann et al., 1998). Two 0.3mM metal solu-
tionswere prepared, oneof chromium(l11) and the other chromium(V1) using the same chromium
saltsdescribed earlier. The chromium(l11) solution and corresponding biomass pelletswere adjusted
to pH 5.0 and reacted for time periods of 5, 10, 15, 20, 25, 30, 45, 60, 90, 360, 720, 1440, and
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2880 minutes. The experiment wasrepeated again with the chromium(V1) solution and corre-
sponding biomass pellets adjusted to pH 2.0 and reacted for the sametimeintervals. Both of these
experimentswere performed intriplicatefor statistical purposesand to maintain quality control. The
supernatantswere collected and thefinal pH of each samplewasrecorded. Metal anaysiswas
performed by flame atomic absorption spectroscopy.

Chromium-Binding Capacity Studies. Themethod followed for the metal-binding capacity
experimentswhich were used to determinethe capacitiesand binding affinitiesof the individua
metal ionsfor theafalfabiomasswassimilar to that previoudy reported (Tiemann et a., 1998). Two
0.3mM metal solutionswere prepared, onewith chromium(l11) a pH 5.0 and the other with
chromium(V1) at pH 2.0 asdescribed earlier. The afalfabiomasswasthen reacted with itsrespec-
tivesolutionfor 15 minutes. The sampleswere centrifuged and the supernatantswere collected. This
processwasrepeated ninetimesor until the biomass became saturated. Thisexperiment was
performedintriplicatefor statistical purposesand to maintain quality control. Thefinal pH of the
supernatantswas recorded and metal analysiswas performed by flame atomic absorption spec-
troscopy.

Desor ption of Adsorbed Chromium. Thebiomass pelletsfrom the capacity studieswere
reacted with 0.1M hydrochloric acid (HCI) for 15 minutesin order to removethe bound metals
from thebiomassasprevioudy described (Tiemann et a., 1998). The supernatantswere collected
and thisprocess of acid treatment wasrepeated twice. Thefinal pH of the supernatantswasre-
corded and metal analysiswas performed using flame atomic absorption spectroscopy.

Temper ature Dependence Studiesfor Chromium Binding. A 250-mg sampleof dfafa
biomasswaswashed twicewith 0.1 M HCI and twicewith DI water in order to removeany soluble
material that may interact withthemetal ions. Thewashingswere collected, dried, and weighed to
account for any biomassweight |oss. The biomasswas resuspended in 50 ml of deionized (DI)
water to makea5-mg/ml solution mixture. The pH of the mixturewas adjusted for chromium(l11)
experimentation. Another mixturewas prepared the sameway with the alfalfabiomassand the pH
wasadjusted to 2.0for chromium(V1) experimentation. Threeclean plastic 5 ml test tubeswere
used for each form of chromium and labeled for each temperature: 4°C, 25°C, and 55° C. Then 2
ml of the biomass mixturewastransferred to each respectivetube. Each tubewas centrifuged at
3000 rpm for five minutes and the supernatants were discarded. Thetubeslabeled 4° Cwereputin
arefrigerator; the 25° C wereleft out on alab bench; and the 55° C were put in an oven so they
could reachtheir respective temperatures. Two 0.3 mM chromium solutionsweremade asearlier
described and the pH was adjusted to pH 5.0 for Cr(111) and pH 2.0for Cr(V1). After adjustment
of thepH, 2 ml of metal solutionwas put in each test tube. Thetest tubeswereequilibratedona
rocker at their corresponding temperatures. Two control solutions, onefor chromium(l11) and one
for chromium(V1), wereequilibrated at each temperature. After aone-hour reaction period, the
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sampleswere centrifuged and the supernatantswere removed from their pelletsand saved for
analysis. Thefinal pH of each supernatant wasrecorded and chromium analysiswas performed by
flame atomic absorption spectroscopy.
The apparent enthal pieswere cd culated using Van't Hoff’ sequation as seen bel ow:
0k,0_(BHO(T,-T,))

InG—=0=
LR RT,T,

Theequilibrium constant values (K) werereplaced by distributionratio values (D). These
distributionratiosare cal culated fromion exchange cal cul ations. They aretheratio of the concentra-
tion of metal ion adsorbed to the concentration of metal ionsin the solution at equilibrium (Green
and Darnall, 1988). Eventhough distribution ratiosare not true thermodynamic equilibrium con-
stants, their useisjustified by the complexity of thedfalfatissues. Theheatsof formation calculated
aremerely relative vauesthat enable determination of whether the processwasendothermic or
exothermic.

