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ABSTRACT

Recent research has demonstrated the ability of some types of anaerobic organismsto reduce a
variety of metal and metalloid contaminants, resulting in subseguent removal of the contaminants from
solution. This paper describes an investigation to determine the stability of these immobilized phases with
respect to the RCRA toxicity characteristicsleaching procedure (TCLP), and to consider their long-term
stability under conditions that might be found in an aguifer system. The metalsinvestigated were arsenic
(As), chromium (Cr), and selenium (Se). They wereimmobilizedin columns containing silicasand by asulfate-
reducing bacteria (Desulfovibrio desulfuricans) and by an iron-reducing bacteria (Shewanella putrefaciens).
The sand containing the biomass and immobilized metal s was subjected to leaching viathe TCL P test, which
involves aggressive mixing, and to leaching from undisturbed columns with simulated groundwater. The
results of the TCL P leach procedure showed that soil containing these metals, which have been immobilized in
place, probably will not constitute a hazardous waste; however, the concentrations in the leachate was close
to RCRA standards. Leaching of the metalswith aerated, simulated groundwater from undisturbed columns
released some metals over aperiod of three weeks; however, most of the metalsthat were precipitated from

solution remained on the sand media.
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INTRODUCTION

The presence of metals, metalloids, and
inorganic radionuclidesin soil and groundwater
at contaminated sites presentsspecial challenges
to environmental managersbecause optionsfor
remediation arevery limited. For example, a
review of groundwater cleanup dternatives
published by the National Research Council
presented 13 case studies, yet none of them
dedlt withinorganic pollutants (NRC, 1994).
Because these contaminants are not degradabl e,
remediation aternativesare primarily limited to
excavation of contaminated soil and pump-and-
treat processesfor contaminated groundwater.

Inorganic pollutants, which are present as
anionsin soil and groundwater systems, area
particular problem asmost soil minerdshave
negative surface charge near neutral pH
(Langmuir, 1997). Therefore, eectrodtatic

repulsonwill limit sorption processes. Thisin
turnresultsin high mobility for anionic contami-
nants, which exacerbatesthe problemsassoci-
ated with their presencein both saturated and
unsaturated subsurface environments. Contami-
nants, which may be present asanionic species
insoil and groundwater, includearsenic (As),
chromium (Cr), molybdenum (Mo), selenium
(Se), technetium (Tc), vanadium (V), and
uranium (U). A common characteristic of each
of these congtituentsisthat they form stable
anionic speciesunder oxidizing conditions, but
will forminsoluble precipitatesunder reducing
conditions. Table 1 providesasummary of the
stable speciesexpected under oxidizing and
reducing conditionsfor theseelements.
Referenceto Table 1 revealsthat while
theseelementsarelikely to be present as
sol uble anionic speciesunder oxidizing condi-
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tions, they each forminsoluble precipitates
under reducing conditions. Accordingly, much
of thework on biologica remediation of inor-
ganic contaminantshasfocused onimmobiliza-
tion of metal sthrough microbialy mediated
reduction. Inthe past two decadesthere has
been alarge number of studieswhich have
demonstrated microbial reduction of As
(Ahmannetal., 1994; Macy et d., 1996), Cr

(Fudeet a., 1994; Shen and Wang, 1994,
Lovley and Phillips, 1994), Mo (Tucker et al.,
1997), Se(Oremland et al., 1989; Tomel etal.,
1992; and Tomei et al., 1995), and U (Lovley
etal., 1991; Lovley and Phillips, 19924,
1992b). Thoroughreviewsof theliteratureon
microbial reduction of metal shave been pub-
lished by Lovley, (19933, 1993b). One poten-
tia application of thisphenomenonwould

Tablel. Representative speciesof common el ementswhich form anionsunder oxidizing conditions

(adapted from Brookins, 1988).

