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ABSTRACT

To address the potential for abiotic natural attenuation of chromate, we have studied the kinetics and
mechanism of chromate removal in the presence of hydroxycarbonate green rust. The kinetics of chromate
removal were studied in batch systemsto evaluate the effect of green rust surface areaand pH. The rate of
chromate removal was dependent on the green rust surface area concentration, and a surface area normalized
rate constant (k., =0.044 L m2min?) wasdetermined. Therate of chromate removal increased with decreased
pH. The effect of pH, however, was modest, with only afive-fold increase in rate observed over five pH values
(from pH 9.0t0 5.0). Of the three potential pathways hypothesized for chromate removal (reduction, adsorption,
or interlayer exchange), reduction was found to be the dominant pathway controlling chromate loss from
solution. Negligible adsorption or interlayer exchange of chromate ions was found to occur independently of
reduction. The rapid reduction of chromate appearsto result in precipitation of Cr(l11) phases, such as Cr(OH), or

[FeCr](OH)..
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INTRODUCTION

Reduction by reducedironmineralshas
recently received agreat deal of attentionasa
potentid pathway for the degradation of oxi-
dized environmenta contaminants, suchas
chlorinated solvents, nitroaromatics, and heavy
metals. Theubiquitouspresenceof ironinthe
environment as both dissolved speciesand
mineral-bearing phases(e.g. magnetite, iron
slicates, and green rusts) suggeststhat reduction
by iron may beasignificant abiotic pathway in
thenatura attenuation of environmental con-
taminants. Of thesereduced iron mineras, green
rust compounds are some of the strongest
reductants, presumably duetotheir high Fe(I1)
content. Green rust compounds are composed
of positively charged Fe(I1)-Fe(I11) octahedral
sheetsandinterlayerscontaining water and
anionssuchasCQO,? SO,? and Cl". An
Fe(I1)-Fe(111) ratio of approximately 2:1 has
beenfoundfor divalent interlayer anionsand 3:1

for monovaentinterlayer anions(Refaitetd.,
1997). Greenrust compoundsaredividedinto
two typesbased ontheinterlayer anion. Typel
containsmonotonicions(e.g., Cl-and Br) and
planar molecules(e.g., CO,?). Typell contains
three-dimensional molecules(e.g., SO,?). The
presence of theinterlayer anionsisnecessary to
maintain el ectroneutraity inthegreenrust
structure. For hydroxycarbonate green
rust, the proposed chemical formulais
[Fe",Fe"' (OH) ] [CO,2.2H,0O]
(Hansen, 1989).

Althoughthereislittledataavailableonthe
reactivity of carbonate green rust, both organic
and inorganic contaminants have been shownto
react with sulfate green rust. Chlorinated sol-
vents, such as carbon tetrachloride (CCl,)) and
chloroform (CHCI,)), werereduced by sulfate
greenrust in batch reactors containing saturated
concentrationsof CCl, (Erbsetal., 1999). The
two major end productswere CHCI ,and
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hexachloroethane (C,Cl,), indicating that
completedechlorination did not occur. Sulfate
green rust has al so been shown to reduce
inorganic compounds, such asnitrate (Hansen et
al., 1996; Hansen and Koch, 1998), selenium
(Myneni et d., 1997), and chromate (L oyaux-
Lawniczak et d., 2000). Sulfate green rust was
found to reduce chromateto Cr(l11), which
precipitated asapoorly crystalline Cr(l11)-
Fe(111) oxyhydroxide. Unlike chromate reduc-
tion, which resulted inacompletely oxidized
iron oxide, theend product of sulfate green rust
and CCl , selenate, and nitratewas magnetite (a
partidly oxidizediron oxide). Nitratewas
completely reduced to ammonium &t rates
smilar in magnitudeto those observed for biotic
degradation (Hansen and Koch, 1998). The
expected stoichiometry of eight Fe(11) con-
sumed for every nitrate reduced was observed
(Hansenand Koch, 1998). Sedleniumwas
reduced from Seg(V1) to Sg(O), and similar to
nitrate, the degradation rateswere comparable
tothosefoundin sedimentswherebiologica
activity was presumed to mediatethe degrada-
tion of selenium (Myneni et d., 1997). Despite
thesefindings, therdativeimportance of abiotic
reactions mediated by green rustscompared to
biotic reactionsin naturd systemsisgtill unre-
solved (Oremland et al., 1998).