Chromium Analyses. Thechromium analysisin each experiment was performedusing a
Perkin Elmer model 3110 Atomic Absorption Spectrometer with deuterium background subtrac-
tion. A calibration curvewas obtained using known chromium standardsand acorrel ation coeffi-
cient of 0.98 or greater was obtained for theanalyses. All sampleswereread threetimesand the
mean val ue and rel ative standard deviation were cal cul ated. Thewavelength used for chromium
analysiswas 358.2 nm. | nstrument response was checked using aknown chromium standard.

X-Ray Micrfluorescence Analysis(XRMF). Samplesof dfalfacontrol and alfafabiom-
assloaded with chromium(l11) and chromium(V1) taken from chromium-binding capacity studies
were anayzed using X-ray microfluorescence. Thesampleswereasotreatedwith0.1M HCl and
analyzed with X-ray microfluorescencefor chromium. The sampleswere set on an X-ray polyester
thin film support and analyzed with aKevex Omicron X-ray Microfluorescence spectrometer. A
100 pum collimator with an energy-dispersive solid state detector was used. Theoperating conditions
wereasfollows: energy molybdenum tube at 40keV and up to five minutes counting time.

X-Ray Absor ption Spectroscopy (XAS). Samplesof afalfabiomasswerewashed twice
with 0.1 M HCI and twicewith DI water. The sampleswere then reacted with 1000 ppm solutions
of chromium(I11) and chromium(V1) for onehour at pH 5 and pH 2, respectively. After thereaction
period, the sampleswere centrifuged at 3000 rpm for five minutes. The supernatantswere removed
and placed into clean tubes. The sampleswere then washed threetimeswith DI water to remove
any unbound chromium. This procedure wasrepeated for theweak cation exchangeresin samples
(Diaion WTO01sfrom Supelco).

X-ray absorption measurementswere made at beamline SBO7-3(1.8T Wiggler Field) using
al3-element germanium array detector at the Stanford Synchrotron Radiation Laboratory(SSRL).
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Thesampleswere maintained at atemperature of gpproximately 10K using an Oxford Instruments
CF 204 liquid helium flow cryostat and 5x15x1 mm cellswith tapewindows. Thechromium k-edge
was used to probethe chemical form of themetal. Model compounds of chromium nitrateand
potassium dichromate were analyzed to be compared with the samples. The absolute energy
positionswere cdibrated against theinflection point energy of achromiumfoil. The EXAFSPak
analysispackage was used to anayze the datawith standard methods. The EO valueswere deter-
mined from the absorption-edgeinflection point. Nonlinear fitsbased on the general Extended X-
ray Absorption Fine Structure (EXAFS) equation were used to quantitatively compare unknownsto
Standards.

RESULTSAND DISCUSSION

Figure 1 displaysthe percent of chromium bound to the biomassasafunction of pH fromthe
chromium solutions. Ascan be observed, chromium(l11) binding increasesas pH increasesfrom 2
to 6. The oppositetrend can be seenfor chromium(V1), whereoptimal binding occursat pH 2. This
oppos ng trend showsthat each oxidation state of chromium bindsto different ligandsonthedfafa
biomass. Tiemann et al. have shown that chromium(l11) bindsby way of electrostaticinteractions
with thecarboxyl ligand at ahigher pH (1999). However, chromium(V1) existsasan oxoanionin
solution and does not bind through carboxyl ligands; but by other ligands, that may be present on
thesurface of thealfalfabiomass.

Figure 2 representsthe percent chromium bound by the afafabiomassfor different reaction
periodsat pH 5for chromium(l11) and at pH 2 for chromium(V1). Thebindingisrapid for both
oxidation states of chromium but remains constant throughout 22880 minute period only for
chromium(l11). Thereisanincreasein binding for chromium(V1) over 2880 minutesthat may be
associ ated with thereduction of chromium(V1) to chromium(l11) over time.