Oxidation . Representative
M etal State Important Soluble Species Insoluble Eorms
-1l AsS,, AsS
0 FeAsS, As,
As
1" H,AsO,, HAsO,_, HAsO,?, AsO.* As,O,
Y, H,AsO,, HASO,, HAsO,>, AsO,*
1" Cr,05
Cr
Vi H,CrO,, HCrO,, CrO >
v MoS,, MoO,
Mo
Vi H,M00,, HMoO,, MoO * MoO,
- H,Se, HSe, S~
< 0] Seq
v H,SeO,, HSeO,, Se0,> Se0,
\Y/| H,Se0,, HSeO,, SeO >
v TcO,. 2H,0 g
Tc
VI TcO,”
v uo,, USO,
U
Vi UO,, UO,(CO,)°, UO,(CO,),*, UO,(CO,),*
v I VO(s)’ Vzo4(s)
\% VO,, HVO,, VO, H,VO,, HVO,, HVO?, VO * V0
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involvethe use of apermeablereactivebarrier
inwhich reduction and precipitation of the
contaminantsoccur inareducing zonedown
gradient of the contaminant plume, created by
stimulating growth of anaerobic bacteria
(Thomsonet al., 1991).

Oneof themost significant shortcomingsof
permesablebarrier technology for inorganic
pollutantsisthat potentia usersof thistechnol-
ogy areunableto answer thequestion, “What is
the ultimatefate of the contaminantsthat are
immobilizedinthebarrier?” Todatetherehas
been amost no consideration given to thelong-
term stability (i.e., timescaleof decadesor
centuries) of theseimmobilized contaminants.
Previouswork hasfocused on achievingimmo-
bilization of the contaminants, withtheimplicit
assumption that water quality standardswould
bemet asaresult of thelow solubility of the
reduced phases. Potential re-mobilization of the
contaminantsthrough complexation or oxidation
has not been eval uated through use of either
extended period experimental testing or through
acomprehens vetheoretica evauationwhich
congdersal potential release mechanisms.

Theobjective of thisresearch project was
to evauatethelong-term stability of metal
contaminantsimmobilized by microbid reduc-
tion. Thecontaminantsconsidered wereAs,
Cr, and Se, asthese are representative of
pollutantsfound a many industrial and mining
stesaswell asat U.S. Department of Energy
installations. Thispaper describestheresultsof
alaboratory investigationinwhich thesemetas
wereimmobilized on aninert substrate (sand)
by asulfate-reducing bacteriaand ametal -

reducing bacteria. The stability of theimmobi-
lized contaminantswasthen investigated through
aseriesof leaching tests.

METHODSAND MATERIALS

Theresearch was conducted intwo
phases. Thefirst phase consisted of microbial
reduction in column studieswherethe objective
wasto generate quantitiesof immobilized
contaminantsthrough microbia reduction. The
second phase of the research used these solids
inaseriesof leaching experimentsto evauate
their Sability.
Experimental System

Microbial reductionwasconductedin
plastic columnsfilled with acid-washed silica
sand. Thecoarsesand (10 - 20 mesh size) was
washed with 10% HNO,, thenrinsed with
deionized water. Two different typesof col-
umnswereused. Largecolumns(10cm
diameter by 1.0 mlength) constructed of clear
PV C were used to generate kg quantities of
sand withimmobilized metalsonit. They were
operated for approximately six months, after
which the contents, consisting of sand, microbia
culture, and associated precipitateswere
removed for leach testing. A second seriesof
columnswasalso runwhich consisted of a
number of small polycarbonate columns(1cm
diameter by 10 cmlength) asofilled with sand.
Anaerobicmicrobia culturesweregrownin
these columnsand contaminantsallowed to
precipitate onthesand. They werethen
subj ected to |eaching testswithout removing
the solid mediato determine stability of the
solidsin the absence of physical disturbance.
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Themediafed tothe columnswasa
simulated groundwater at pH 7.5andislistedin
Table2. Contaminantswere added to the
solutionat 5mg/L asAs(V) (Na,AsO,7H,0),
Cr(VI) (KCrO,), and Se(VI) (Na,SeO,) All
mediawere prepared using reagent-grade salts.

Total metal concentrationswere measured
by graphitefurnace atomic absorption (GFAA)
spectroscopy. Anionswere measured by ion
chromatography. Sulfidewasdetermined
colorimetricaly by the methylene bluemethod.

