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BIOREMEDIATIONOF NITRATESAND CARBONTETRACHLORIDEIN GROUNDWATER

T. M. Brouns
PacificNorthwestLaboratory*

P. O. Box 999, Richland,Washington99352
50g-376-7Bg5

A developmentand demonstrationprogramis presentlyunderwayto test an in
situ bioremediationtechnologyfor treatingnitratesand carbon tetrachloride
in contaminatedHanford groundwaters. Severalkey technicalissues have
preventedwidespreaduse of bioremediationfor cleanupof organicand
inorganicsubsurfacecontaminants,includingthe developmentof adequate
nutrientdeliverysystems;effectivemixing technologiesfor contacting
microorganisms,nutrients,and contaminants;methodsto controlB,iofoulingor
excessivemicrobialgrowth;and adequatetools for designing,predicting,and
monitoringthe performanceof in situ technologiesin heterogeneoussubsurface
environments. The goal of this program is to addressthese technical issues
in an integratedlaboratory-,bench-,and field-scaledemonstrationby
stimulatingnative microorganismsand acceleratingthe naturaldegradationof
NO.',CCl.and chloroform. A demonstrationsite at Hanfordfor in situ
bloremedlatlontestingwas selectedin 1990, and extensivehydrological,
chemical,and biologicalcharacterizationof the site has been conducted.
Microorganismsfrom the site are being tested in batch reactors and soil
columnsto determinethe most appropriatereactionrate expressionsand
confirmnutrient injectionstrategies. Three-dimensionalsimulationand

I visualizationtools are being used to facilitatedesign of this complexfield
test by incorporatingflow, transport,and biologicalreactionof the
nutrients,contaminants,and microorganisms(Chiang,Dawson,and Wheeler
1991). Currentactivitiesare focusedon detaileddesign of the field well

i network,predictingthe performanceof the remediationsystem,designingthenutrientdelivery system and protocols,and procuringthe monitoring and
nutrientdeliveryequipmentin preparationfor field testing in 1994.

BACKGROUND

_ Soil and groundwatercontaminationfrom volatileorganiccompounds (VOCs) is a
seriousproblemat federal,state,and commercialfacilities. In a recent
survey of 91 waste sites at 18 of the U.S. DOE's facilitiesacross the United

= States (U.S. DOE, 1992), the most common soil and groundwatercontaminants
were identifiedas fuel hydrocarbonsand chlorinatedsolvents,respectively.
More than sixty percentof the DOE facilitieshad soil or groundwater
contaminationfrom the presenceof highlyvolatilechlorinatedsolvents. In
addition,at least fifty percentof the facilitieshad anions,radionuclides,
or metal contaminantsco-existingwith the chlorinatedsolvents. Remediation
of VOCs, especiallychlorinatedsolvents,is complicatedby the tendency of
these contaminantsto be transportedrapidlythroughthe subsurfacein the
vapor phase, to sorb stronglyto fine silts and sediments,to
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be relativelyinsolublein water, and to be resistantto naturalbiotic or
abioticdegradation. Cleanupof VOCs in soils has focusedon the use of soil
vapor extraction(SVE)to volatilizeand extractthe contaminantsfrom soils,
followedby above-groundoff-gastreatmentto minimize releaseof the
contaminantsto the environment. Cleanupof VOCs in groundwaterhas
traditionallybeen done using groundwaterextractiontechnologyfollowedby
air strippingand off-gastreatment(pump-and-treat).More recently,
techniquesfor air spargingand/or in-wellvaporizationhave been deployedto
reducethe cost associatedwith groundwaterpumping,and will work in
conjunctionwith SVE to remove bulk contaminantsfrom the subsurface
(Schroederet al., 1992). SVE and complementarytechniquesfor volatilization
of groundwaterVOCs are generallyquite effectivein permeablesoils;however,
highly adsorptivesoils and less permeablesilts, sediments,and clays are
sinks for most VOCs and cannot be effectivelyventedor flushedwith air or
water to remove contaminants. In situ bioremediationprovidesa potential
benefitwith these types of soils,especiallyin groundwater,by destroying
the VOCs in place and reducingthe mass transportlimitationsassociatedwith
VOC adsorptionand desorptionto sediments,and dissolutioninto the
groundwater. The time and cost of cleanupcould be substantiallyreduced if
bioremediationcould be effectivelyemployedalone, or in conjunctionwith
other bulk-contaminantremovaltechnologies.