Themost likely environment for greenrust
compoundsto formiswhere Fe(11) and Fe(l11)
can coexist. Examplesof environmentsthat
may support these conditionsinclude
reductomorphic soilsand anoxic groundwater
systems. Previousstudieshaveidentified green
rust compoundsin both natural systems(Taylor,
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1980; Abdelmoulaet a., 1988; Koch and
Morup, 1991; Geninet a., 1998) and field-
scale permesablereactive barriers (PRBS)
containingiron metal (Fe”) (Vogan et al., 1998).
Toevaluatetheroleof green rust compoundsin
these systems, we have studied the transforma-
tionof chromate (HCrO, and CrO,?) inthe
presence of hydroxycarbonategreenrust. The
objective of thiswork isto develop an under-
standing of both the pathway and kinetics of
chromate removal by hydroxycarbonategreen
rust. Theability to assessthe significanceof this
transformation pathway relativeto other path-
ways, such ashiotic transformation, islimited by
(i) alack of kinetic datafor thetransformation
contaminants, and (ii) alack of understanding of
themechanismscontrolling thereactivity of
greenrugts. Thekinetic dataderived fromthis
work providesthefirst set of rate constantsfor
thetransformation of chromate by
hydroxycarbonategreenrust. Theinsght
derived will provideanimproved basisfor
predicting thefate of chromateinanoxic soils,
sediments, and aquifersandimproving the
designandimplementation of remediation
technol ogiesbased on Fe”.

EXPERIMENTAL

Hydroxycarbonate green rust was synthe-
sizedinan anoxic chamber with anitrogen and
hydrogen atmosphere (95%-5%). All solutions
were prepared in nitrogen- purged 18 MW-cm
deionized water and weremagnetically stirred at
al times. Separate solutions of anhydrous FeCl,
(125mM) and FeCl,-7H,0 (25 mM) were
prepared in the anoxic chamber. Both solutions
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were maintained at apH of 7.0 withaMetrohm
736 GP Titrino by automatic addition of 1M
Na,CO,. Theiron sat solutionswere prepared
togiveaferroustofericironratioof 5:1
(Hansen, 1989). Theferriciron solutionwas
added to theferrousiron solution and main-
tained at pH 8.0 by titration with 1M Na,CO,.
Thesolutionwasmagneticdly stirred for ap-
proximately two hoursuntil ablue-green pre-
cipitateformed and consumption of the1 M
Na,CO, ceased. Theblue-green precipitate
wasvacuum filtered under anoxic conditions
and rinsed with nitrogen-purged deioni zed
water. The amassed precipitate wasfreeze dried
with acustom vacuum vaveto ensureno
exposureto the atmosphere during thefreeze-
drying process. Thefreeze-dried
hydroxycarbonate green rust wassieved (0.15
mm) to obtainauniform particlesize.
Toensurepurity and crystdlinity of the
synthesized hydroxycarbonate green rust, x-ray
diffraction (XRD) analysiswasperformedona
SiemensDiffractometer utilizing CuKa radia-
tion. Samplesfor XRD analysiswere prepared
by admixing with glycerol to prevent oxidation
during measurement (Hansen, 1989). Theblue-
green color of hydroxycarbonate green rust was
maintained for theduration of the XRD analysis
and no oxidation wasobserved. In addition, an
XRD pattern of freeze-dried hydroxycarbonate
greenrust was compared to freshly precipitated
hydroxycarbonate green rust to ensurethat the
freeze-drying processhad no effect onthe
crystal structure (Figure 1). Surfaceareawas
andyzed anoxically by nitrogen Brunauer-
Emmett-Teller (BET) andysiswitha
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Figure 1. Comparison of XRD patternsfor
freshly precipitated and freeze-dried
hydroxycarbonate greenrust. XRD scanswere
made between 5° and 80° with a step of 0.02°
per second.

Quantachrome cell-sedl assembly (to prevent
the oxidation of green rust) on aQuantachrome
Novaanalyzer. BET analysisof afreeze-dried
hydroxycarbonate greenrust sampleyieldsa
surfaceareaof 33.3m’g™.