Table 1 displaysthe metal-binding capacitiesfor chromium(l11) and chromium(V1) in pg of
chromium per gram of alfalfabiomass. Ascan beseeninthetable, dfalfahasahigher capacity for
chromium(l11) at 16.24 pg of chromium(l11) per g of afafabiomassascomparedto 2.56 g of
chromium(V1) per g of dfalfabiomassfor chromium(V1). Thelarge deviation between
chromium(l11) and chromium(V1) binding capacitiesisprobably dueto thefact the chromium(V1)
existsasan oxoanion and doesnot predominantly bindto afafaby carboxyl ligands. Table1aso
displaystherecovery of chromium(l11) and chromium(V1) by treatment with 0.1M HCI. Inboth
cases, therecovery wasbel ow 50%, which may indicate that both hexavalent and trivalent chro-
mium areat the same oxidation state, and thiswould explain why dilute acid isnot strong enough to
overcomethisinteraction.

Figure 3 depi ctsthe percent chromium bound with respect to temperature (Celsius) at pH 5
for chromium(l11) and pH 2 for chromium(V1). Theafa fabiomassbindsmore chromium(l 1) than
chromium(V1) in both temperature ranges of 4-25° C and 25-55° C. Also seenin Figure 3,
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chromium(I11) increasesin bindingin the higher temperature rangewhilechromium(V1) binding
remainsrelatively constant asthe temperatureincreases. The apparent enthal piesfor chromium(lil)
and chromium(V ) binding were calculated and areshownin Table 2. Ingenerd, formations
between metal ionsand carboxy! ligandsare characterized by asmall positive entha py, while
formationsof metal ionsbetween sulfhydryl and amino ligandsare characterized by alarge negative
enthalpy (Green and Darnall, 1988). In both temperatureranges, chromium(l11) hasapositive
enthalpy, whichindicateshinding by carboxyl ligands. At the higher temperaturerange (25-55°C),
the enthal py becomes more endothermic whichleadstotheincreasein Cr(l11) binding. However,
chromium(V1) displaysanegative entha py for both temperature rangeswhich suggeststheinvolve-
ment of other ligandsbesides carboxyl groups. Thereisanincreasein entha py fromthe4-25°C
rangeto the 25-55° C range which may indicatethat reduction of Cr(V1) to Cr(111) may be occur-
ring a ahigher rate. Thereduced chromium can then bind to carboxyl groups causing the enthal py
inthe 25-55° C range to be more positive than that of the4-25° C range. Thisprocesshasalso
been observed in other biomasses (Greeneand Darnall, 1988; Singh et ., 1992).

In order to corroborate with the batch studies, X-ray microfluorescence(XRMF) was con-
ducted on dfafasamplesreacted with chromium(l 1) and chromium(V1) at their respective optimal
binding pH. Both samplesdisplayed high chromium peaks on the XRMF spectra (datanot shown).
Thisprovidesfurther evidencethat chromium bindsto theafafa. XRMFwasalso conducted on
samplesof dfdfabiomasswith chromium(l11) and chromium(V1) after desorptionwith 0.1M HCI.
The chromium peakscan still be seenin both XRM F spectra(datanot shown), which showsthat
not all of the chromium wasremoved during the desorption process. Thisdatacoincideswith the
binding-capacity experiment explained earlier.

X-ray absorption spectroscopy techniqueswere utilized to examine the reduction process of
Cr(VI). X-ray Absorption Near Edge Structure or XANESwas used to determinethe oxidation
state of the chromium bound on the alfalfabiomass. Extended X-ray Absorption Fine Structure or
EXAFSwas performed to ascertain which ligands chromium(l 1) and chromium(V1) werebinding
to onthesurface of theafalfabiomass. A weak cation exchangeresinthat containscarboxyl ligands
reacted with chromium(l11) wasused in comparison withthe alfafasamplestomimicasituation
whereonly carboxyl ligandswereinvolved. Themodel compounds, chromium nitrate and potassium
dichromate, were utilized to show the differences associ ated with both oxidation states of chromium.

Figure4isaX ANES spectraof themodel compounds chromium nitrateand and potassium
dichromate. The XANES of potassium dichromate givesapre-edge peak at about 5990 eV, which
isdistinct only to chromium(V1). The XANESfor chromium(l 1) does not contain apre-edgewhich
makesit easy to distinguish between both oxidation states. Figure 5isaX ANES of themodel
compounds and asampl e of afalfabiomassreacted with a1000 ppm Cr(l11) solution at pH 5.
From Figure5, it can beseenthat Cr(111) isbound totheafafabiomassasCr(I11). Figure6isa
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XANES of themodel compounds and asample of alfalfabiomassreacted with a1000 ppm Cr(V1)
solution at pH 2. The spectrum for thea fafasamplefollowsthat of Cr(I11) whichisconfirmed by
the absence of apre-edge absorption peak. Thismeansthat the Cr(V1) issomehow reduced to
Cr(111) by theafafabiomass. Figure 7 depictsthe EXAFSof chromium(l11) reacted withtheresin
and chromium(l11) and chromium(V1) reacted with thea fafabiomass. The EXAFSfor each sample
contain adistinct peak at about 2A whichischaracteristic of coordination with an oxygen atom.
Thisoxygen atomisquitepossibly the carboxyl ligand. Thechromium(l 1) reacted with thewesk
cation exchangeresin, which contains carboxyl ligands, clearly displaysapesk at about 2A. This
indicatesthat chromium(l11) may bind to dfafaby way of carboxyl ligands.