Pairsof both thelarge- and small-diameter
columnswereinocul ated with two different
typesof anaerobic bacteria. One set of col-
umnswasinoculated with asulfate-reducing
bacteria (SRB), Desulfovibrio desulfuricans
(strain Dd 642), whilethe other wasinocul ated
withaniron-reducing bacteria(IRB),
Shewenella putrefaciens(strain CN32). Ten
mM of |actate was added to the ssmulated
groundwater to serve asthe electron donor for
microbia metabolism. TenmM of Fe(l11) was
added to thefeed of S putrefaciens columnsto
serve as an electron acceptor.

Approximately 100 porevolumesof feed
solution were passed through thelarge-diameter

SRB columns, and approximately 60 pore
volumeswere passed through the IRB columns.
At that point, feeding of the columnswas
discontinued, and leaching studieswere con-
ducted onthesolid media. Thesmall-diameter
columnswere operated asshownin Table 3.

Leaching Studies

Severd different leaching procedureswere
used to measurethe stability of contaminants
immobilized by microbia reduction. Thesetests
include 1) determination of total metalson sand
mediaby acidleach, 2) deionized water (DI
water) leach from disturbed samples, 3) toxicity
characteristicsleaching procedure (TCLP) leach
test from disturbed samples, and 4) oxidized
groundwater |eaching from undisturbed samples.
Thedistinction between disturbed and undis-
turbed samplesreferstotherr origin; loose
samplesof mediafrom thelarge columnswere
collected andleachedinvidswithvarying
decreesof mixing, whereasthe sand mediain
thesmall columnscontaining the biomassand
immobilized meta swereleached in placewith
no physical disturbancewhatsoever.

Total metalsweredetermined by leaching
sampleswith concentrated 10% HNO,. The

Table2. Composition of simulated groundwater fed to columns.

Constituent | Conc. (mg/L) [ Conc. (meg/L) | Constituent | Conc. (mg/L) | Conc. (meg/L)
Na 566. 24.6 Cl 60. 17
K 78. 2.0 SO, 1000. 20.8
Ca 20. 10 NO, 30. 5
Mg 2.5 2 HCO, 300, 4.9

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

397



398

acid wasthen analyzed by GFAA spectroscopy.
TheDI water leachinvolved placing 5.3 g of
wet sand contai ning the biomassand immobi-
lized metalsin asealed centrifugetube. Thirty
mL of DI water was added to the tubesand
gently mixed by hand for 30 secondsevery four
hoursfor thefirst 12 hours, then mixed again at
24 hours. Eight mL sampleswerecollected
periodicaly during theleachtest, passed through
a0.45umfilter, and preserved with 1% HNO..
The TCLPtest procedure (Method 1311,
Appendix |1, 40CFR Part 261) involved use of
an acidicleach solution prepared by adding 5.7
mL of glacia aceticacidand 64.3mL of 1N
NaOH to 1L of DI water. Thissolution hasa
pH of 4.9. A durry was prepared consisting of
10g of sand mediaand 200 g of leach solution.
Thisdurry wasthen mixed for 18 + 2 hoursat
30rpm. Theleachatewasfiltered and analyzed
for contaminantsby GFAA spectroscopy.
Theundisturbed sand mediainthesmall
columnswassmply leached by passing smu-
lated groundwater without the metal sthrough
the columns and measuring the contaminant
concentrationsintheleachate. Thiswasin-
tended to S mulate passage of uncontaminated
groundwater through the contami nantsimmobi-
lizedin placeinasubsurfaceenvironment. The
leachatewaskept intightly capped collapsible
containersand therefore was not oxygenated.