Batch experimentswere conducted inan
anoxic chamber, withanN/H, atmosphereto
prevent therapid oxidation of greenrust. Batch
reactorswere performed by addition of specific
amountsof freeze-dried hydroxycarbonate
greenrust to nitrogen- purged deionized water,
adjusted to desired pH with0.2M HCl or 0.1
M NaOH, and spiked with potassium chromate
(K,CrO,) toachieveaspecificinitial concentra-
tionof Cr(V1). Toavoid possible buffer interac-
tions, dl batch experimentswere performed
individualy with pH control achieved by addi-
tionof 0.2 M HCI withaMetrohm 736 GP
Titrino. Samplesfor chromium analysswere
withdrawn from thereactor and filtered through
aGelman 0.22 mm PTFE filter for dissolved
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Cr(V1) measurements. For total chromium
measurements (Cr(TOT)_,  .), thesamplewas
not filtered. Total chromium, Cr(TOT), isthe
sum of both Cr(111) and Cr(V1). Hexava ent
chromiumwasmeasured colorimetricaly by the
diphenylcarbazide method at 540 nm by either a
Dionex HPLC, Dionex method TN24, or witha
Spectronic Genesys 5 spectrophotometer
according to the method outlined in Standard
Methods (AWWA, 1995). Total chromiumwas
measured by oxidation of Cr(I11) by potassum
permanganate and measured colorimetricaly by
diphenylcarbazide asoutlined by Standard
Methods (AWWA, 1995). Dissolvedironwas
measured colorimetrically withthe 1,10-
Phenathroline method (AWWA, 1995).

RESULTSAND DISCUSSION

A preiminary set of experimentswas
performed with thefreeze-dried
hydroxycarbonate green rust to determineif (i)
thegreen rust synthesiswasreproducibleand
(i) thereactivity of thefreeze-dried green rust
was stable over thetime period needed to
conduct experiments. Figure 2 showsthat the
first-order reaction rate constant (k ) for
chromatereduction by freeze-dried
hydroxycarbonate green rust wasreasonably
reproduci ble between separate batches of
synthesized greenrust (averagek , . batch A =
0.24 min?, batch B =0.21 min'?). In addition,
K, remained relatively consistent over atwo-
week period with arelative standard deviation
of lessthan 40 percent (k ,=0.25+0.1)
among 27 experiments.

Theremova of chromatein the presence
of different concentrationsof hyroxycarbonate
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Figure2. Effect of aging ontherate of chro-
mate reduction by two separate batches of
freeze-dried hydroxycarbonategreenrust. All
reactorscontained 0.25gL*(8.3m? L) of
greenrust and aninitial concentration of 10 mg
Lt aschromate.

greenrustisshowninFigure 3. Chromate
disappearsrapidly inthe presence of
hydroxycarbonate green rust with half-lives(t, )
of lessthan four minutes. Therate of removal is
directly related to the concentration of green
rust in thereactor, with about afour-fold faster
removal rate observed for atwo-foldincreasein
greenrust concentration. Therate of chromate
remova issgnificantly faster thanremoval rates
observed for carbontetrachloride(t,, > 10
hours) (Erbset al., 1999), nitrate (t,,=3.9+
0.3 hours) (Hansen et d., 1996), and selenate
(t,,=60.3+16.2 hours) (Myneni etd., 1997)
inthe presence of sulfategreenrust. A direct
comparison among theserates, however, isnot
possi ble because the specific surface areaof
greenrust used inthese studiesisnot known. A
plot of k , versusgreenrust surface area
concentration reveal salinear relationship
(Figure 3inset). A surfaceareanormaized rate
constant (k.,) of 0.044 L m?min™for the
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Figure 3. Effect of hydroxycarbonate greenrust
surface areaconcentration on therate of chro-
materemova . All experimentswere performed
intriplicate. Batch reactorswere maintained at
pH 7.0 withapH-STAT by addition of hydro-
chloricacid (0.2 M). Initial chromate concentra-
tionwas10 mg L ! aschromate. Solid lines
represent afirst-order kinetic model. Inset:
Effect of hydroxycarbonate green rust surface
areaconcentration onfirst-order rate constants
for chromate disappearance. Pointsrepresent
the average observed rate constant, and error
barsrepresent one standard deviation based on
triplicateexperiments.

reduction of chromate by hydroxycarbonate
green rust was determined from the slope of
thisline.

At higher green rust surface areaconcen-
trations (8.3 m?Ltand 16.7 m?L 1), thereisa
strong adherenceto first-order kineticswith
respect to the chromate concentration. Ata
lower greenrust surface areaconcentration (4.2
m? L1), however, ashift fromfirst-order kinetics
to zero-order kineticsisobserved. Thisphe-
nomenaistypical of heterogeneoussystemsand
may be dueto surface-site saturation (Zepp and
Wolfe, 1987) of the hydroxycarbonate green
rust with chromate or surface passivation by

accumulation of precipitatesonthegreen rust
surface. Surface passivation occursdueto the
oxidized precipitate physicaly covering other-
wiseavailable Fe(11) sitesonthegreenrust
surface. Surfacepassivation hasprevioudy
been shown to limit heterogeneousreactions
involving thereduction of chromate by magnetite
surfaces (Petersonet al ., 1997).