The majorityof the DOE sites with VOC contaminationhave mixtures of
chlorinatedsolvents(e.g, trichloroethylene,tetrachloroethylene,chloroform,
carbontetrachloride)and mixturesof other metal or inorganicions with
chlorinatedsolvents. Bioremediationof these contaminantsis accomplished
throughboth aerobicand anaerobicprocesses. For many chlorinatedsolvents,
aerobicdegradationis possibleby methanotrophicor toluene-degrading
microorganisms. A primarysubstrateis suppliedto the subsurfaceto provide
an energy source for the microorganismswhile the VOC is degraded
cometabolically.A demonstrationof aerobic,methanotrophicbioremediationof
trichloroethyleneis currentlyunderwayat the DOE's SavannahRiver Site
(Hazen,1992). However,other chlorinatedsolventssuch as perchloroethylene
and carbon tetrachlorideare degradedonly under anaerobicconditionsby
denitrifying,iron-reducing,sulfate-reducing,or methanogenicmicroorganisms.
Therefore,at a majorityof the sites containingmixturesof chlorinated
solvents,or mixturesof anions and chlorinatedsolvents,a combinationof
aerobicand anaerobicbioremediationmay need to be employedto adequately
remediatethe site. Aerobic bioremediationhas been the primary focus of
recent research,development,and field testing. Techniquesfor supplying
oxygen to the subsurfaceusing a varietyof techniquessuch as air venting,
air injection,and hydrogenperoxidehave been extensivelytested.
Unfortunately,anaerobicprocessesbenefitvery little from these oxygen
additiontechniques. The technicalissuesrelatedto nutrientdelivery
systemsand effectivemixing technologiesbecomeeven more significantwhen
workingwith an anaerobicsystem.

VOC contaminationat Hanford is typicalof the VOC problemacrossthe DOE
complex. The HanfordSite, locatedin southeasternWashingtonState, is an
area of approximately600 squaremiles that was selectedin 1943 for producing
nuclearmaterials,primarilyplutonium,in supportof the United States'
effort in World War II. Hanford'soperationsover the last 40+ years have
been dedicatedto nuclearmaterialsproduction,generationof electricity,
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have produced aqueousand organicwastes that were subsequentlydischargedto
the soil column. In the 200 West Area of the HanfordSite, plutoniumrecovery
processesat Z-PlantdischargedCCl4-bearingsolutionsto three liquidwaste
disposalfacilities: a trench,tile field,and crib. A minimum of 637 t of
CCl4 was disposedto the subsurface,primarilybetween1955 and 1973, along
with co-contaminantsand/ordegradationproductssuch as tributyl phosphate;
lard oil; cadmium;nitrates;hydroxides;fluorides;sulfates;chloroform;and
variousradionuclides,includingplutonium(Last and Rohay 1991). The
subsurfacein the vicinityof Z-Plantconsistsof approximately58 to
65 m of unsaturatedsedimentsand approximately70 m of saturatedsoil
overlyinglow permeabilitysilts and clays and basaltbedrock. Carbon
tetrachloridevapors have been encounteredin the vadose zone during well-
drillingoperations,and groundwatercontaminationfrom CCI. is extensivein
the 200 West Area, coveringmore than 5 km2. The highestc_ncentrationsof
CCI in the groundwaterplume were measuredapproximately450-m downgradient
of _he three disposalfacilitiesat levelsexceeding1000 times the U.S.
EnvironmentalProtectionAgency's (EPA)drinkingwater standard of 5 ppb. The
DOE and its operatingcontractorat Hanford,WestinghouseHanford Company,are
currentlypursuingan ExpeditedResponseAction (ERA)to remove volatileCCI4
from the vadose zone using soil vapor extraction(vacuumextraction)
technology (Hagoodand Rohay 1991). In collaborationwith the ERA, DOE's
Office of TechnologyDevelopmenthas selectedthe 200 West Area CCl. site as
the host site for the IntegratedDemonstrationfor Cleanup of VolatileOrganic
Compoundsat Arid Sites (VOC-AridIntegratedDemonstration). The objectiveof
the integrateddemonstrationis to develop,demonstrate,evaluate,and
transferfor deploymentnew technologiesfor all phases of cleanupof VOCs and
associatedcontaminantsin the subsurface. The goal is to bring new
technologyforwardto providemore effective,cheaper,and safer methods for
cleanup. Bioremediationis one technologybeing developedas part of the VOC-
Arid IntegratedDemonstrationto meet the need for cost effectivetechnologies
to clean groundwatercontaminatedwith CCI4 and other organic and inorganic
contaminants.

STATUS OF DEVELOPMENT

The current understandingof the microbialdegradationof CCI4 is limited,
particularlyin comparisonto other chlorinatedaliphaticcompoundssuch as
trichloroethylene(TCE)that are commongroundwatercontaminants. However,
progresshas been made in recentyears in identifyingmicroorganismsand
understandingmechanismsof CCI4 biodegradation.Bouwer and McCarty (1983a)
made some of the initialobservationson the microbialtransformationof CCI4
in groundwaterin batch microcosmsunder denitrifyingconditions. Degradation
of CCI.to COm and chloroformin the microcosmswas observed after 3 weeks of

incuba_cion._Bouwerand McCarty (1983b)also observedthat CCl4was completely
degradedto CO undermethanogenicconditions. In anothermicrocosmstudy,
Wilson et al. 11987) observedthe biodegradationof CCI4 in unamendedaquifer
sediments. Carbon tetrachloridebiodegradationhas been demonstratedwith a
number of differentbacteria. The conditionsthat favor biodegradationof

CCI4 are predominantlyanaerobic. Carbontetrachloridebiodegradationto CO2
and other metaboliteshas been demonstratedin pure cultures and consortiumof
denitrifyingPseudomonassp. (Criddleet al. 1990a;Hansen 1990), the acetogen
Acetobacteriumwoodii (Egliet al. 19B8),Clostridiumsp. (G_lliand McCarty,
1990), and under anaerobicand microaerophilicconditionsby E. coli (Criddle
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et al. 1990b). Biodegradationof CCl4 under denitrifyingconditions is of
particularinterestbecauseof the occurrenceof both nitrates and CCI in the
unconfinedaquiferon the Hanfordsite. Both Hansen (1990)and Criddl_ et al.
(1990a)identifiedPseudomonasspeciescapableof degradingCCI4, with acetate
as the electrondonor and nitrateas the terminalelectronacceptor.

