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Engineering Issue

I. PURPOSE

TheU.S.EnvironmentalProtectionAgency(EPA)EngineeringIssue
Papersareaseriesoftechnologytransferdocumentsthatsummarize
thelatestavailableinformationonspecifictechnicalissues,including
fateandtransport,specificcontaminants,selectedtreatmentandsite
remediationtechnologies,andrelatedotherissues.ThisEngineering
IssuePaperisintendedtoprovideremedialprojectmanagers(RPMs),
on-scenecoordinators(OSCs),contractors,andotherstate,industry,
or private remediation managers with information to assist in the
evaluationandpossibleselectionofappropriatein-situchemicaloxi-
dation(ISCO)remedialalternatives.

This Engineering Issue Paper provides an up-to-date overview of
ISCO remediation technology and fundamentals, and is developed
basedonpeer-reviewedliterature,EPAreports,websources,current
research,conferenceproceedings,andotherpertinentinformation.

II. INTRODUCTION

II.A. Background

In-situ chemical oxidation involves the introduction of a chemical
oxidantintothesubsurfaceforthepurposeoftransformingground-
waterorsoilcontaminantsintolessharmfulchemicalspecies.There
areseveraldifferentformsofoxidantsthathavebeenusedforISCO;
however,thefocusofthisEngineeringIssuePaperwillbeonthefour
most commonly used oxidants: permanganate (MnO4

-), hydrogen
peroxide(H2O2)andiron(Fe)(Fenton-driven,orH2O2-derivedoxi-
dation),persulfate(S2O8

2-),andozone(O3)(Table1).Thetypeand
physicalformoftheoxidantindicatesthegeneralmaterialshandling
and injection requirements.  The persistence of the oxidant in the
subsurfaceisimportantsincethisaffectsthecontacttimeforadvec-
tiveanddiffusivetransportandultimatelythedeliveryofoxidantto
targetedzonesinthesubsurface.Forexample,permanganatepersists
forlongperiodsoftime,anddiffusionintolow-permeabilitymateri-
alsandgreatertransportdistancesthroughporousmediaarepossible.
H2O2 has been reported to persist in soil and aquifer material for
minutestohours,andthediffusiveandadvectivetransportdistances
willberelativelylimited.Radicalintermediatesformedusingsome
oxidants(H2O2,S2O8

2-,O3)thatarelargelyresponsibleforvarious
contaminant transformations reactveryquicklyandpersist forvery
shortperiodsoftime(<1sec).

In-Situ Chemical Oxidation
Scott G. Huling1 and Bruce E. Pivetz2
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2 Engineering Issue In-Situ Chemical Oxidation

Permanganate-basedISCOismorefullydevelopedthan
otheroxidants.Widespreaduseofin-situpermanganate
oxidationinvolvingadiversityofcontaminantsandgeo-
logicalenvironmentsunderwell-documentedpilot-and
field-scale conditions (in conjunction with long-term
monitoringdata and cost information) has contributed
tothedevelopmentoftheinfrastructureneededtosup-
portdecisionstodesignanddeploypermanganateISCO
systems.However,additionalresearchanddevelopment
isneeded.Fenton-drivenISCOhasbeendeployedata
largenumberofsitesandinvolvesavarietyofapproaches
and methods involving the use of hydrogen peroxide
(H2O2)andiron(Fe).Ingeneral,Fentonchemistryand
in-situFentonoxidationiscomplex, involvesnumerous
reactive intermediates andmechanisms, and technology
development has been slower. Ozone (O3) is a strong
oxidantthathasbeenusedinthesubsurfacebutinmuch
morelimitedapplicationthanpermanganateandFenton-
drivenoxidation. Persulfate(S2O82-) isarelativelynew
form of oxidant that has mainly been investigated at
bench-scale.However,considerableresearchandapplied

useofthisoxidantatanincreasingnumberoffieldsitesis
resulting in rapid development.  The electrode (oxida-
tion)potentialoftheoxidantandreactivespecies(Table
1) isameasureof theoxidizingstrengthof thereactive
species,butisnotameasureofthereactionratewithdif-
ferentorganiccompounds.

Site-specific conditions and parameters, in conjunction
with oxidant-specific characteristics, must be carefully
consideredtodeterminewhetherISCOisaviabletech-
nology fordeploymentrelative toothercandidate tech-
nologies, and to determine which oxidant is most
appropriate.Theseissuesandtheadvantagesanddisad-
vantagesofeachoxidantarediscussedindetail.

Thebreadthofground-watercontaminantsamenableto
transformation via various oxidants is large.  That is,
many environmental contaminants react at moderately
highrateswiththeseoxidants.Therefore,awiderange
ofcontaminantclassesareamenable tochemicaloxida-
tivetreatment(Table2).Mixturesofcontaminantsmay

Table1. OxidantForm,Stability,StageofDevelopmentandOxidationPotentialforOxidantsUsedforIn-SituChemical
 Oxidation

Oxidant ReactiveSpecies Form Persistence(1) StageofDevelopment

Permanganate

Fenton’s

Ozone

Persulfate

MnO4
-

·OH,·O2
-,·HO2,HO2

-

O3,·OH

·SO4
2-

powder/liquid

liquid

gas

powder/liquid

>3months

minutes-hours

minutes-hours

hours-weeks

developing

experimental/emerging

experimental/emerging

experimental/emerging

OxidantandReactions ElectrodePotential(E h) (2)

Permanganate

MnO4
-+4H++3e- MnO2+2H2O 1.7V(permanganateion) (1)

Fenton’s(H2O2DerivedReactants)

H2O2+2H++2e- 2H2O 1.8V(hydrogenperoxide) (2)

2·OH+2H++2e- 2H2O 2.8V(hydroxylradical) (3)

·HO2+2H++2e- 2H2O 1.7V(perhydroxylradical) (4)

·O2
-+4H++3e- 2H2O -2.4V(superoxideradical) (5)

HO2
-+H2O+2e- 3OH- -0.88V(hydroperoxideanion) (6)

Ozone

O3+2H++2e- O2+H2O 2.1V(ozone) (7)

2O3+3H2O2 4O2+2·OH+2H2O 2.8V(hydroxylradical,seerxn3) (8)

Persulfate

S2O8
2-+2e- 2SO4

2- 2.1V(persulfate) (9)

·SO4
-+e- SO4

2- 2.6V(sulfateradical) (10)

1 Persistenceoftheoxidantvariesdependingonsite-specificconditions.Durationsspecifiedherearebasedongeneralobservations.
2 Reactivespeciesinparentheses;reductionpotentialisnegative.
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Table2. AssessmentoftheAmenabilityofVariousContaminantandContaminantClassestoOxidationTransformations

Contaminant

Oxidant

MnO4
- Fenton’s

(H2O2/Fe)
S2O8

2-(1)
·SO4

-

(Activated
persulfate)1

Ozone
Ozone/

H2O2

(Peroxone)(2)

Ratingsources

a b c d a b c d e a a b c3 a b c d a b e

Petroleumhydrocarbons G4 E4 G/E4 E4 E4

BTEX E4 E4 E E E4 E E E E4 E G4 E E E

Benzene P4 G4 P4 E4 E4 E G4 G/E4 E4 E4 G4 E

Phenols G E E E E E E E P/G G/E E E E E E E E E

PAHs G E E E E G G E E G E G G/E E G E E G E

MTBE G G E E P/G E E G E E E

tert-butylalcohol E G E E E G

Chlorinatedethenes E E E E E E E E E G E E E E E E E E

Carbontetrachloride P P P P/G G P P P P/G P/E P/G P G P

Chloroform P P P P P G/E P P P

Methylenechloride P G G P G/E G G P

Chlorinatedethanes5 P P G/E P P P G/E G P P

Trichloroethane5 P P E P P P/E P E P

Dichloroethane5 P G G P G/E G G P

Chlorobenzene P E E E E E E E E

PCBs P P P P P G P P E P P P P/E P E P G G E

Energetics(RDX,HMX) E E G E E

Explosives E E E G G G/E E E E

Pesticides G G P P G/E6 G G/E P E P G/E6

1,4-dioxane7 E E E E E

Key:P=poor,G=good,E=excellent.Whilethedifferentsourcesusedslightlydifferentterminologyforratingtheamenability,ingeneral,theyeachuseda
three-tieredrankingrepresentedherebytheP,G,andEterminology.
  Sourcesa,e: P=poor,G=good,E=excellent
  Sourceb:  P=recalcitrant,G=reluctant,E=amenable
  Sourcec:  P=recalcitrant,no/lowreactivity;G=reluctant,mediumreactivity;E=amenable,highreactivity
  Sourced:  P=difficulttotreat,E=susceptible
Notes:
1 Persulfate/sulfateradicalreactivitystudieswith66organiccompoundsandisomersundervariousconditionshavebeenconductedelsewhere(FMC,2005).

(http://www.envsolutions.fmc.com/Klozur8482/ResourceCenter/tabid/356/Default.aspx).
2 ThereactionbetweenO3andH2O2produces·OH.Therefore,theratingsfromsource(e)byFenton’s(H2O2/Fe)applyequallytotheO3/H2O2(Peroxone)

technology.
3 Source(c)ratedFe-catalyzedandheat-catalyzedpersulfateseparately;thelowerratingappliestoFe-activatedandthehigherratingappliestoheat-activated

persulfate.
4 BenzenewasratedseparatelyfromTEXorpetroleumhydrocarbons;thus,theBTEXorpetroleumhydrocarbonsratingexcludesbenzene.
5 TCAandDCAwereratedseparatelybysomesources;theothersourcesratedchlorinatedethanesasaclassofcontaminant.
6 Adetailedsummaryofsecond-orderreactionrateconstantsbetweenpesticidesand·OHisreportedinHaagandYao(1992).
7 Brownetal.(2004)presentexperimentalresultsindicatingthatpermanganate,Fenton’sreagent,persulfate,andozoneareeffectiveinoxidizing1,4-dioxane.

Sources:
a Sperry,K.L.,andJ.Cookson,Jr.2002.InSituChemicalOxidation:Design&Implementation.ITRCPresentationtoNewJerseyDepartmentofEnvironmental

Protection,October30,2002.http://www.state.nj.us/dep/srp/training/sessions/insitu200210c.pdf
b ITRC.2005.TechnicalandRegulatoryGuidanceforInSituChemicalOxidationofContaminatedSoilandGroundwater,SecondEdition.InterstateTechnology

andRegulatoryCooperationWorkGroup,InSituChemicalOxidationWorkTeam.
c Brown,R.A.2003.InSituChemicalOxidation:Performance,Practice,andPitfalls.AFCEETechnologyTransferWorkshop,February24-27,2003,SanAntonio,TX.

http://www.afcee.brooks.af.mil/products/techtrans/workshop/postworkshop03/Tuesday/pm/sourcezoneremediation/4_brown.pdf
d Siegrist,R.L.,M.A.Urynowicz,O.R.West,M.L.Crimi,andK.S.Lowe.2001.PrinciplesandPracticesofInSituChemicalOxidationUsingPermanganate.367pp.

BattellePress,Columbus,OH.
e Ratingbasedonthesecond-orderreactionrateconstantsbetweencontaminantsand·OHreportedinBuxtonetal.(1988)andHaagandYao(1992):Excellent

(>109L/mol-s),Good(108-109L/mol-s),Poor(<108L/mol-s).

http://www.envsolutions.fmc.com/Klozur8482/ResourceCenter/tabid/356/Default.aspx
http://www.state.nj.us/dep/srp/training/sessions/insitu200210c.pdf
http://www.state.nj.us/dep/srp/training/sessions/insitu200210c.pdf
http://www.afcee.brooks.af.mil/products/techtrans/workshop/postworkshop03/Tuesday/pm/sourcezoneremediation/4_brown.pdf
http://www.afcee.brooks.af.mil/products/techtrans/workshop/postworkshop03/Tuesday/pm/sourcezoneremediation/4_brown.pdf
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requiretreatmenttrainsinvolvingthesequentialapplica-
tionof technologies toaccomplishthetreatmentobjec-
tive.Chemicaloxidationcanbedeployedunderavariety
ofapplications,i.e.,ineithertheunsaturatedorsaturated
zones,orpossiblyabove-ground,andunderavarietyof
hydrogeologic environments.  In this Issue Paper, the
focus is on ISCO. There are potential advantages and
disadvantagesofISCOthatshouldbeassessedwhencon-
sideringthedeploymentofthistechnology.

Advantages:
• Applicabletoawiderangeofcontaminants.
• Contaminantsaredestroyedin-situ.
• In-situtreatmentmayreducecostsincurred
byothertechnologiessuchaspumpandtreat,
MNA,etc.