RESULTS

Immobilization by Microbial Reduction

Figures1and 2 plot the effluent concen-
trationsfromthelarge-diameter columnsand
summarizetheremova of the contaminantsby
D. desulfuricansand S. putrefaciens, respec-
tively. Recal that theinfluent concentrationsof
eachmetal (As, Cr, and Se) were5 mg/L and
that the columnswere operated at aflow rate of
approximately 1 porevolume/day. IntheD.
desulfuricans column, consistent removal was
achievedfor Asand Cr, with erratic removal of
Se. The S putrefaciens column demonstrated
excellent removal of Cr up through 30-pore
volumesof feed solution, whenitsperformance
suddenly decreased. Thisisbelievedto bedue
to stresson the culturewhich resulted froma
leak that allowed most of thewater todrain
from the column oneweekend. Sincethefocus
of thisproject wason the stability of theimmo-
bilized metd's, the causes of reduced perfor-
mancewere not thoroughly investigated. The
total massof metalsimmobilized onthesand
was42.7 mg/kg, 6.4 mg/kg, and 4.1 mg/kg for
Cr, As, and Se, respectively. Thetotal concen-
tration of metalsimmobilized onthesand
containing the S putrefaciensculturewas 34.4
mg/kg for Cr and 4.3 mg/kg for Se.

Table3. Summary of small-columnimmobilization procedures.

Column ID Organism Contaminants in Feed | No. of Pore Vols.of Feed
Al, A2, A3 |D. desulfuricans |As 68
C2,C3 D. desulfuricans | As, Cr, Se 56

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



0 20 40 60 80 100 120
Sampling Event

Figurel. Effluent concentrationsfrom 10-m
diameter columninoculated with Desulfovibrio

desulfuricans.
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Figure2. Effluent concentrationsfrom 10-m
diameter columninoculated with Shewanella
putrefaciens.

Leach Tests

The TCLPwasdevel oped to definethe
toxic characteristicsof awasteunder RCRA.
Samplesof the sand mediacontaining the
microbia culture and the precipitated pollutants
weretaken fromthelarge-diameter columns
and subjected to leaching by aweak acetic acid
solution (Method 1311, Appendix I1, 40CFR
Part 261). Inorder to passthe TCLPtest, the
leachatefrom the extraction must contain less
than 5.0 mg/L for Asand Cr, and 1.0 mg/L for
Se. TheTCLPresultsaresummarizedin Table
4. Theseresultsshow that theimmobilized
contaminantswill probably passthe TCLP
criteriaand therefore do not possess hazardous
waste characteristicsasdefined by RCRA.

However, thevaluesreported in Table 4 do not
givemuch of amargin of safety asthey areall
closeto the maximum concentrations estab-
lished by RCRA regulations.

Kineticleaching rateswere measured using
DI water and the TCL P acetic acid solution.
Samplesof the sand mediacontainingthe
microbia cultureand theimmobilized pollutants
weretaken fromthelarge-diameter columns
and subjected to sequential leaching with
samplesbeing collected periodically throughout
a24-hour period. Theresultsareshownin
Figure 3. Theseresultsshow asow release of
Asfromthe sand, but thereisno significant
differenceinthereleaseratesfor deionized
water and acetic acid.

Table4. Concentration of contaminantsimmobilized S desulfuricansand by S putrefaciensin

leachatefrom TCLPtest (mg/L).
Contaminant | D. desulfuricans Col. | S. Putrefaciens Col. | RCRA Standard
As 2.06 mg/L - 5.0 mylL
Cr 0.94 mg/L 5.04 mg/L 5.0 mg/L
Se 1.03 mg/L 0.87 mg/L 1.0 mglL
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Figure3. Resultsof leachtest inthe presence
of mixing using deionized water and acetic acid
at pH 4.9.
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Figure4. Sequential leaching of 1-cm
diameter columns containing metal simmobi-
lized by D. desulfuricans by aerated, simu-
lated groundwater.