Effortsto evaluatethe potentialfor bioremediationof Hanford'sCCI4-
contaminatedgroundwaterwere initiatedin 1987. Evidenceof CCI4 degradation
by microorganismsindigenousto the HanfordSite was first obtained with a
denitrifyingconsortiumfrom groundwatersamples(Koegleret al. 1989).
Additionalstudiesconductedat laboratory-,bench-,and pilot-scales
confirmedthat NO_-_nd CCl4 were degradedby the bacterialconsortium (Brouns
et al. 1990). Th_ CCl4-degradingP. stutzeristrain identifiedby Hansen
(1990)was isolatedfrom the Hanfordgroundwaterconsortiumin 19B9. Based on
the resultsof early laboratorystudies,and limitedpilot testing, a program
was establishedto evaluatethe feasibilityof in situ bioremediationthrough
a field demonstration. The approachto the field demonstrationwas to
rigorouslyevaluatethe feasibilityof the technologywith parallel
laboratory-,intermediate-,and field-scaleactivities. The primary
activitiesincludedI) test site hydrological,geochemical,and
microbiologicalcharacterization,2) remediationdesign through laboratory,
flow-cell,and 3-D modellingstudies,3) installationand verificationof the
well network and processand monitoringequipment,4) demonstrationtesting
and data analysis,and 5) post-demonstrationsite characterization. A
locationwithin the 200 West Area at Hanfordwas selectedin FY 1990 for
developmentof the bioremediationtest site. Characterizationand preparation
of the test site was initiatedin FY 1991 as part of DOE's VOC-Arid Integrated
Demonstration(Brounset _l. 1991). Two of the fiw primarytest wells have
been installed,and the third test well is being designedfor installation
this fiscalyear. As part of the effort to addressinadequatemixing,
innovativemixing well designsare being consideredfor the remainingthree
wells. Collaborativeeffortshave been establishedwith EPA's Western Region
HazardousSubstanceResearchCenterto design and test innovativesinglewell
recirculationsystems at the Hanfordtest site (Sempriniet al., 1992).

Engineeringresearch activitiesare developingmethodsfor supplyingnutrients
to the subsurfaceand modelingthe bioremediationprocessusing three-
dimensionalvisualizationtools to help design the field-scaledemonstration
site. A series of rigorouskineticstudieshave been conductedto develop an
accuratefoundationfor designingthe in situ remediationsystem (Skeenet al.
1992). Bench-scalebatch reactorswere uscl to study the kinetics of
contaminantdegradationand the growth of the microorganisms. The effectsof
importantenvironmentalconditionssuch as pH, temperature,redox potential,
and the concentrationsof substrate,electronacceptc:,.andcontaminantswere
includedin this study. The resultsof these studieshave been incorporated
into an existingthree-dimensionalmodel for subsurfaceflow, transport,and
reaction (Chianget al. 1991) to providea completedescriptionof the in situ
remediationprocess. This simulationtool is currentlybeing used to design
the field test site and operationalprocedures. Concurrently,field studies
are continuingto characterizethe test site for spatialdifferencesin
hydrologic,chemical,and microbiologicalparameters. One-dimensionalbench-
scale flow cell experimentshave been initiatedto provideremediationand
transportdata under well-definedconditions. These experimentswill be used
to calibratethe bioremediationmodel and help minimizethe error associated
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with applyinga simulationbased on laboratory-scaledata to field
remediation. The column studiesare particularlyimportantfor evaluating
microbialgrowth and fouling,and determiningthe effectivenessof methods to
minimizefouling.

Throughlaboratorystudy, intermediate-scaleflow-cellexperiments,and three-
dimensionalcomputer simulations,a field test site is under development,and
will be completedin early FY 1994. Field testingwill focus on demonstrating
I) destructionof CCI4 and nitrate,2) effectivenutrientadditionstrategies
that minimizebiofouling,3) novelwell designsand mixing strategiesto
enhancesubsurfacemixing, and 4) a designmethodologyfor deploying
bioremediationthat includeslaboratoryand column studies,and i-, 2-, and 3-
D design simulations. The in situ bioremediationfield testing in FY 1994 and
FY 1995 will be integratedwith other characterization,remediation,and
monitoringdemonstrationsthat comprisethe VOC-Arid IntegratedDemonstration,
and with ongoingenvironmentalrestorationeffortswithin Hanford's200 West
Area.
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