• Aqueous,sorbed,andnon-aqueousphasesof
contaminantsaretransformed.

• Enhancedmasstransfer(enhanceddesorption
andNAPLdissolution).

• HeatfromH2O2reactionsenhancesmass
transfer,reactionrates,andmicrobialactivity.

• Potentiallyenhancespost-oxidationmicrobial
activityandnaturalattenuation.

• Costcompetitivewithothercandidate
technologies.

• Relativelyfasttreatment.

Disadvantages:
• Oxidantdeliveryproblemsduetoreactive
transportandaquiferheterogeneities.

• Naturaloxidantdemandmaybehighinsome
soil/aquifers.

• Shortpersistenceofsomeoxidantsduetofast
reactionratesinthesubsurface.

• Healthandsafetyissuesregardingthehandling
ofstrongoxidants.

• Potentialcontaminantmobilization.
• Potentialpermeabilityreduction.
• Limitationsforapplicationatheavily
contaminatedsites.

• Contaminantmixturesmayrequiretreatment
trains.

• Mayhavelessoxidant/hydrauliccontrolrelative
tootherremedialtechnologies.

II.B. Definition 

Chemicaloxidationisaprocessinwhichtheoxidation
stateofasubstanceisincreased.Ingeneral,theoxidant
isreducedbyacceptingelectronsreleasedfromthetrans-
formation (oxidation)of target andnon-target reactive
species. Oxidation of non-target species, including

reduced inorganics in the subsurface, also involves the
lossofelectrons;however,themaintargetduringISCO
involves organic chemicals.Oxidation of organic com-
poundsmayincludeoxygenaddition,hydrogenabstrac-
tion (removal), and/orwithdrawal of electronswith or
withoutthewithdrawalofprotons.Themainobjective
ofchemicaloxidationistotransformundesirablechemi-
cal species into species that are harmless or nonobjec-
tionable. For example, oxidation of trichloroethylene
(TCE)andperchloroethylene(PCE)mayproducereac-
tion byproducts that include dichloroacetaldehyde and
dichloroacetic acid, compounds with lower toxicity.
Similarly, oxidation of phenolic compounds may pro-
duce an assortment of carboxylic acids (Huling et al.,
1998)thatarenontoxic.Oxidationofthesebyproducts
toCO2andH2Ocouldbeaccomplishedthroughaddi-
tionaloxidativetreatmentandexpense,butmaynotbe
practicalforeconomicpurposes.Thesereactionbyprod-
ucts may also serve as microbial substrate for natural
attenuationprocesses.

II.C. Process Fundamentals 

Inoxidativetreatmentsystems,numerousreactionscould
potentiallyoccur, including acid/base reactions, adsorp-
tion/desorption, dissolution, hydrolysis, ion exchange,
oxidation/reduction,precipitation,etc.  Inenvironmen-
tal systemsthere isawidearrayof reactantsandcondi-
tionsthatinfluencereactionratesandpathwaysthatvary
fromsitetosite.Often,numerousreactionsarerequired
toachieveinnocuousendproducts,andmanyofthereac-
tionintermediatesareneveridentified.Thegeneralreac-
tionspresented inthisIssuePaperrepresentasimplified
setofreactions;however,amuchbroaderandmorecom-
plexsetofreactionsisexpectedunderfieldconditions.

II.C.1. In-Situ Permanganate Oxidation  

II.C.1.a. Chemical Reactions  

Reaction 1 (Table 3) is the 3-electron half reaction for
permanganate  (MnO4-)oxidationundermostenviron-
mentalconditions(pH3.5to12).Oneofthereaction
byproductsisMnO2,andinthepHrangeof3.5to12it
isasolidprecipitate.Underacidicconditions(pH<3.5),
Mn in solution or in colloidal formmay be present in
differentredox-dependentoxidativestates (Mn+2, +4, +7).
Additionally,understronglyalkalineconditions,Mnmay
bepresentasMn+6.UnderconditionswherepHis<3.5
and >12, 5-electron and 1-electron transfer reactions
occur, respectively (Table 3, half reactions 2 and 3).
Reactions1to3illustratethegeneralpermanganatereac-
tionsinthesubsurface.Overall,permanganateoxidation
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potentially involves various electron transfer reactions
(reactions1 to3),but is generally considered indepen-
dentofpHintherangeof4to8.

Reactions4to7(Table3)illustratetheoxidationofper-
chloroethylene (PCE), trichloroethylene (TCE), dichlo-
roethylene(DCE),andvinylchloride(VC),respectively.
Examinationof thesebalanced redox reactions indicate
thattheoxidantdemandisinverselycorrelatedwithchlo-
rine substitution.  For example, the stoichiometric
requirementforPCE,TCE,DCE,andVCis1.33,2.0,
2.67, and3.33molKMnO4/mol contaminant, respec-
tively.

AlthoughMnO4-willoxidizeawiderangeofcontami-
nants, therearenotableexceptions forcompounds that
are recalcitrant, including1,1,1-trichloroethane (TCA),
1,1-dichloroethane (DCA), carbon tetrachloride (CT),
chloroform(CF),methylenechloride(MC),chloroben-
zene(CB),benzene,somepesticides,PCBs,andothers.
TherateofMTBEoxidationbyKMnO4istwotothree
orders of magnitude slower than other oxidation pro-
cesses indicating that oxidation by KMnO4 limits the
applicabilityoftheprocessforrapidcleanup(Dammet
al.,2002).

II.C.1.b. Reaction Rate 

Contaminant oxidation by MnO4- occurs by electron
transferratherthanthroughtherapidH2O2reactionand
radical attack characteristic of Fenton oxidation.  The
relativelyslowreactionrateofMnO4-insubsurfacesys-
tems offers advantages to permanganate-driven ISCO.
Theslowrateofreactionallowsforgreatertransportdis-
tances ofMnO4- during injection delivery in medium
andhighpermeabilitymaterials. MnO4-persistence in
the subsurface is proportional to the concentration of
MnO4- injected, and inversely proportional to the oxi-
dantdemandbytheaquifermaterialandcontaminant(s).

MnO4- generally persists in the subsurface formonths;
however, persistence varies based on the concentration
andvolumeofoxidantinjectedandfromsitetosite.The
long-termpersistenceofMnO4-contributestodiffusive
transportoftheoxidantintolow-permeabilitymaterials,
suchassiltyclay(Struseetal.,2002a)andfracturedshale
(Parker,2002).Consequently,thispermitsdeeperpene-
trationoftheoxidantintoaquifermaterialsthatcontain
slow-movingcontaminants.

II.C.1.c. Natural Oxidant Demand 

Awiderangeofnaturallyoccurringreactantsotherthan
the target contaminant(s) also react with MnO4- and
imposeabackgroundoxidantdemand.Thebackground
oxidantdemandreducesoxidationefficiencyandisgen-
erally greater than the demand imposed by the target
compound(s).  Non-target reactants mainly include
organicmatter and reduced chemical species (e.g., fer-
rous,manganous, sulfidic species).  In aquifermaterial
containinglowquantitiesoforganiccarbonandreduced
materials, thebackgroundoxidantdemandcanbe low.
However, under highly reduced conditions and/or
organic-rich aquifer materials, the background oxidant
demandcanbehigh,suggestingthatthemassandcostof
MnO4- toachieve the treatmentobjectiveswillbehigh
(referalsotoSectionIII.A.3.OxidantDemand).

II.C.1.d. Permanganate Salts 

There are two forms of permanganate, potassium per-
manganate (KMnO4) and sodium permanganate
(NaMnO4).VariousgradesofKMnO4areavailablefrom
differentchemicalsuppliers.Theaveragepricesofreme-
diation grade KMnO4 andNaMnO4 are $1.80/lb and
$6.50/lb ($2.50/lb aqueous40% solution), respectively.
KMnO4 is available as a solid thatmustbemixedwith
waterbeforeinjectionandissolubleatapproximately60
g/L(6%).KMnO4concentrationsaregenerallyinjected

Table3. GeneralPermanganateOxidationandRelatedChemicalReactions

MnO4
-+2H2O+3e- MnO2(s)+4OH- (pH3.5-12) (1)

MnO4
-+8H++5e- Mn+2+4H2O (pH<3.5) (2)

MnO4
-+e- MnO4

-2 (pH>12) (3)

4KMnO4+3C2Cl4+4H2O 6CO2+4MnO2+4K++8H++12Cl-  (4)

2KMnO4+C2HCl3 2CO2+2MnO2+2K++H++3Cl-  (5)

8KMnO4+3C2H2Cl2 6CO2+8MnO2+8K++2OH-+6Cl-+2H2O  (6)

10KMnO4+3C2H3Cl 6CO2+10MnO2+10K++7OH-+3Cl-+H2O  (7)
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at 0.5 to 2.0% and occasionally up to 4% (40 g/L).
PrecipitationofKMnO4 inmixing tanks,delivery lines,
orinthesubsurfacemayoccurathighKMnO4concen-
trations and/or in conjunction with low temperatures.
ThesimultaneouspresenceofVOCsandMnO4-inwater
samplesisuncommonbutmayoccuratlowtemperature
whenNAPLispresentinthewatersample.NaMnO4is
moresoluble(400g/L;40%)thanKMnO4,andissup-
plied as a liquid. The high concentration ofNaMnO4
provides flexibility in oxidant delivery to the subsurface
and eliminates the potential for KMnO4 granules/dust
exposureduringoxidanthandlingandmixingintosolu-
tion.  The density of permanganate solutions is often
greaterthanwater(1.00g/mL).Forexample,KMnO4is
generallyinjectedasa2to4%solutionwhichhasaden-
sity of 1.02 to 1.04 g/mL, respectively. Density-driven
transportofMnO4-facilitatestheverticaltransportofthe
oxidantbothinporousandfracturedmedia,andenhances
distribution and contact between oxidant and contami-
nants.Thistransportmechanismhasbeendocumented
in several field-scale studies (Parker, 2002). NaMnO4
solutionsathigherconcentrationhaveevengreaterden-
sityandalsoundergodensity-driventransport.Theform
oftheoxidant(NaMnO4vs.KMnO4)haslittleeffecton
oxidant consumption or filterable solids production
(Siegristetal.,2002).

II.C.1.e. Impact of MnO2(s) Accumulation

Mass Transfer: The accumulation of MnO2(s) at the
NAPL interface may interfere with mass transfer, and
excessive accumulation in porous media may result in
permeability reduction.  A laboratory study involving
visualizationexperimentshasshownMnO2(s)toforma
rind around highDNAPL saturation zones (Conrad et
al., 2002;Li andSchwartz, 2004a). TheDNAPLwas
sequestered,andareductionbothinthedeliveryofthe
oxidantandincontaminant(TCE)oxidationwasmea-
sured.MnO2(s)formedaroundthePCEDNAPL,and
appeared to cement sand particles together forming a
rock-likematerialwithlowpermeability.Correspondingly,
advective transport of the oxidant solution adjacent to
thePCEDNAPLwasreduced.Underthiscondition,it
wasproposedthatdiffusivetransportofMnO4-andPCE,
toandfromtheDNAPL,respectively,wastheonlytrans-
portmechanismthatcouldfacilitatechemicaloxidation.
In amodel aquifer,MnO2(s) deposits on or nearPCE
decreased both the velocity of water directly above the
pool and the overall mass transfer from the remaining
PCEpool (MacKinnon andThomson, 2002). Results
indicatedthatMnO4-wascapableofremovingasubstan-
tialmassfromthePCEDNAPLpool.However,perfor-
mance of ISCO as a pool removal technology will be

limited by the formation and precipitation of hydrous
MnO2thatoccursduringtheoxidationprocess.Inother
studies, soluble chlorinated VOCs and TCE DNAPL
were oxidized by MnO4-, and negative impacts from
excessive accumulation of MnO2(s) were not observed
(Chambersetal.,2000b;Struseetal.,2002a).

PermeabilityReduction:Afewcaseshavebeenreported
wherealossinpermeabilitywasattributedtoexcessive
MnO2(s)accumulation.Clarificationofthedifferent
mechanisms and other possible causes is useful to
prevent or minimize this condition. Calculations
involving MnO2(s) precipitation and deposition in
aquifer pores under a wide range of conditions,
including porosity (0.2 to 0.4), bulk density (1.6 to
2.13 g/cm3), and oxidant demand (1 to 60 g/Kg),
indicate that  8% or less of the voids are filled by
MnO2(s) (Luhrs et al., 2006).  These calculations
suggestthatblockageofground-waterflowbyfilling
aquifer pores with MnO2(s) in porous media is an
unlikely explanation.  Analysis of the MnO2(s)
content in aquifer core samples yielded similar
conclusions(Siegristetal.,2002).