Based on the propertiesof chromate(i.e.,
oxyanion and strong oxidant), we hypothesize
three potentia pathwaysfor chromateremoval
inthe presence of greenrust: (i) reduction of
chromateto Cr(l11), (ii) adsorption of chromate
tothegreenrust surface, and (iii) interlayer
exchangeof chromatewith theinterlayer anion
(CQO,?) inhydroxycarbonate green rust. Previ-
ous studieshaveidentified the nature of theend
product to be asolid-sol ution precipitate of
reduced chromium and oxidizediron, resultingin
asolid-solution precipitate of [Fe,Cr](OH),
(Loyaux-Lawniczak et ., 2000). A mass
balance on chromate, however, was not deter-
mined, making it difficult todetermineif al of the
chromatewasreduced. To quantify theloss of
chromate to each pathway, aseries of four
measurementswere made at each sampling time
to determinethe phase(i.e., agueousor solid)
and oxidation state(i.e., I11 or VI) of chromium.
Thefour measurementsinclude (i) chromateina
filtered sample (Cr(M1)_, ), (ii) chromateinan
unfiltered samplethat isdissolved with sulfuric
acid (Cr(V) g, se)s (iii) total chromiumina
filtered sample(Cr(TOT)_, ), and (iv) total
chromiuminanunfiltered ssmpledissolvedin
sulfuricacid (Cr(TOT) . 5)- Thefiltered
samples provideinformation on agueous con-
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Figure4. Disappearance of Cr(V1) andtotal
chromium from solution and hydroxycarbonate
greenrust with time. Reactor contained 0.25g
L1 greenrust and aninitial concentration of 10
mg L aschromate.

centrationsof chromium, whereasthe unfiltered
samplesinclude both agueous chromium and
adsorbed, precipitated, or exchanged chro-
mium. From the difference between thefiltered
and unfiltered samples, theamount of chromium
bound to the surface(i.e., adsorbed, precipi-
tated, or exchanged) can be calculated.

Based on aseries of these measurements
taken over time, itisclear that chromateisnot
conserved inthesystem (Figure4). Themea
sured quantitiesof chromium, asCr(VI1)_, and
Cr(Vg, e aredmostidentical, indicating that
chromateisbeing transformed and that adsorp-
tion or interlayer exchangearenot significant
remova pathwaysontheir own. If chromate
was conserved in the system by either adsorp-
tion or interlayer exchange, the measurement for
Cr(V) g cr Would begreater than Cr(VI), .
Thetotal chromiumintheunfiltered sample
(Cr(TOT),,,r) remainsconstant throughout
the experiment showing that chromium massis
conserved and that chromateisreduced by

hydroxycarbonategreenrust. Itisimportant to
notethat the processes of adsorption or
interlayer exchange may beoccurring; however,
asthe chromateion adsorbsto the surface or
exchangeswiththeinterlayer carbonateion, itis
quickly reduced. Thesmilarity between
Cr(VI),,,and Cr(TOT)_, measurements
shown in Figure4 suggeststhat the reduced
chromiumisnot remaininginsolution. If Cr(111)
remainedinsolution, Cr(TOT)_, wouldbe
greater than Cr(V1), . Thelossof Cr(l11) from
solutionismost likely dueto thelow solubility of
Cr(OH), and [Fe,Cr](OH), at near-neutral pH
values. [Fe,Cr](OH), hasbeen showntolimit
thesolubility of Cr(l11) insystemswithferric
hydroxides (Sassand Rai, 1986), removing
chromiumto levelsbelow the U.S. EPA Maxi-
mum Contaminant Level of 100 partsper billion
(U.S. EPA, 2000).