CONCLUSIONS

ThepH profilestudies show that different ligandsareinvolvedin thebinding of Cr(I11) and
Cr(VI). Chromium(I11) hasan optimal binding pH of 5.0 which designatesthat carboxyl groupsplay
amainroleinthebinding of Cr(l11) to dfafabiomass. Chromium(V1) hasan optimal binding pH of
2.0 suggesting theinvolvement of other chemical groupsonthesurface of thealfalfabiomass. Time-
dependent studiesshow anincreasein binding over timefor Cr(V1) because Cr(V1) isbeingre-
ducedto Cr(l11). Temperature-dependence studiesreveal that the bioreductionincreasesat higher
temperaturesthusincreasing Cr(l11) binding by way of carboxyl ligands. XA S studies confirm that
Cr(VI) isreducedto Cr(I11) and subsequently the reduced chromiumisbound viaan oxygen-
containing ligand, most likely acarboxyl group. Themechanism of the bioreduction processisstill
not fully understood. It isnot known when the reduction process occurs, or which groupsare
responsi blefor the bioreduction process. Further studies are needed to determinethe bioreduction
mechanism(s) to devel op aninnovative system to remediate chromium contaminantsfrom polluted
waters.
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Table 1. pgof chromium bound by each gram of alfalfabiomassand percent chromium recovered

after additionof 0.1 M HCI.

Chromium Adsorption Capacities for Alfalfa Biomass

Form of Chromium g ﬁaﬁg %rigum’ % Chromium Recovery
Cr(l1) 16.24 31
Cr(VI) 2.56 47

Table2. Apparent entha piesfor binding of Cr(I11) at pH 5and binding of Cr(VI) at pH 2to afafa

biomass.
Apparent Enthalpies
Temperature Range Cr(ll) a pH 5 Cr(VI) at pH 2
4-25°C 6.55 -235
25-55°C 16.9 -0.95
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Figurel. Percent of chromium bound by afafabiomassafter onehour of equilibrationwith 0.1
mM Cr(VI1) and Cr(I11) solutionsat various pHs: Cr(VI1) (m), Cr(111) (s).
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Figure2. Percent of chromium bound by afafabiomassat different timeintervalswitha0.3mM
Cr(VIl) solutionat pH 2and a0.3mM Cr(I11) solution at pH 5: Cr(VI) (W), Cr(l11) (S).

110 Proceedings of the 1999 Confer ence on Hazar dous Waste Resear ch



100
2 A
s 80
o ‘/””"k’/
m
= 60
=
£ 40
o
& B |
R
0 ! |
4 25 55

Temperature (Celsius)

Figure3. Percent chromium bound by theafalfabiomassat 4, 25, and 55°C witha0.3mM
Cr(VI) solutionat pH 2and a0.3mM Cr(I11) solution at pH 5: Cr(\VI).(m), Cr(l11) (S).
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Figure4. XANES spectraof themodel compounds: Cr3NO3 (W), K2Cr207 (-).
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Figure5. XANES spectraof model compoundsof chromium and alfalfabiomassreacted witha
1000 ppm Cr(l11) solution at pH 5, (s) : Cr3NO3 (W), K2Cr207 (-).
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Figure6. XANES spectraof model compounds of chromium and alfalfabiomassreacted with
a1000 ppm Cr(V1) solution at pH 2,(®) : Cr3NO3 (W), K2Cr207 (-).
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Figure7. EXAFSof alfafabiomassreacted with a1000 ppm Cr(l11) solution at pH 5, (W), alfalfa
biomass reacted with a1000 ppm Cr(VI) solution at pH 2, (®), and weak cation exchangeresin
reacted with a 1000 ppm Cr(111) solution at pH 5, (-).
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