Reductionsinpermeabilityaremorelikelyattributedto
the nonuniform accumulation of MnO2(s) in porous
media due to mechanical straining, electrostatic
interactions, chemical bridging, or specific adsorption.
Aquiferorwell-packmedianeartheinjectionpointmay
“ripen”nonuniformlywithMnO2(s)resultinginlocalized
high levels of MnO2(s).  Further, MnO4- distribution
underfieldconditionsisnotuniformandalsocontributes
tothenonuniformaccumulationofMnO2(s).

MnO2(s)accumulationatNAPLinterfacesiswell-doc-
umentedinlabstudies(LiandSchwartz,2000;Reitsma
and Marshall, 2000; Reitsma and Randhawa, 2002);
however, permeability reductions are rarely measured
andreported infield studies.Oneexplanation for this
apparentdiscrepancyisthatreductions inthepermea-
bilityarelocalizedneartheDNAPLzones(Reitsmaand
Randhawa, 2002).  Under field conditions, DNAPLs
are distributed heterogeneously and screened intervals
are rarely entirely completed in DNAPL-saturated
porousmediaandmayonlybeminimallyimpactedby
MnO2(s)accumulation.Permeabilityreductionsand/or
adeclineinmasstransfermayoccurfromtheformation
ofarindonDNAPL,asdescribedabove,butfieldtests
and site characterization tools may be insensitive to
detecttheeffect.However,localizedDNAPL-dependent
accumulation of MnO2(s) and localized permeability
reductionattributedtothismechanismmayplayasig-
nificantroleinthemasstransportandmasstransferof
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MnO4- andVOCs,contaminantoxidation,andreme-
diation time frames. ExcessiveMnO2(s) accumulation
nearhighDNAPLsaturationareas,andtheassociated
reductioninNAPLmasstransferdescribedabove,pro-
vides apractical explanation for contaminant rebound
whichisverycommoninsourceareas(refertoSection
III.F.1.UntreatedCOCs/Rebound).

Permeabilityreductionmayalsobeattributedtoparticu-
latesintheinjectedfluidsand/orgasproductionorinjec-
tion (Luhrs et al., 2006).  ISCO systems that involve
permanganate injection, extraction, permanganate re-
amendment and re-injection may inadvertently inject
suspendedMnO2(s).Assumingtheextractedfluidcon-
tains oxidizable material that reacts with MnO4-,
MnO2(s) can form in solution before it is injected.
Additionally, some MnO4- mixtures have high silicate
content.Therefore,injectinglargevolumesofunfiltered
oxidant solutions into awell, as in the casewith injec-
tion/re-injectionwells,mayresultintheaccumulationof
solids (MnO2(s), silicates) inornear thewellpack.  In
onestudy involvinga5-spotpatternwhereMnO4-was
injected in a centralwell, and extracted in four adja-
cent wells, increasing injection well pressures were
requiredtomaintainconstantflow(Siegristetal.,2002).
Recirculation rates declined shortly afterMnO4- injec-
tion.Althoughtheprecisecauseforthefoulingwasnot
determined, re-injectionof a highly concentratedTCE
solution(600mg/L)withMnO4-(3000mg/L)mayhave
resulted in the formation and deposition of MnO2(s)
within,ornear thewell screenand/orfilterpack. The
reactionofMnO4-inornearthewell,ratherthaninthe
formation,mayhaveprevented thedispersal ofMnO4-
and MnO2(s) into the aquifer.  Another factor which
may have contributedwas the high clay/silt content of
the aquifer sediments in conjunction with Na+ (i.e.,
NaMnO4), which could have resulted in dispersed soil
colloidsconditionsleadingtoareductioninmacropores
andadeclineinpermeability.Permeabilitylosswasalso
reportedinanotherfieldstudywherehorizontalwell-to-
well flushing of percent levels MnO4- was performed
(Westetal.,1998).

KMnO4isproducedasacrystallinesolidthatisdissolved
inwaterpriortoinjection.ThesolubilityofKMnO4is
temperature-sensitive. Typical injection concentrations
(2to3g/L)arewellbelowthesolubility(6.5g/L@20
˚C). However, differences in temperature between the
KMnO4 solutioninthemixingtankandintheaquifer
could result in precipitation of KMnO4 in the aquifer
whereit iscooler. Energyisneededtoachievedissolu-
tionofKMnO4bymixingpriortoinjection.Iftheagi-
tation applied in the mixing process is too low or

insufficienttimeisallowedtofullydissolvethecrystalline
solids, the injection solution will contain a significant
quantityofKMnO4(s)particles.Accumulationofthese
particlesinthewell,inthesandandgravelpackaround
thewell, and in the formationnear thewell, can cause
lossinpermeability.Givensufficienttime,theentrained
KMnO4(s)willdissolveintosolutionandthepermeabil-
ity can be restored. NaMnO4 is highly soluble (40%;
400g/L),producedanddeliveredasasolution,andonly
requiresdilution(ifdesired)beforeinjection.Therefore,
precipitationofNaMnO4isnotpossible.Atthetimeof
thisreport,nodocumentedcaseswerefoundwhereper-
meability reductions occurred at sites where NaMnO4
was injected, suggestingthatKMnO4(s)precipitation is
oneprobableexplanationforpermeabilityreduction.

Carbon dioxide (CO2) is a byproduct from the oxidation
andmineralizationoforganicchemicalsandnaturalorganic
matter(rxns4to7,Table3).Incolumnstudies,permeabil-
ityreductionandflushingefficiencydecreasedasaresultof
MnO2(s)precipitationand from the formationofCO2(g)
(Li andSchwartz, 2000;Reitsma andDai, 2000;Reitsma
andMarshall,2000;ReitsmaandRandhawa,2002). The
relativemechanisticcontributionsofMnO2(s)accumulation
andCO2(g)entrapmentweredifferentiatedusingapHbuff-
eringmethodtominimizetheformationofCO2(g)(Daiand
Reitsma,2002).Insubsurfacesystemsinvolvingsignificant
reactionbetweenMnO4-andhighconcentrationsoforganic
chemicals,largequantitiesofCO2(g)canbeproducedinthe
aquifer. Due to the similarities between air sparging and
CO2(g)formationduringISCO,itisreasonabletoassume
thatCO2(g)entrapmentmayresult inpermeabilityreduc-
tionintheaquifer. Forexample, increasedgassaturations
fromairsparging(generallyabove20%gassaturation)can
cause significant hydraulic conductivity reductions which
wouldbedetrimentaltoflow-throughoperations(Salanitro
etal.,2000).Therefore,CO2(g)accumulationandentrain-
ment in porous media could also result in blockage of
ground-waterflowandpermeabilityreduction.CO2issolu-
ble inwater andgiven sufficient time, itwill dissolve into
solution,thusrestoringthepermeability.Airintheinjection
linesandequipmentcanbeinadvertentlyinjectedcausinga
similareffect.

IncreasesinthepermeabilityduetodissolutionofCO2(g)
andKMnO4(s)indicatethatthemechanismsresponsible
forpermeability reductionare reversibleunderambient
conditions.Permeabilityreductioncanbeavoidedduring
ISCObyfilteringre-injectedfluids,selectionofKMnO4
withlowsilicatecontent,andassuringadequatemixingof
KMnO4 solutionbefore injection. Redevelopmentof a
wellmaybeneededtorestorethepermeabilitywherethe
responsible mechanism is not reversible under ambient
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conditions.  Injection of chemical reagents (organic and
inorganic acids, EDTA) intoMnO2(s)-enriched aquifer
materialcoulddissolveMnO2(s)intosolutionandreduce
the negative impact ofMnO2(s) accumulation (Li and
Schwartz,2004a).

II.C.1.f. Metals Mobilization/Immobilization

Thereare twomainmechanismsfor increasingconcen-
trationsofmetalsinthegroundwaterduringISCO:(1)
theKMnO4orNaMnO4providedbythemanufacturer
maycontainelevatedlevelsoftheheavymetals,and(2)
mobilizationofpre-existingredox-orpH-sensitiveheavy
metals (in-situ) by the oxidant.  The content of heavy
metals in permanganate is dependent on the type and
sourceoftheoxidant(note:NaMnO4haslowerconcen-
trationsofmetalsthanKMnO4).Bothformsoftheoxi-
dantaremanufacturedintheU.S.,Germany,andChina.
Thereisonlyonemanufacturerofpermanganateinthe
U.S.,andtheyprovideanalyticaldatafortheheavymetal
impuritiesintheirproducts.RemediationgradeKMnO4
has been developed containing minimal quantities of
metalimpurities.Chromium(Cr)andarsenic(As)have
historicallybeentheimpuritiesofconcern. Duetothe
low maximum contaminant level (MCL) in drinking
waterestablishedbyEPAforthesemetals(0.1mg/Ltotal
CrMCL;0.01mg/LAsMCL)(U.S.EPA,2002),injec-
tionoftechnicalgradeKMnO4mayresultinexceeding
theMCLfortheseelements.Generally,naturalattenua-
tionofthesemetalshasbeenachievedwithinacceptable
transportdistancesandtimeframes.Duetothepossibil-
ityofexposurepathwaysandpotentialreceptors,moni-
toring of these parametersmay be needed under some
conditions.  A site-specific evaluation of the potential
impact of heavy metals should be conducted to assess
whether ground-water monitoring for these metals is
needed.

Enhancedtransportofpre-existingornaturallyoccurring
redoxorpH-sensitivemetalsmayoccurasaresultofper-
manganateinjection.OxidationofCr(III)toCr(VI)by
MnO4- and subsequentmobilization has been demon-
strated in the laboratory (Li and Schwartz, 2000;
Chambers et al., 2000b). Additionally,Cr(VI) andNi
mobilization has been observed under field conditions
where MnO4- has been injected (Crimi and Siegrist,
2003).However,Cr(VI)undergoesnaturalattenuation
throughseveralmechanisms(McLeanandBledsoe,1992;
PalmerandPuls,1994),includingadsorptiontoMnO2(s)
and various iron minerals.  Several field studies have
reportedanomalouslyhighpost-oxidationconcentrations
ofCr(VI),butnaturalattenuationofCr(VI)wasobserved
(Crimi andSiegrist,2003), andcleanupconcentrations

havebeenachievedwithinacceptabletransportdistances
andtimeframes(Chambersetal.,2000a).Thepotential
existsatanysiteformetalstobeintroducedasanoxidant
impurity,and/orpre-existingornaturallyoccurringmet-
als tobemobilizedby ISCO. Siteconditionscanpro-
videinsightintowhethermetalsmobilizationcouldoccur
includingoxidantdosing,pH,buffercapacity,electrode
potential (Eh), permeability, cation exchange capacity,
naturalmetals,oxidantimpurities,andlocalusesforthe
groundwater (Siegrist et al., 2002). Bench-scale treat-
abilitystudiescanbeusedtoassessthepotentialsignifi-
cance of metals mobility, whether metals mobilization
may occur under field conditions (Chambers et al.,
2000b),andwhetherattenuationmechanismsimmobilize
metals.  Pilot-scale studies can also be used to evaluate
metals mobilization and attenuation prior to full-scale
implementation. Ground-water monitoring of metals
may be needed to assess whether metals mobilization
occursatISCOsitesandwhetherattenuationisachieved
withinanacceptabletransportdistance.

MnO2(s)behavesasasorbentfornumerousheavymetals
including,butnotlimitedtoCd,Co,Cr,Cu,Ni,Pb,Zn
(Suarez and Langmuir, 1976; Fu et al., 1991;McLean
andBledsoe,1992;  Siegrist et al., 2002) andhasbeen
demonstratedtooxidizepentachlorophenol(Petrieetal.,
2002)andaromaticamines(Lietal.,2003).MnO2(s)is
theprimaryelectronacceptorfortheoxidationofAs(III)
to the less solubleAs(V) (McLean andBledsoe, 1992).
Cr(VI) adsorption and immobilization in soils is posi-
tively correlatedwith free ironoxides, totalmanganese,
andsoilpH(Korteetal.,1976). Adsorptionofmetals
ontoMnoxidesincreaseswithincreasingpH,andissig-
nificant evenunder acidic conditions (Fu et al., 1991).
Adsorption ofmetals onto eitherMnorFe oxideswill
immobilizemetalsandrestricttheirtransportinground
water. It has been reported that Cr(VI) formed and
mobilizedduring oxidationundergoesnatural attenua-
tionwithinacceptabletimeframesanddistances;how-
ever,itisnotentirelyclearwhatroleMnO2(s)hasinthe
oxidationofCr(III)toCr(VI).Undersomeconditions,
different oxides of Mn may catalyze the oxidation of
Cr(III)toCr(VI)(NicoandZasoski,2000).Therefore,
sincepermanganate-basedISCOisappliedunderawide
range of geochemical conditions, this underscores the
importanceofpilot-scaletestingandground-watermon-
itoringtoassessmetalsmobilization.