Small Column Leaching Studies
Therearetwo important limitations associ-
ated withthe TCLPtest: 1) the procedureisa
quick test (18 hours), and 2) itinvolvesahigh
degreeof agitationwhichwill destroy the
delicate structure of biomassattached to the
sand media. Inapotential field application of
microbia immobilization, theprincipa environ-
mental scenario which might causereleaseof the
contaminantswould consi st of long-term leach-
ing of contaminantsunder quiescent conditions
over avery long time period of monthsor years.
Thisisbeing smulatedinthelaboratory by using
smdl columns (1 cmdiameter by 20cmlong) in
whichmetalsareimmobilized by D.
desulfuricans, aswasdonefor thelarge
columns. Approximately 100 pore volumes of
smulated groundwater containing 5 mg/L of As,
Cr, and Sewere passed through the columns
and the metal swere reduced and precipitated
onto the sand by the anaerobic bacteria. As
withthelarge columns, thefeed procedure
involved passing one porevolumethrough the

column over aperiod of 30 minuteseach day to
rapidly replacethesolutionineach column. The
columnswerethen subjected to sequential
leaching with aerated, s mulated groundwater
containing no metalsat arate of approximately
two porevolumesper day. Incontrast tothe
TCLPextraction, thisleaching wasaccom-
plished without disturbingthesamples. The
resultsfor the D. desulfuricanscolumnsare
showninFigure4.

Theleaching tests show an asymptotic
decreasein the concentration of thethree
contaminants, whichisbeievedto beprimarily
dueto washing of the unprecipitated metalsin
theporefluid fromthe column; recall that the
initial metalsconcentrationinthefeed solution
was5mg/L. Itisinteresting to notethat once
theorganic substrate wasremoved fromthe
feed solution, it appearsthat microbid reduction
and precipitation of themetasintheporefluid
immediately stopped. Thisisevidenced by the
fact that the metal s concentrations continued to
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declinefor over 30 porevolumesof leaching. If
residual microbial reductionwasoccurring,
the metal s concentration in the leachatewould
be expected to drop to near detection limits
morequickly.

Attheconclusion of thesmdl-column
leachtests, thetotd residualsmetalsconcentra-
tionswere measured by extraction with concen-
trated HNO,, followed by measurement with
GFAA. Theresidualsmetalsconcentrationson
the sand after the water leach was compl eted
were4.0, 77.7,and 1.2 mg/kg for As, Cr, and
Se, respectively. Thefact that high concentrations
of contaminantsremained onthesand mediaafter
roughly 40 porevolumesof leachate suggeststhere
may betwoformsaof immobilized contaminants: 1)
adightly solublephasewhichisdowly released
with successverinang, and 2) amorestablephase
whichremainsinsolubleover theduration of the
experiments. Morework isneeded to determine
whether thishypothes siscorrect.

CONCLUSIONS

Thisinvestigation demongtrated smulta
neous microbial reduction and subsequent
precipitation of As, Cr, and Seby purecultures
of sulfate-reducing bacteria(Desulfovibrio
desulfuricans) and by aniron-reducing bacteria
(Shewanella putrefaciens) on silicasand.
Theseresultsare cond stent with thosefound by
other investigators, however, therearefew
reportsdealing with s multaneousreduction and
precipitation of multiplemetals(Tucker etd.,
1998). Thesand containing the biomassand
precipitated metal swas subjected to avariety of

leaching tests. Thesetestsshowed that the
metasarerdatively stableand that the stabilized
mixturewill likely passaTCL Ptest and there-
forebeclassified asanon-hazardous material.

Long-term leaching studieswere con-
ducted using deionized water and aerated,
simulated groundwater. Thesetestsweredone
to smulate conditionsthat might occur ina
subsurface environment where contaminants had
been stabilized in placeby microbia reduction.
Theseleaching studieswere performed without
agitationtolimit theeffectsthat physical mixing
and abrasion might have ontherelease of
metals. Somemetalswereinitiadly released
fromthe media, yet most of the precipitated
contaminantsremained stabilized inthe mixture
of sand and biomass. Thissuggeststhat the
metal sassoci ated with the biomass may be
presentintwo forms. Initialy the pollutants
wereweakly boundtothebiomassinarea
tively unstableform. They would either be
adsorbed or precipitated asfairly soluble
phases. Withtime, itispostulated that the
contaminantsundergo achemica transformation
to amore stable and less soluble phase, and that
thismateria ismoreresistant to leaching. Work
iscontinuing to determineif thismechanismisin
fact occurring.
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