Thesolubility of [Fe,Cr](OH),, how-
ever, isdependent on solution pH, suggesting
that removal of chromatein the presence of
hydroxycarbonte green rust may be dependent
onthesolution pH. Thereaction of chromate
and hydroxycarbonate green rust was studied at
fivedifferent pH valuesranging from 5.0t0 9.0
(Figure5). Therate of chromatereduction
increases as pH decreases, with about afive-
foldincreaseink , asthepH isdecreased from
9.0t05.0 (k. range=0.1t0 0.55min). The
increaseinthek , atlower pH valuesmay be
duetoanincreasein affinity of thenegatively
charged chromate oxyanionfor the
hydroxycarbonategreen rust surface. Typicaly
at lower pH values, oxide surfacesbecome
protonated and the surface charge becomes
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Figureb. Effect of pH onthereduction of
chromate by hydroxycarbonategreenrugt. All
reactorscontained 0.25 g L * hydroxycarbonate
greenrust and aninitiad chromate concentration of
10mgL . Reactorswere maintained at specified
pH vaueby automatic addition of 0.2 M HCI.
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Figure6. Disappearance of Cr(VI) and Fe(ll)
inthe presence of hydroxycarbonate green rust.
Reactors contained 10 mg L chromate and
3.33n7? L hydroxycarbonate green rust and
weremaintained at pH 7.0 by automatic addi-
tionof 0.2M HCI.

positive, increasing the e ectrostatic attraction
between the hydroxycarbonate green rust and
the chromate oxyanion (Schindler, 1990).
Theeffect of pH isbased onthe premise
that the reductant in the batch reactor isFe(l1)
associ ated with the hydroxycarbonate green
rust. Figure 6 showsthat Fe(11) associated with
the hydroxycarbonate greenrust waslost at a
rate proportional to chromateloss. Themea-
surementsfor total Fe(I1) (Fe(ll),,, 52) inthe
reactor sample decreased aschromatewas
removed. Fe(Il) insolution (Fe(ll)_, ) was
found to be bel ow measurable detection limits
andisnot asignificant factor contributingtothe
reduction of chromate. Thisindicatesthat Fe(11)
associated withthegreen rust structureisthe
activereductant. Structural Fe(I1) withinthe
greenrust hasprevioudy been shownto bethe
reductant of nitrate (Hansen and Koch, 1998)
and carbon tetrachloride (Erbset al ., 1999).
Theoretically thechangeintotal Fe(ll) to

chromatereduced should be 3:1. Theoveral
stoichiometic ratio of Fe(I1) oxidized to chro-
mate reduced in Figure 6 wasfound to be
approximately 4:1 (Figure7). Theaverageratio
of Fe(11):Cr(V1) for Trial Awas4.3+ 1.54 and
for Tria B, 4.0+ 0.97. Theseratios are not
consistent with the expected result of 3:1, based
on therequirement of three Fe(l1) atomsoxi-
dizedto Fe(l11) for every chromate reduced to
Cr(l111). A potential explanation for the exces-
sveFe(ll) lossisthe possible presence of other
oxidants (e.g., agueous O, and CO,). It has
been demonstrated that iron metal can reduce
CO, tosmall chain hydrocarbons (Hardy and
Gillham, 1995), suggesting that it may be
possiblethat the CO,? interlayer ion could be
reduced by the Fe(11) associated with
hydroxycarbonategreenrust. A consistent ratio
of approximately 4:1isobserved for bothtrials
inFigure7 for thefirst 20 minutes of thereac-
tion; however, at timesbeyond 20 minutes, the
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Figure7. Stoichiometricratio of Fe(l1) removal
to Cr(VI) reduced over time. Trial Aand Trid B
were performed from separate synthesi zed
batches of hydroxycarbonate green rust. Batch
reactorscontained 0.1 g L *carbonate green
rust and aninitial chromate concentration of 10
mg L.

system behaved erraticaly. Theunusuad behavior
at later datapoints (>20 min) may beduetoa
decreaseintherateof chromatereductionwhile
the Fe(11) continuesto oxidizeat varigblerates,

possibly by oneof the aforementioned reactions.

CONCLUSION

Theresultsof thisstudy show that chro-
mateisrapidly reduced by hydroxycarbonate
greenrugt, and that thereisnegligible adsorption
tothegreenrust surfaceor interlayer exchange
occurring independently of reduction. Atlow
surface areaconcentrations, therate of chro-
mate reduction by hydroxycarbonate green rust
appearsto belimited by availability of Fe(ll)
sitesby ether afinite number of Fe(l1) Sitesor
surface blockage by [Fe,Cr](OH), precipitating
onthehydroxycarbonategreenrust. The
disappearance of structural Fe(l1) inthe carbon-
ategreenrust suggeststhat Fe(11) isresponsible
for thechromatereduction. Therapid reduction

of chromate and subsequent precipitation of
Cr(I11) phases, such as Cr(OH), or
[Fe,Cr](OH),, suggests that abiotic reduction
of chromate may be an important transforma-
tion processin natural systemsand engi-
neered remediation technologies based on
iron metal (F€°).
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