II.C.1.g. Advantages  

Numerousbench-,pilot-,andfull-scalestudieshavebeen
conductedresultinginasignificantamountofinforma-
tionleadingtothedocumentationoffundamentalmech-
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anisms and the demonstration of this technology.
Considerablefieldexperiencehasbeenobtainedfromthe
applicationofthistechnologyatawiderangeofsitesand
conditions.ThechemistryinvolvedwithMnO4-oxida-
tion of organic contaminants is relatively simple, and
information and guidelines needed to effectively and
safely injectMnO4- intothesubsurfacehavebeenwell-
documentedanddisseminated.MnO4-ishighlysoluble,
and high concentrations of the oxidant can be injected.
Thelong-termpersistenceofMnO4-inthesubsurfaceper-
mitsbothadvectiveanddiffusivetransportandcanresult
ingooddistributionoftheoxidant.Highconcentrations
ofMnO4-canresultinadensitygreaterthangroundwater,
causingthedensity-drivenverticaltransportoftheoxidant
intothesubsurface.Thisalsocontributestogooddistri-
butionoftheoxidant,especiallyinlow-permeabilitymate-
rials. MnO4-hasbeensuccessfullydelivered intoawide
rangeofhydrogeologic environments (i.e., aquifers com-
prisedofsands,clays,sand-claymixtures,alluvialmateri-
als, fractured shale, fractured bedrock, etc.). Several
important environmental contaminants (chlorinated eth-
enes) are vulnerable to oxidation, and the reaction rate
betweenMnO4-andtargetcontaminants in theaqueous
andNAPLphasesisfast.Short-termreductioninmicro-
bialactivityresultsfromtheinjectionofMnO4-.However,
thisdoesnotappeartobepermanentandpost-oxidation
increasesinmicrobialnumbers,activity,andcontaminant
attenuation is often reported. Visual confirmation of
MnO4-presenceinground-watersamplesandsemi-quan-
titativeanalysisispossibleduetothecharacteristicpurple
color of the oxidant. Considerable field experience has
resultedinwellestablishedhealthandsafetyguidelines.

II.C.1.h. Disadvantages 

Hydraulic short circuiting and/or preferential pathways
mayresultinthedeliveryoftheoxidantintonon-target
zones.Someimportantenvironmentalcontaminantsare
not vulnerable to oxidation byMnO4-. Some grades
ofKMnO4containheavymetalimpuritiesthatwhen
injectedcould result inunacceptableground-water con-
centrations.MnO2(s),themainreactionbyproduct,may
accumulateneartheinjectionwellorattheDNAPLinter-
face (i.e., encrustment) resulting inmass transport (per-
meability reductions) and mass transfer limitations,
respectively.Permeabilityreductionsmayalsoresultfrom
CO2(g) releases. Ion exchange of Na+ in NaMnO4 for
divalentcations in theaquifermatrixmayresult indis-
persed soil colloids and contribute to permeability
reductions. Permeability reduction is rarely reported
and can largely be avoidedby adhering to design and
operational guidelines. A high background oxidant
demandinaquiferandsoilmaterialattributedtonatu-

rallyoccurringnon-targetreactantsmayresult inexces-
sive and costly oxidant requirements.  High oxidant
concentrations resulting in the density-driven transport
oftheoxidantfromthetargetedzonemayresult inthe
inefficient utilization of oxidant.EPAhas established a
secondary maximum contaminant level for drinking
waterformanganese(0.05mg/L)basedoncolor,stain-
ing, and taste. Relatively little information is available
regardingthelong-termimpactofthemanganeseresid-
ualonground-waterquality.

II.C.2. In-Situ Fenton Oxidation

II.C.2.a. Fenton and Related Reactions 

Ingeneral,FentonchemistryandFentonoxidationtreat-
mentsystemsaremorecomplexthanthepermanganate
oxidationtreatmentsystem.Thisismainlyattributedto
numerous reaction intermediates, side and competing
reactions, phases (gas, liquid, solid, NAPL), and the
numerousparameterswhichdirectlyandindirectlyaffect
Fenton-driventransformationreactions.Adetailedand
rigorousfielddemonstrationofin-situFentonoxidation
hasnotbeenconducted.Studiesareneededtoquantify
reactionmechanisms, clarify technical issues, and opti-
mizethetreatmentprocess.AbriefsummaryofFenton
chemistryispresentedtoelucidateprocessfundamentals
andmechanisms.

TheclassicFentonreactionspecificallyinvolvesthereac-
tionbetweenH2O2andferrousiron(Fe(II))yieldingthe
hydroxylradical(·OH)andferric(Fe(III))andhydroxyl
ions (OH-) (Table 4, rxn 1). Fe(III) reactswithH2O2
(Table4,rxn2)orthesuperoxideradical(·O2-)(Table4,
rxn3)yieldingFe(II).Thisgeneralsequenceofreactions
continues to occur until the H2O2 is fully consumed.
SinceH2O2injectedintothesubsurfacereactswithmany
chemical species other than Fe(II), this technology is
oftenreferredtoascatalyzedhydrogenperoxide(CHP).

·OHhas an unpaired electronmaking it a highly reac-
tive,nonspecificoxidant(Table4,rxns4and5).Corres-
pondingly, quasi steady-state concentrations of ·OH in
Fentonsystemsarevery low(10-14 to10-16M)(Huling
etal.,1998;2000;2001).Duetothe fast reactionrates
of·OH,thetransportdistanceof·OHislimitedtoonly
afewnanometers.Therefore,abasictenetofFentonoxi-
dationisthatthecontaminant,Fe(II),andH2O2mustbe
inthesamelocationatthesametime.

Nonproductive reactions are representedby thegeneral
disproportionationreaction(Table4,rxn6)whereH2O2
isconsumed,·OHisnotproduced,andO2isareaction
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byproduct(Hulingetal.,1998).Examplesofthesereac-
tantsincludecatalystssuchascatalase,amicrobialenzyme
foundubiquitously in the subsurface environment, and
some transitionmetals such asmanganese. Mn cycles
between oxidation states similar to Fe, but ·OH is not
produced(Pardiecketal.,1992).

II.C.2.b. Contaminant Transformations  

Awide range of organic compounds of environmental
significance havemoderate tomoderately high second-
order reaction rate constantswith ·OH, indicating fast
reactionrates(Table2).Acomprehensivecompilationof
reaction rate constants has been published for a wide
rangeofreactantswith·OH(DorfmanandAdams,1973;
Buxtonetal.,1988;HaagandYao,1992).Amongthe
contaminantsrepresentedinthesereferencesarehaloge-
nated and non-halogenated volatile organics (ketones,
furans), halogenated semivolatile organics (PCBs,pesti-
cides,chlorinatedbenzenesandchlorinatedphenols)and
non-halogenated semi-volatile organics (PAHs, non-
chlorinated phenols). Fenton oxidation, therefore, has
potential applicability at a large number of hazardous
wastesites.Compoundswithdoublebondsareespecially
vulnerableto·OHoxidation,e.g.,TCE,PCE.

In general, oxidized (halogenated) compounds without
double bonds are poorly reactive with ·OH, including
carbon tetrachloride, chloroform, methylene chloride,
1,1,1- and 1,1,2-trichloroethane. Although Fenton
oxidationmayleadtocompletemineralizationoforganic
contaminants, this is usually performed under ideal
laboratoryconditionswhereprocesslimitationshavebeen
minimized.  In the subsurface environment, non-ideal
conditions (discussed below) contribute to process
inefficiencyandincompletemineralization.Consequently,
residual concentrations of the target compound may
occur, and reaction intermediates may accumulate.
Reactionintermediatesarecommonlylesshazardousthan
the target compound.  For example, carboxylic and

chloroaceticacidcompoundsarerelativelynontoxicand
may accumulate from the oxidation of 2-chlorophenol
(Hulingetal.,2000)andTCE,respectively.Incomplete
oxidationofMTBEmayresultintertiarybutanol(TBA),
acetone, and tert-butyl formate (Chen et al., 1995;Yeh
and Novak, 1995; Huling et al., 2005) which are
considered less toxicthanMTBE;however, theymaybe
unacceptable in some situations. Although TBA and
acetone also undergo transformation, acetone may
accumulaterelativetoTBAbecauseithasalowerreaction
rateconstantwith·OH(1.1108M-1s-1)thanTBA(6108
M-1s-1)(Buxtonetal.,1988)andisabyproductfromthe
oxidation of TBA and other MTBE transformation
intermediates (Stefan et al., 2000).  The products of
MTBEoxidationalsoincludeavarietyofcarboxylicacids
(Stefan and Bolton, 1999; Stefan et al., 2000) and,
ultimately,CO2.

II.C.2.c. Other Transformations  

Increasing information suggests that reductive transfor-
mations inFenton-drivenoxidationsystemsmayplaya
roleinthedegradationofheavilychlorinatedandnitro-
substitutedcompounds(Peytonetal.,1995;Wattsetal.,
1999).  These reactions may be attributed to various
reductants, including superoxide radical (·O2-), hydro-
peroxideanion(HO2-)(rxns1to3,Table5),andpossi-
bly Fe(II).  It has been reported that the perhydroxyl
radical(·HO2)isnotasignificantreductant(Wattsetal.,
1999);however,thepKafor·HO2and·O2-is4.8,indi-
catingthatsome·O2-wouldbepresentundermostenvi-
ronmental conditions where in-situ Fenton oxidation
(ISFO)isimplemented.

A reviewofFenton-driven reductive reactions indicates
thatquinones,nitrobenzenes,nitrogenheterocycles,car-
bon tetrachloride, and chloroform are vulnerable to
superoxide radical transformation (Watts et al., 1999).
Many halogenated and nitro-substituted contaminants,
suchasPCEandnitrobenzene,reactwithboth·OHand
reductants at near-diffusion-controlled rates; therefore,
theirdegradationinvigorousFenton-likereactionsmay
proceed through parallel oxidations and reductions
(Wattsetal.,1999).Thishasseveralimportantimplica-

Table4.FentonandRelatedChemicalReactions

H2O2+Fe(II) Fe(III)+·OH+OH- (1)

H2O2+Fe(III) Fe(II)+·O2
-+2H+ (2)

·O2
-+Fe(III) Fe(II)+O2(g)+2H+ (3)

·OH+targetcontaminant reactionbyproducts (4)

·OH+H2O2 ·HO2+H2O (5)

2H2O2 O2+2H2O (6)

Table5.FormationofReductantChemicalSpeciesin
 Fenton-DrivenChemicalReactionSystem

·OH+H2O2 ·HO2+H2O (1)

·HO2 H++·O2
-(pKa=4.8) (2)

·HO2+·O2
- HO2

-+O2 (3)
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tionsregardingsubsurfaceremediation.Reductivetrans-
formations,whencombinedwithoxidation,yieldgreater
potential for overall contaminant transformation.  For
example,TCEisvulnerabletoreductivetransformation
and ·OH oxidation (k·OH = 4.2109).  The reaction
byproduct, chloroacetic acid, is vulnerable to reductive
transformation(ke-=6.9109).Itisnotuncommonfor
hazardouswaste sites to contain amixture of contami-
nants vulnerable to oxidative treatment (benzene, tolu-
ene,xylene)andreductivetreatment(1,1,1-trichloroethane
(1,1,1-TCA), carbon tetrachloride (CT)).  Under this
condition,Fentonoxidationmaybeaneffectiveremedial
technology for the contaminantmixture.  The radicals
responsible for contaminant oxidative and reductive
transformations are highly reactive and are nonspecific,
indicatingthatradicalscavengingmaybeapotentiallim-
itingfactorforbothreactivepathways.Site-specifictests
areneededtoassesstheoverallroleofbothoxidativeand
reductive contaminant transformations formixedwaste
conditions.

II.C.2.d. Scavenging  

·OHwill reactwith naturally occurring and anthropo-
genic non-target chemical species present in soil and
aquifermaterial,e.g.,H2O2(rxn5,Table4).Thenon-
targetchemicalspecies“scavenge”·OHwhichmayoth-
erwise oxidize the target contaminants.  Common
ground-wateranions(NO3-,SO42-,Cl-,HPO42-,HCO3-,
CO32-) reactwith ·OH(Buxton et al., 1988;Pignatello,
1992; Lipczynska-Kochany et al., 1995) andmay be a
sourceoftreatmentinefficiency.BecauseH2O2isgener-
allypresentathighconcentrationsinFentonsystemsand
has a moderate rate constant for reaction with ·OH
(2.7107M-1s-1, Buxton et al., 1988),H2O2 is itself a
primarysourceof inefficiency inFenton-drivensystems
(Hulingetal.1998).

II.C.2.e. O2(g) Generation and Exothermic Reaction

In-situ Fenton oxidation involves the injection of high
concentrationsofH2O2, achemical that is94.1%oxy-
gen.Forexample,assuming1molO2(g)/2molH2O2,
thereisapproximately1400ft3O2(g)(standardtempera-
ture andpressure) released from55 gal of 50%H2O2.
O2(g) produced in the subsurface as a result of H2O2
reactions sparges the saturated zone and perfuses the
unsaturated zone.  Air sparging (Ahlfeld et al., 1994;
Hein et al., 1997; Johnson, 1998) is a technology that
hasbeenrigorouslyinvestigatedandsharesmanysimilar-
itieswithO2(g)spargingthatoccursinFentonsystems.
Areviewofairspargingliteratureprovidesinsighttomass
transportandmasstransfermechanismsinvolvingO2(g)

spargingresultingfromISFOsystems.Theproduction
ofO2(g)insaturatedporousmediaduringISFOmaybe
problematic.  A significant complication of air sparge
wells used to intercept a ground-water plume is the
declineinpermeabilityoftheformationduetoentrapped
air and air channels (Ahlfeld et al., 1994). This could
resultina95%reductioninconductivityformanyaqui-
fers.Thelowpermeabilitybarrierwouldimpedethenat-
ural gradientof ground-waterflow, andcould result in
the flow of ground water around the sparged zone
(Ahlfeld et al., 1994; Rutherford and Johnson, 1996).
Increasedgassaturations(generallyabove20%gassatu-
ration) can cause significant hydraulic conductivity
reductionswhichwouldbedetrimentaltoflow-through
operations(Salanitroetal.,2000).Reducedpermeability
wascausedbycolloidalfoulingandO2(g)bindingdueto
H2O2 decomposition in porousmedia (Weisner et al.,
1996).Duetothesimilaritiesbetweenairspargingand
O2(g) sparging from injectedH2O2, it is reasonable to
assumethatO2(g)entrapmentandO2(g)channelsmay
interfere with ground-water transport, the delivery of
H2O2, rebound, and delayed or poor mass transfer
betweenaqueous,NAPL,andsorbed(solid)phases(refer
toSectionII.C.3.b.In-SituApplication).

O2(g)spargingcanenhancevolatilizationofenvironmen-
tal contaminants fromthegroundwater. Thepressure
buildupfromO2(g)productioncanpneumaticallytrans-
portgroundwaterandNAPLawayfromthetreatment
areaandcauseartesianconditionsinnearbymonitoring
wells.  Although an in-depth field investigation of gas
flowblockage,mass transfer, and transportof contami-
natedgroundwater/NAPLawayfromthetreatmentzone
hasnotbeenconducted,qualitativeinformationatsites
whereISFOhasbeenimplementedindicatethesemech-
anismshaveoccurred.

Fentonandrelatedreactionsareexothermic,resultingin
heat release and elevated temperatures during ISFO.
Heat accumulation near the injection well is common
duetorapiddecompositionofH2O2andtheslowdissi-
pation of heat.  Injectionwells and nearbymonitoring
wells constructed of PVC have melted during ISFO.
SincethemeltingpointofPVCis200˚C,thissuggests
thatveryhighlocalizedtemperatureshaveresulted.The
elevatedtemperatureandproductionofsteam(100˚C)
representsasafetyhazardwhenperformingISFO-related
field activities. Heat production is functionally depen-
dentonthevolumeandconcentrationofH2O2injected,
the rate ofH2O2 injection, andH2O2 reactants in the
subsurface.Stainlessorcarbonsteelinjectionandmoni-
toringwells havebeenused towithstand elevated tem-
peraturesduringISFO.
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II.C.2.f. Injected Reagents 

VariousreagentsareinjectedduringISFOtoeitherfacil-
itateorenhancecontaminantoxidation,includingH2O2,
ferrous Fe, acid, and stabilizers. The volume of H2O2
solutioninjectedshouldbesufficienttofullycontactthe
targetedzone.TheH2O2concentrationshouldbeopti-
mallybalancedtominimize·OHscavengingandtopro-
videsufficientoxidativetreatment.Thereactionbetween
Fe(II)andH2O2isveryfast.Therefore,eachofthesesolu-
tions should be injected into different wells or injected
separatelyintothesamewell(pulsed),butnotco-injected
intothesamewell. DuetorapidH2O2reactioninthe
subsurface, high injection rates, shorter injection well
spacing,andlowerpHcanimproveH2O2distribution.
Theuseofotherreagents(Fe,acid,stabilizers)withH2O2
shouldbebasedondocumentedanddemonstratedcost
effectiveness and should be evaluated on a case-by-case
basis.

II.C.2.f(1) H2O2  

H2O2solutionsareclearandcanbemixedwithwaterin
anyproportion.Fieldandlaboratorycolorimetricanaly-
sisofH2O2canbeperformedusingvariousmethodsand
field kits. The concentration range using field kits are
low and require significant dilution of the sample.
Colorimetricmethodsinvolvinghighercalibrationranges
involvetitaniumsulfate(Schumbetal.,1955;Hulinget
al.,1998)andiodometrictitration(Schumbetal.,1955).
H2O2isavailablethroughouttheU.S.andisusuallypro-
ducedandpurchasedinbulkat35%or50%byweight.
InmanyearlyISFOprojects,H2O2hadbeeninjectedat
ornear these concentrationsdespite thehighpotential
for·OHscavenging(U.S.DoD,1999).InjectionofH2O2
at lowerconcentrations(1to10%)wouldreduceH2O2
scavenging, increase the volume of oxidant solution
injectedand,thus,thevolumeofaquifercontacted,and
resultinlowertemperatures(andH2O2reactionrate)at
theinjectionwellhead.

Thereisanabundanceofreactivespeciesthatwillreact
withH2O2including,butnotlimitedto,heavyandtran-
sitionmetals(Ca,Cr,Mn,Fe,Co,Ni,Cu,Zn,As,Se,
Mo,Rh,Pd,Ag,Cd,W,Os,Ir,Pt,Au,Hg,Pb,Bi,Po),
halogens(Cl,Br,I),microbialenzymes(catalase,peroxi-
dase),andorganicmatter(Schumbetal.,1955).Inthe
subsurface, a sufficient abundance of reactive species
exists, mainly iron; and rapid H2O2 decomposition is
oftenobservedlimitingthepersistenceofH2O2toshort
periods(1to12hours).Assuminggoodcontactbetween
H2O2andthetargetedzoneisachieved,therapidrateof
H2O2 reaction may be considered advantageous since

thisleadstoshort-termdisruptionofcommercialactivi-
tiesat thesite. However, therapidH2O2 reactionrate
will impede H2O2 transport and delivery to targeted
zones.TheshortdurationofH2O2inthesubsurfacealso
may prevent the diffusive transport ofH2O2 into low-
permeabilitymaterialscontainingcontaminants.

Numerous physical and chemical differences between
bench-andfield-scaleconditionsaffectthereactionrate
ofH2O2inbothsystems.Therefore,itisrecommended
thatH2O2 reactionratekineticsgeneratedfrombench-
scale treatability studiesnotbeused todesign injection
well spacing at field-scale.  The transport distance, or
radialinfluenceofH2O2fromtheinjectionpoint,isbest
determined by monitoring ground water for H2O2 in
monitoringwellsduringpilot-scaleISFO.Thisinforma-
tion can be used to design the radial distance between
injection wells for adequate coverage during full-scale
ISFO.

II.C.2.f(2) Iron (Fe) 

Ferroussulfate(FeSO4)andothersaltsofFe(II)havebeen
co-injectedwithH2O2 to facilitate theFenton reaction.
TheconcentrationofFe(II) injected into the subsurface
hasgenerallybeenabovebackgroundconcentrationsbut
low(e.g.,20 to100mg/L) relative to [H2O2]. Under
thiscondition,therelativeabundanceofFe(II)maycon-
tributeto·OHproductionandcontaminantoxidation.
Due to the slowFe(III) reduction reactions relative to
therapidFentonreaction(i.e.,Fe(II)oxidation),a less
efficientandslowerrateof·OHproductionoccursafter
Fe(II)isinitiallyreactedwithH2O2.Consequently,one
disadvantageofFe(II)amendmentisthatstoichiometric
quantitiesarerequired.Fe(II)isvulnerabletonumerous
reactions(complexation,oxidation,precipitation)which
immobilizethecatalystandminimizetransportdistances
anddistributionintheaquifer.Forexample,Fe(II)sorp-
tionandsaturationoftheFe(III)surfacecanoccurfrom
the high stability of the Fe(III)-O-Fe(II) interaction
(RodenandZachara,1996).Fe(III)isanunstableform
ofFewhichisvulnerabletoprecipitationandcomplex-
ation, thus becoming immobile. Fe(III) precipitates
above pH 3.5 to hydrous ferric oxide (ferrihydrite)
whichbehavesasapoorFentoncatalyst relative to the
solubleform.Fe(II)isalsoinvolvedinvariouschemical
andphysical reactionswhichmay immobilize thecata-
lyst and limit the transport distance from the injection
well.

The reaction between Fe(II) and H2O2 is rapid, and
simultaneous injection (mixing) of Fe(II) and H2O2
before injection or in the injection well results in the
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Fenton reactionoccurring inor verynear the injection
well.ThisisaninefficientuseofbothFe(II)andH2O2
andcanbedangerous.

Ironisoneofthemostcommonelementsfoundinsoils
intheU.S.(average[Fe]SOIL=26,000mg/kg,n=1318)
(ShackletteandBoerngen,1984).NotallFepresentin
soil and aquifer material is available for reaction with
H2O2.Nevertheless,atmanysites,thereisanabundance
ofnaturallyoccurringheterogeneousformsofFewhich
serves as the predominant source of catalyst for the
Fentonmechanism.UnderlowpHand/orreducedcon-
ditions,someofthetotalFemaybeFe(II),whichifavail-
able,couldreactwithH2O2,yielding·OH.Atmostsites
whereFentonoxidation is carried out, naturally occur-
ringFe,nottheFe(II)co-injectedwithH2O2,ispredom-
inantlyresponsibleforH2O2reactions.

Reducedpermeabilityorfoulingofinjectionwellsattrib-
utedtoFeinjectionmayhaveoccurredatsomesitesbut
isnotwell-documented.PrecipitationofFe(II),forma-
tionofcolloidalFeparticles,andentrapmentinthepore
throats of porousmedia could result in a permeability
reduction. For example, the simultaneous injection of
H2O2 and Fe(II) (which is not recommended) would
likelyresultinFeprecipitationandimmobilizationinor
nearthewellscreenand/orsandpack.Feoxidationand
precipitationresultingfromH2O2injectionalonecould
not explain the reducedpermeabilityobserved in injec-
tionwells at abioremediationfield site (Weisner et al.,
1996). Colloidal clay particlesmobilized during injec-
tionhaveresultedinpermeabilitylosses(Weisneretal.,
1996,andreferencestherein).

II.C.2.f(3) Acidification  

H2O2stability,contaminantoxidationefficiency,andFe
solubilityandavailabilityaregreaterunderacidiccondi-
tions(pH3to4)thaninthenearneutralpHrange(pH
6 to 8) or higher.  These effects are desirable in ISFO;
therefore,pretreatment via acid injectionor acidification
of the injectedH2O2 solution is common. The overall
Fenton-drivenoxidationreactionisacid-generating,which
also contributes to acidification. Most aquifer and soil
materials arewell buffered in thenear-neutral pH range
which resists acidification. Similar to H2O2 and Fe(II),
reaction of the injected acid with naturally occurring
chemicalswilllimitthetransportdistancefromtheinjec-
tionwell.Acidificationofgroundwaterispoorlydocu-
mentedbutgenerallypersistsoverashorttimeframe(<1
to3days)andreboundtobackgroundpHmayoccurvery
rapidlyinwell-bufferedsystems.Atthetimeofthispub-
lication, no information was available which indicated

long-term, post-ISFO persistence of acidic conditions.
Inpoorlybufferedsystems,acidificationandacidtrans-
portwillbelessproblematicormaynotbeneededalto-
gether.

Enhanced transport of some pH-sensitive metals may
occur under acidic conditions. Bench-scale treatability
studiescanbeusedtoassessthepotentialsignificanceof
metals mobility and whether metals mobilization may
occurunderfieldconditions.Ground-watermonitoring
atpilot- and/or full-scale ISFOsites isneeded toassess
metals mobilization and whether attenuation occurs
withinanacceptabletransportdistance.

II.C.2.f(4) Stabilizers  

Various reagents have been injected to enhance ISFO
performance.Mainly,theseareintendedtoenhancethe
transport distance of H2O2 and Fe(II) in the aquifer.
The most common H2O2 stabilizer involves various
formsofphosphatewhichreducestheavailabilityofinor-
ganic reactants (i.e., Fe,Mn, etc.) via complexation or
precipitationreactions.Bydesign,thestabilizeritselfis
immobilized through these reactions and the transport
andarealinfluenceofthephosphatestabilizermaybesig-
nificantly limiteddependingon thecompositionof the
aquifer material. H2O2 degradation rates have been
shown to decline in the presence of some stabilizers
(Britton, 1985; Kakarla andWatts, 1997;Watts et al.,
1999)relativetounamendedcontrolsinlaboratorystud-
ies.  However, significant degradation (97%) of H2O2
(15M) occurring over short transport distances (5 in,
12.5cm)usinghighconcentrationsofphosphate(>10g/
LasP)stabilizer(KakarlaandWatts,1997)suggeststhis
form of stabilization may be impractical. Unsuccessful
H2O2stabilizationinfieldstudiesfromphosphateaddi-
tionwasattributedtomicrobialenzymeandFecatalysts
in the porousmedia (Spain et al., 1989;Huling et al.,
1990;Hincheeetal.,1991;AggarwalandHincheeetal.,
1991).Suchnaturallyoccurringenzymes,foundubiqui-
touslyandoftenabundant,arehighlyefficientinH2O2
disproportionationandareunaffectedbyphosphatesta-
bilizers. Field-scale transport of stabilizers and their
impactonH2O2transportandreactioninISFOsystems
havenotbeendemonstrated.

Stabilizers also include ligands and chelators that com-
plexFe(II) in thenearneutral pH range allowing it to
remain insolutionandideally toenhancethetransport
distance in the aquifer. Numerous ligands have been
testedinconjunctionwiththeFentonmechanism(Sun
andPignatello, 1993), but two ligands,nitrilotriacetate
and N-(2-hydroxyethyl) iminodiacetate, appear to be
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most effective (Pignatello and Baehr, 1994; Pignatello
andDay,1996).Subsurfacetransportandeffectiveness
oftheligandinISFOsystemsmaybelimitedeitherby
reaction with ·OH (Sun and Pignatello, 1993) or by
sorption of the ligand to soil and aquifer material.
EnhancedtransportofanFe-ligandcomplexwasdemon-
stratedinasoilcolumnrelativetoFeinanacidifiedsolu-
tion(Kakarlaetal.,2002).Inthiscase,a13%reduction
in the initial Fe(II) concentration (685 mg/L as Fe)
occurredover7.9in(20cm)columnofaquifermaterial.
OnepotentialadvantageofinjectinganFe-ligandcom-
plex intotheaquifer inthenearneutralpHrange is to
avoid theneed toadjust the subsurfacepH. However,
while the transport distance of the Fe-ligand complex
mayincrease,thetransportofH2O2canbesignificantly
limitedinthenear-neutralpHrangeduetorapiddecom-
position.Fielddocumentationofthesimultaneoustrans-
port of H2O2 and an Fe-ligand complex, and cost
information for the Fe-ligand solution, have not been
reported.

GiventheabundanceofnaturallyoccurringFe,thesig-
nificantlimitationsforFe(II)transport,andtheunproven
performanceanddocumentationofFeandH2O2stabili-
zation in ISFO systems, it is currentlyunclearwhether
theinjectionofFe(II),andtheinjectionofstabilizersfor
Fe(II)andH2O2duringISFOarecost-effective.

II.C.2.g. Advantages 

Potential advantages of in-situ Fenton oxidation are
includedinTable6.

Potential limitations of Fenton-driven oxidation, dis-
cussedbelow,mayalsobepotentialadvantages.Forexam-
ple,theheatandO2(g)releasedduringFentonoxidation
mayenhancemasstransferviathedissolutionofNAPL,

desorption from the solid phase, and volatilization.
However,mobilizationofNAPLscouldincreasethesur-
face area of theNAPL formass transfer, and theheat/
O2(g)couldincreasemasstransfertotheaqueousphase.
Several cases have been reported where post-oxidation
ground-water contaminant concentrationswere elevated
(U.S.DoD, 1999) and could be attributed toDNAPL
mobilization.EnhancedvolatilizationduringISFOcould
result in unacceptable exposure pathways and risks.
However,ISFOinconjunctionwithavacuumextraction
systemcouldbeusedtoenhancethecontrol,capture,and
removalofvolatile emissions, and thusprevent thedis-
persalofvolatilecontaminantsintheenvironment.Mass
transfer of contaminants is often an important limiting
factortosubsurfaceremediation.Therefore,theseenhanced
masstransfermechanismscouldenhanceremediationeffi-
ciency,buthavenotbeenrigorouslyinvestigatedordoc-
umented.

II.C.2.h. Disadvantages 

There are several potential limitations to Fenton-based
remediation strategieswhich shouldbeevaluated (Table
7).UnderstandingthelimitationsofISFOwillallowsci-
entists and engineers to better understand the strengths
andweaknessesofthetechnologyandallowgreateroppor-
tunitiesforimprovementsinthetechnology.Qualitative
informationoftheselimitationsandmechanismshasbeen
reported in case studies (U.S.DOE, 1997;U.S.DoD,
1999;ITRC,2005)andissummarizedasfollows:post-
oxidation increases in soil gas contaminant concentra-
tions;steamproduction;massfluxofvolatilesfromwells
near the injection zone; heat released, asphalt upheaval,
explosions,fire;overflowingwells;post-oxidationredistri-
butionofcontaminants,etc.Severalundocumentedexam-
plesofexcessiveheatandgasreleaseshavebeenreported
elsewhere(NyerandVance,1999).Earlyapplicationsof
Fentonoxidation led to theseproblemsandoccurredas
thetechnologywasdevelopingandguidelinesfordesign
andoperationswerelimited.Improvementsinthestate
ofthepracticeofISFOoverthelastfewyearshavecon-
tributedtoareductioninthenumberofreportedprob-
lems and health and safety incidents from field
applications.

II.C.3. In-Situ Ozone Oxidation

II.C.3.a. Overview  

O3isagasandastrongoxidantthatissparinglysoluble
inwateranduponreactiondoesnotleavearesidual(i.e.,
SO42-,MnO2(s)) other thanO2.  Analysis of dissolved
O3 in aqueous solutions can be performed using an

Table6.PotentialAdvantagesofIn-SituFentonOxidation

• ·OHisapowerfulnonspecificoxidantthatwillreactrapidlywith
manyenvironmentalcontaminants.

• ReactionsinvolvingH2O2arerapid,anditgenerallypersistsfor
<12hours.

• Intermediatechemicalspecies(·O2
-,HO2

-)mayreductively
transformcontaminants.Fentonoxidationcouldaddress
complexmixturesoforganiccompounds.

• EnhancednaturalattenuationmaybeattributedtoO2(g)
andheat.Oxidizedinorganicsmayalsoserveasterminal
e-acceptors(refertoSectionIII.F.5.ImpactofISCOonNatural
AttenuationandBiodegradation).

•LowcostofH2O2($0.26/lb;$39/1000equivalents).
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Table7.PotentialLimitationsofIn-SituFentonOxidation*

• ExcessiveH2O2decompositionvianonproductivereactions.*

• Radicalscavenging.* 

• Lowreactionratebetweensometargetcontaminantand·OH,·O2
-,HO2

-.*

• pHmodification(acidification)isproblematicinwellbufferedaquifers.*

• ProblematicdeliveryofH2O2Fe(II),acid,andstabilizersduetoreactivetransport.

• ProductionofO2(g)contributestoreductionsinpermeability.Thismayreducetheflowofgroundwaterandinjectedreagents
throughthetargetedcontaminatedzones.Italsoresultsinspargingwhichcontributestovolatilizationandredistributionof
contaminants.

• Pneumatictransportofvolatiles,NAPL,andcontaminatedgroundwaterawayfromtheinjectionpoint;heavingasphalt,excessive
pressure.

• Incompleteoxidationandmobilizationofmetals.

• ExcessivereleaseofheatandelevatedtemperaturesassociatedwithhighH2O2concentrationsmaydamage/meltPVC/plastic
wells,screensandenhancevolatilization,NAPLtransport,H2O2reaction.

• Unprovenuseofstabilizerreagents.

• Healthandsafetyissuesregardingreleaseofvolatiles,steam,strongoxidantsolutions.

*Theselimitationsleadtoadeclineinprocessefficiency.

indigo colorimetric method (Method No. 4500-O3 B
(U.S.EPA,1989),APHA,AWWA,WEF,1989)orthe
indigo-basedHACHOzoneAccuvacMid-rangeTestKit
(HACHCo.,Loveland,CO).ThesolubilityofO3isrel-
ativelylowandisfunctionallydependentontemperature
andthepartialpressureofO3inthegasphase.At1.5%
O3byweightinair,thesolubilityofO3(pH7)at5˚C,
10˚C,15˚C,and20˚C,is11.1,9.8,8.4,and6.4mg/L,
respectively.Decompositionismuchmorerapidinthe
aqueous phase than in the gas phase due to the strong
catalyzing reaction by the hydroxide ion (OH-). For
example,thetypicalhalf-lifeofgaseousO3andaqueous
O3(pH7)at20˚Cisthreedaysand20minutes,respec-
tively.Thesevaluesarebasedonthermaldecomposition
only,andnowalleffects,humidity,organic loading,or
other catalytic effects are considered.  Decomposition
increaseswithincreasingtemperatureandiscatalyzedby
several substances including solid alkalis, metals, metal
oxides,carbon,andmoistureinthegasphase.Depending
onthereactivityandconcentrationofreactants,tempera-
ture,andpH,thepersistenceofO3intheenvironment
andtheextentofcontaminantoxidationwillvarysignifi-
cantly.TheinstabilityofO3requiresthatitbegenerated
on site. This is accomplished using a simple process
whereelectricalgeneratorsproduceO3fromO2(g)pres-
entintheair.Air,dryair,orO2isdrawnintoanozone
generatorandtheairischargedwithhighvoltageorUV
irradiationwhereO2molecules split intooxygenatoms
that react quickly to formO3.Air andpureO2 canbe
usedtoproduceO3concentrationsofabout1%and4to

10%,respectively.CompressionofO3gasisrequiredto
injecttheoxidantunderpressure.Underthiscondition,
hydraulicsealsandothermaterialsusedintheremedial
equipment must be compatible to withstand oxidant
deterioration.Teflon,Viton,and316stainlesssteelhave
beenusedforthispurpose(Jensenetal.,1999).

II.C.3.b. In-Situ Application 

In-situO3oxidationinvolvestheinjectionofamixture
ofairandO3gasdirectlyintotheunsaturatedand/orsat-
uratedzones.Airsparging(Ahlfeldetal.,1994;Heinet
al.,1997;Johnson,1998;Brooksetal.,1999)isatech-
nology that has been rigorously investigated and shares
manysimilaritieswithO3spargingandprovidesinsight
tomasstransportandmasstransfermechanismswithin-
situO3sparging,whichhasnotbeenrigorouslyinvesti-
gatedinsubsurfacesystems.Injectionofairbeneaththe
water table promotes volatilization, supplies oxygen for
aerobicdegradation,andmayinduceground-watermix-
ing(Johnson,1998).Inadditiontothesebenefitsofair
sparging,oxidativetransformationsalsooccurduringO3
sparging.Soilvaporextractioniscommonlyusedtocap-
turevolatileemissionsintheunsaturatedzoneduringair
spargingandshouldalsobeanimportantconsideration
anddesigncomponentinin-situO3sparging.Airsparg-
ing,ingeneral,doesnotresultinauniformdistribution
ofairbubblesextendingradiallyfromtheinjectionwell.
Rather,airspargingresultsintheformationofalimited
number of air channels in which the majority of the
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injectedairistransported.Inanidealsystem,astheair
moves upward due to buoyancy and outward due to
appliedpressure, theairchannels formaV-shapednet-
workofinterconnectedairchannels(ElderandBenson,
1999,andreferencestherein). Mostsitesarecharacter-
izedasnonidealsystemswhereairchannelsareheteroge-
neouslydistributed,difficult tocharacterizeandpredict
(Ahlfeldetal.,1994;Heinetal.,1997),andallowtheair
to bypass a significant cross-section of the aquifer into
whichitisinjected.Thisconceptualmodelisillustrated
foranO3spargingsysteminFigure1.Duringairsparg-
ing,airbubblesformincoarse-grainedsizeporousmedia
andairchannelsforminfine-grainedsizeporousmedia
(Brooksetal.,1999;ElderandBenson,1999).Sincethe

majorityofremedialsitesarecomposedofmediasmaller
thancoarsesand,airchannelsshouldprevail (Brookset
al.,1999). Buoyancy forceson thebubble introducea
vertical transport component which restricts the lateral
transportofbubbles.Coalescingofsmallbubblesforms
larger bubbles and eventually a continuum of gas (air
channel)inthesaturatedmedia.O3sparginginthesub-
surface is analogous to air sparging, and therefore, it is
reasonabletoassumethatthetransportanddistribution
processesaresimilar.

It is generally assumed that mass transfer of volatile
organicsfromtheaqueousphasetothegasphaseoccurs
by diffusion verynear the air channels at a rate that is

Figure1. Generalconceptualmodelofin-situozonationinthesaturatedzonewithsoilvacuumextractiontocapturevolatile
emissionsandO3(g).On-siteO3generationandinjectionintothegroundwaterresultsinoxidationofground-water
contaminantsandotherreducedchemicalspecies.O3/airspargingresultsintheformationofO3/airchannelswhich
contactasmallcross-sectionoftheaquifer.Closespacingofinjectionwellsisrequiredtoaccomplishahighdensityof
airchannelsforadequatedistributionoftheoxidant.
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rapidincomparisontoremovalinwater-saturatedregions
aroundthechannels(Johnson,1998).Itisreasonableto
assume that contaminant oxidation occurs by similar
masstransfermechanisms,(1)thediffusionandvolatil-
izationofcontaminants into theair/O3 channelswhere
gas-phaseoxidationreactionsoccur,and(2)thediffusion
ofO3intotheaqueousphasewherecontaminantoxida-
tion reactions occur. In one air sparging study, mass
transferwasrestrictedtoazoneveryneartheairchannel.
Theresultsindicatedthatforremediationtobesuccess-
ful,airchannelsduringspargingmustbeascloseaspos-
siblewheremasstransferzonesoverlapeachother.The
concentration of VOCs just outside the mass transfer
zone remained fairly constant (BraidaandOng,2001).
LowO3contentintheinjectedairandtheabundanceof
non-target reactants also contribute to process ineffi-
ciency. Air/O3 channeldensity is related to therateof
remediation; the greater the density of air channels
achievedduringin-situO3sparging,thegreaterthemass
transferandratesofreactionswilloccurbetweenO3and
contaminantsintheaqueousandgasphases.

Theradiusof influenceinthecontextofairspargingis
ambiguous because air channels are not uniformly or
radially symmetric about a sparge injection point.
Further, heterogeneously distributed air channels leave
large volumes of water in between the air channels
untouchedbytheairstripping(volatilization)masstrans-
fermechanisms (Ahlfeld et al., 1994).  Again, drawing
similarities between air sparging andO3 sparging, it is
reasonabletoassumethattreatmentisnotuniform(i.e.,
samerateofremediation)betweenwellswheresparging
(airchannels)isobserved.FewO3spargingcasesactually
reportmonitoring data for dissolvedO3 in the ground
waterorforspargingactivityobservedinwells.Therefore,

thelooselydefinedradiusofinfluenceforin-situO3oxi-
dationisnotwell-documented.

Due to the low dissolved concentrations of O3 in the
groundwater and poor transport ofO3 bubbles, long-
termdeliveryofO3intothesaturatedzoneisrequiredfor
sufficientO3massdelivery.TheconcentrationofO3in
thegroundwatercanbeusedtoassesstheradiusofinflu-
enceofinjectedO3.Atthetimeofthispublication,no
casestudyorexampleswereavailablethatdemonstrated
the radiusof influenceor the transportdistanceofdis-
solvedO3orO3microbubblesingroundwater.

ThetransportofO3gasinunsaturatedporousmediais
impactedbyvariousparameters.Thewatercontent,soil
organicmatter, andmetal oxideswere found to be the
factorsmostinfluential inthefateandtransportofgas-
eousO3inunsaturatedporousmedia(Choietal.,2002).
The higher the water content, the faster the break-
through.  This was attributed to less contact with the
metaloxideandorganicmatterreactantsassociatedwith
the solid phasematerial. Nevertheless,O3 was readily
delivered and transported through unsaturated porous
media where phenanthrene and diesel range organics
(C10toC24)wereoxidized.

II.C.3.c. Ozone Demand  

TheO3demandwasmeasuredinthelaboratoryforfour
different soil materials (Table 8). In this study, it was
shown that increasing the water content of the soil
materialresultedingreaterO3demandduetodissolution
intowater(probablyduetothestrongcatalyzingreaction
by OH-) and subsequently, self-decomposition. The
water contentunderfieldconditionsvaries considerably,

Table8. O3DemandandEnergyCoststoMeettheDemandofUncontaminatedGeologicalMaterial(MastenandDavies,
1997)

GeologicalMaterial
O3Demand

(mgO3/gsoil)

EnergyCost/Ton

kWh1 $U.S.2

Ottawasand

WurtsmithAFB,Oscoda,MI

Meteasubsoil,E.Lansing,MI

Bordensand,BordenAFB,Ontario

<0.04

0.022to0.215
3

1.4

2.0

<0.22

<4.3

31

44

<0.013

<0.26

1.85

2.64

1BasedonenergycostforO3generationof10kWh/lb
2Basedonacostforelectricityof$0.06perkWh
30.022mgO3/gat3.2%moisturecontent,0.215mgO3/gat6.8%moisturecontent
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especially near the water table, which will strongly
influenceO3 transport,O3demand, andcosts (refer to
SectionIII.A.3.OxidantDemand).

II.C.3.d. Contaminant Transformations 

Environmental contaminants can be oxidized either by
directreactionwithO3,orindirectlyviaO3decomposition
andformationofthehydroxylradical(·OH),astronger
oxidant(HoigneandBader,1976;1979a;1979b)(Table
9). O3 reacts rapidly with electron-rich olefins and
aromatic compounds. Increasing chlorine substitution
willdecreasetherateconstantofO3additiontoolefins,
andinthecaseofTCEandPCE,therateconstantsare
already so low that at short reaction times common in
treatment processes there is very little destruction
(DowideitandvonSonntag,1998).PCEreactssoslowly
thatitcannotbeoxidizedbyadirectO3reactionwithina
day, and TCE will react only during extended O3
treatment(HoigneandBader,1979a).Incontrast,DCE
andvinylchloridereactquickly(Clancyetal.,1996)due
to the free C=C double bond. The reaction rate of
benzeneislow,requiringhoursforitsoxidationevenat
highO3concentration.However,therateincreaseswith
increased substitution of functional groups that elevate
the electron density of the ring (e.g., phenols,
chlorophenols).Aliphaticalcohols,aldehydes,andorganic
acidsgenerallyreactsoslowlythatthereactionratesareof
littleinterest.However,formicacid,intheionicformas
formate ion, canbeoxidized rapidly. NH3 andamines
show an appreciable reaction rate when in the non-
protonatedform.Duringozonation,onlythosefunctional
groups of contaminants which are especially reactive
towardsanelectrophylicreactant(i.e.,O3),(non-halogen-
substituted olefinic compounds, phenols and phenolate
ions, PAHs, non-protonated amino groups, thio
compounds, etc.) can be easily oxidized directly byO3.
Only the more reactive ·OH may attack molecules
containinglessreactivefunctionalgroups,suchasaliphatic
hydrocarbons, carboxylic acids, benzene, chlorobenzene,
nitrobenzene, perchloroethylene or trichloroethylene
(Hoigne andBader, 1979b). Ozone has been used for

Table9. GeneralOzoneOxidationandRelatedChemical
Reactions

DirectOxidation

O3+C2HCl3+H2O 2CO2+3H++3Cl- (1)

·OHFormation

O3+H2O O2+2·OH(Slow) (2)

2O3+3H2O2 4O2+2·OH+2H2O(Fast) (3)

PAHs(MastenandDavies,1997;CambridgeandJensen,
1999;Wheeleretal.,2002),BTEX(Black,2001),MTBE
(Black,2001),andchlorinatedcompoundssuchasPCE,
TCE,andDCE(MastenandDavies,1997).Pyreneand
phenanthrenedegradationwasgreaterthan90%inone
hourinaloamysandsoil,whiledegradationof100mg/
kgchrysenewas50%infourhours(MastenandDavies,
1997).

The addition ofH2O2 toO3 in water generates ·OH,
therebyincreasingtheoxidativecapabilitiesofthetreat-
mentsystem(Table9).  Increasedratesofcontaminant
oxidationhavebeen reported forMTBE(Mitanietal.,
2002)andTCEandPCE(GlazeandKang,1988;Clancy
etal.,1996)whenO3 iscombinedwithH2O2. Atthe
time of this publication, no information was obtained
whereO3andH2O2wereco-injectedintothesubsurface
inanISCOtreatmentsystem.

II.C.3.e. Other Considerations  

In-situozonationmay involve feasibility testing (bench-
scale testing) to assess whether the target contaminants
canbeoxidizedunder site-specific conditionsusing rea-
sonablequantitiesofO3,withoutdeleterioussideeffects,
such as metals mobilization or unacceptable reaction
byproducts.  Determination of in-situ ozone design
parameterscanbedeterminedthroughpilot-scaletesting.
For example,O3 distribution canbemeasured to assess
whetherasufficientquantityofO3canbeproducedand
delivered throughout the targeted zone. Additionally, a
declineincontaminantconcentrationandanincreasein
reactionbyproducts(i.e.,CVOCsandCl-)canbemea-
sured to assure that the treatment objectives can be
achievedandvolatilizationisnotasignificantlossmecha-
nism.FugitiveO3emissionsduringproductionorinjec-
tionmay represent unacceptable risks to human health
andtotheenvironment.WhereSVEisneededtocapture
theoff-gasfromO3injection,anickelcatalystisusedto
decomposeO3.Engineeringandsafetycontrolsare,there-
fore,requiredtopreventunacceptableexposurepathways.
Inaddition,highO2contentinconfinedspacesmayrep-
resent unacceptable health and safety conditions and
should also bemonitored andmanaged.  For example,
monitoring air quality across the site should assure that
theO3 concentrationsmeetOSHA requirements. The
deliveryofO3(g)intothesubsurfacemaydisplacevolatile
organics fromthe injectionzone.Consequently, control
offugitivevolatileemissionsmaybenecessaryifunaccept-
able exposure pathways are predicted or determined. A
vaporextractionsystemcanbeusedtoenhancetheradius
ofinfluenceoftheO3andtocapturevolatileorganicsand
unreactedO3(Jensenetal.,1999).
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II.C.3.f. Advantages 

O3reactswithmany,butnotallimportantenvironmen-
talcontaminants.Advantagesofin-situozonationinthe
unsaturated zone relative to the saturated zone include:
higherconcentrationsofO3canbeinjected,O3ismore
stableingasthaninwater,diffusivetransportisgreater,
andhighervelocities(massdeliveryrates)canbeachieved.
Co-injectionandreactionofH2O2andO3canyield·OH,
astrong,nonspecificoxidant.However,noinformation
wasavailableregardingthedemonstrationanddocumen-
tationofthisco-injectionprocess.

II.C.3.g. Disadvantages 

O3hasashortretentiontimeinthesubsurfacebecauseit
reacts rapidly with a wide range of naturally occurring
non-target chemical species (reduced minerals, organic
matter,etc.),includingthehydroxideion(OH-).O3has
arelativelylowsolubilityinwaterandishighlyvulnera-
ble tohydraulic short circuitingas agas in theunsatu-
ratedzone.Basedonsimilaritiesbetweenairspargingand
O3sparging,itisreasonabletoconcludethatO3bubbles
injectedintothesaturatedzonearepoorly/nonuniformly
distributed and are transported very short distances.
TransportanddistributionofO3(g)inthesaturatedzone
ismostlikelyrestrictedtoveryshortdistancesfromthe
gaschannels(i.e.,O3(g),O2(g))thatforminthesubsur-
face.Consequently,O3masstransportandmasstransfer
limitationsarelikelytobesignificant.On-sitegeneration
and compressionof the corrosiveO3 gas is required to
injectunderpressureinthesaturatedzoneandresultsin
therapiddeteriorationofremediationpipingandplumb-
ing materials if incompatible materials are used.
Specialized oxidant-resistant materials are likely to be
required. Enhanced volatilizationof contaminantsmay
result from sparging the ground water with O3(g) and
O2(g).  Since volatileorganics andO3 both represent a
threat tohumanhealth, collectionof volatile emissions
(off-gases) using a vacuum extraction system may be
required tominimizepotential exposurepathways. O3
doesnotreactatanappreciableratewithsomeimportant
environmentalcontaminants.

II.C.4. In-Situ Persulfate Oxidation

II.C.4.a. Physical and Chemical Characteristics and    
Chemical Reactions 

Persulfate is thenewest formofoxidant currentlybeing
usedforISCO.Persulfatesaltsdissociateinaqueoussolu-
tions to formthepersulfateanion(S2O82-). S2O82- is a
strongoxidantandcandegrademanyenvironmentalcon-

taminants,oritcanbecatalyzedwithvariousreactantsto
formthesulfateradical(·SO4-),amorepowerfuloxidant.
CatalysisofS2O82- to ·SO4- canbe achievedat elevated
temperatures(35to40˚C),withferrousiron(Fe(II)),by
photo(UV)activation(Table10,rxns1to3),withbase
(i.e.,elevatedpH),orwithH2O2.InadditiontoFe,other
generalactivatorsincludetheionsofcopper,silver,man-
ganese,cerium,andcobalt(Liangetal.,2004a,andrefer-
encestherein).Persulfate-drivenoxidationby·SO4-hasa
greater oxidation potential (2.6V) than S2O82- (2.1V)
(Table1)andcandegradeawiderrangeofenvironmental
contaminantsatfasterrates.Formationof·SO4-mayini-
tiatetheformationof·OH(rxn4,Table10)andaseries
of radical propagation and termination chain reactions
whereorganiccompoundscanbetransformed(Huanget
al.,2002,andreferencestherein).

Table10. GeneralPersulfateOxidationandRelated
ChemicalReactions

heat

S2O8
2- 2·SO4

- (1)

S2O8
2-+Fe+2 Fe+3+·SO4

-+SO4
2- (2)


hν

S2O8
2- 2·SO4

- (3)

·SO4
-+H2O ·OH+HSO4

- (4)

·SO4
-+Fe+2 Fe+3+·SO4

-+SO4
2- (5)

The solubility of potassium persulfate is too low for
environmentalapplications,andthereactionofammonium
persulfatewillresultinanammoniaresidual,anundesirable
reactionproduct.Therefore,sodiumpersulfate(Na2S2O8)
is the most common and feasible form used in ISCO.
Sodium persulfate costs approximately $1.20/lb (Brown
andRobinson,2004).ThesolubilityofNa2S2O8ishigh
(73g/100gH2O@25˚C)andthedensityofa20g/L
solution(1.0104g/mL)(FMC,2006)at25˚Cisgreater
thanwater. Therefore, thedensity-driven transportof a
high concentration solutionofNa2S2O8wouldoccur in
thesubsurface.Persulfateismorestableinthesubsurface
ascomparedtoH2O2andO3(Huangetal.,2002),and
canpersistinthesubsurfaceforweeks,suggestingthatthe
natural oxidant demand for persulfate is low.  The
persulfate anion (S2O82-) is not significantly involved in
sorption reactions. These characteristicsmakepersulfate
anattractiveoxidantbecauseitpersistsinthesubsurface,
canbeinjectedathighconcentrations,canbetransported
in porous media, and will undergo density-driven and
diffusivetransportintolow-permeabilitymaterials.
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Co-injectionofpersulfateandFe+2couldbeperformedto
accomplishthecatalysisofS2O82-to·SO4-.Thetransport
ofFe+2inthesubsurfacecanbeproblematic,asdiscussed
previously(SectionII.C.2.f,InjectedReagents).Oxidation
ofFe+2toFe+3byeitherS2O82-or·SO4-couldlimitthe
effectivenessofeithertheinjectedcatalystortheoxidant.
Inonepersulfatefield study,naturallyoccurring ferrous
iron was used to catalyze the persulfate anion while
maintainingslightlyreducedconditionsandsolubleFe+2
(Sperry et al., 2002). The scavenging reactionbetween
Fe+2 and ·SO4- (rxn 5, Table 10) and other non-target
reducible reactants represents a potential sink for the
sulfate radical.  A balance must be achieved between
addingsufficientFetoaccomplish·SO4-productionand
excessiveFewhichmayresultin·SO4-scavenging(Liang
etal.,2004a).Scavengingof·SO4-and·OHandadecline
inthepersulfateoxidationrateofMTBEwereattributed
to naturally occurring carbonate and bicarbonate in
ground water (Huang et al., 2002). The persulfate
oxidation rate ofMTBE decreased with increasing pH
and increasing ionic strength (Huang et al., 2002).
However,thedeclineintheoxidationratefrompH2.5
tonearneutralwasonly30%, indicatingthatpersulfate
oxidationispH-dependent,butonlymoderatelysensitive
tothisparameter.

II.C.4.b. Contaminant Transformations

Severalenvironmentalcontaminantshavebeenoxidized
in laboratory experiments using persulfate and various
catalysts.  Fe+2-assisted sodium persulfate oxidation of
TCE(60mg/L)removed47%oftheTCEatapersulfate:
iron:TCE molar ratio of 20:5:1 (Sperry et al., 2002;
Liang et al., 2004a).  TCE oxidation also occurs via
chelated Fe+2-assisted treatments (Liang et al., 2004b).
TCEwassignificantlyoxidizedat40to60˚C,andTCA
at60˚C,withinseveralhours(Liangetal.,2001;Liang
etal.,2003).Inafieldtestinvolvingaglauconitic(iron
rich, 3 to 15 mg/L Fe+2) sandy aquifer, persulfate
catalyzedbynaturallyoccurringferrousironoxidized30
to 50% of a TCE and cis-1,2-DCE concentration of
about7to9mg/Landvinylchloride(Sperryetal.,2002).
Heat-assistedsodiumpersulfate(atabout8g/L)oxidized
MTBEintheppmrange(half-life<1hour;40˚C)ina
buffered laboratory solution. A much slower MTBE
degradation ratewasobserved in ground-water samples,
perhaps due to radical scavenging by bicarbonate ions
(Huangetal.,2002).Persulfate(0.0357mg/L;persulfate:
organicmatterratioof12g/g;70˚C)oxidationofPAHs
(<200mg/kg;16EPAPAHs)atbench-scaletestswitha
three-hourreactiontimevariedwidelyin14differentsoils
andsediments.Lossofthe16PAHsvariedbetween0to
80%;0to85%lossof2-and3-ringPAHs;0to75%loss

of 4-ringPAHs; and 0 to 70%of 5- and 6-ringPAHs
(Cuypers et al., 2000). The reactionbetweenNa2S2O8
and 66 organic compounds (and isomers) in aqueous
solution at various temperatures (room temperature, 20
˚C,35˚C,40˚C,or45˚C),persulfateconcentrations(1,
5,11g/L),presenceofFe+2orcatalyst,andtimeofcontact
(3,14,20,21,90days)hasbeenevaluated(FMC,2005).

Overall, heat-assisted persulfate oxidation is rapid, and
raising the temperature of aquifer material and ground
water is technically feasible; however, the economic
feasibilityhasnotbeenestablished.Methodsusedtoraise
the temperature in subsurface systems include radio
frequency heating, steam injection, six phase, electrical
resistance,etc.,buthavenotbeendemonstratedatfield-
scaleinconjunctionwithpersulfateoxidation.

Liangetal. (2001)hypothesized that sodiumpersulfate
(being a fairly strong oxidant at ambient temperatures)
could have an important role in the oxidation of soil
organiccarbon.Ifso,onepotentialuseofpersulfatein
in-situ remediation would be for the oxidation of soil
organic matter, prior to use of a different oxidant for
oxidation of contaminants. The destruction of soil
organic matter is important since it will decrease the
natural oxidant demand (NOD) of the soil, allowing
subsequentoxidantadditionstobeusedmoreefficiently
fortargetcontaminants.However,BrownandRobinson
(2004) questioned the effectiveness of persulfate for
decreasing soil oxidant demand, stating that it was
relatively unreactive toward naturally occurring organic
matter.

II.C.4.c. Advantages

PersulfateismorestableinthesubsurfacethanH2O2and
O3, and the radical intermediate, ·SO4-, ismore stable
than ·OH. This suggests fewermass transfer andmass
transportlimitations.Persulfatewillreactwithbenzene,
whilepermanganatedoesnot,thusallowingthisformof
oxidanttobeused intheremediationof fuel spillsand
BTEX-contaminatedgroundwater.Persulfatedoesnot
appeartoreactasreadilywithsoilorganicmatterasper-
manganate(BrownandRobinson,2004).Thismaynot
be an advantage over permanganate in aquifermaterial
where the oxidant demand is predominantly due to
reducedmineralspecies.

II.C.4.d. Disadvantages

In-situ chemical oxidation involving persulfate is an
emerging technologyand, ingeneral, thepeer-reviewed
literatureislimited,andtherearefewreportsofbench-
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andfield-scalestudies.Thelackofinformationpertain-
ing to the fundamental chemistry and applications in
subsurface systems suggests there is also a limited infra-
structure of knowledge and experience upon which to
design successful remediation systems.  This limitation/
disadvantagewill diminishwith time based on ongoing
fundamentalandappliedresearch.

Persulfate is less stable than permanganate andwill not
persistaslonginsubsurfacesystems.Catalystsarerequired
in thepersulfate reaction toproduce themorepowerful
sulfateradical.Therewilllikelybedifficultiesinachiev-
ingtheoptimalmixofreagents(i.e.,Na2S2O8,catalysts)
in the subsurface due to the lack of naturally occurring
catalyst,andduetothedifferenceintransportbehaviorof
these reagents upon injection. ·SO42- scavenging is a
source of process inefficiency that is currently not well
understood nor documented. Na2S2O8 costs approxi-
mately$2.70/kg,whichismorethanKMnO4andH2O2.
Thiscostofoxidantmaybeoffsetbythelackofoxidant
demandbynon-targetaquifermaterials.

III. TECHNOLOGY DESCRIPTION AND 
TECHNOLOGY SELECTION FACTORS

III.A. Bench-Scale Studies

Bench-scale treatability studies can be useful to gain
insightonthe feasibilityofcontaminantoxidationprior
tofield-scaleapplications.Incomplex,heterogeneoussys-
temsitisdifficulttopredictspecificreactions,oxidation
efficiency, oxidation byproducts, or whether any of the
potential limitationsapply. Themethodsandmaterials
ofbench-scaletreatabilitystudiesmayvarybasedonthe
oxidantusedandtheobjectives.Itisimportanttorecog-
nize the physical differences between bench- and field-
scalesystems. Theuseofbench-scale treatabilityresults
from simplified systems to design field-scale ISCO sys-
temsmustbeheavilyscrutinized.

III.A.1. Objectives

One objective of a bench-scale treatability study is to
establishproofofconceptthatthetargetcompoundcan
betransformedbyoxidativetreatment(s)giventhepoten-
tiallimitations.AnotherobjectiveinMnO4-bench-scale
studiesistomeasuretheoxidantdemand.Thisdataand
informationisusedtoassessthefeasibilityofISCOand
to assist in the design of oxidant injection at pilot- or
field-scale (refer to Section III.E.2.a. Permanganate
Oxidation).  For all oxidants, significant contaminant
reductionshouldbedemonstratedusingreasonablequan-

titiesofoxidantandreagentsunderreasonablesimulated
conditions.Forexample,withFentonoxidation,thepH
ofthetestreactorsshouldnotbeconductedattheopti-
malpH(pH3.5to4)unlesstheacidicconditioncanbe
accomplishedatfield-scale. Otherwise, the resultsmay
overestimate treatmenteffectiveness. Assessmentof the
reactionbyproductsmayalsobeanimportantobjective
sincetheoxidativetreatmentofsometargetcompounds
or complex chemical mixtures may be poorly docu-
mentedorunknown.Sideandcompetingreactionsmay
yieldundesirablebyproducts.Historically,mobilization
ofredox-andpH-sensitivemetalshasbeenaconcernand
maybeanimportantobjective inthebench-scaletreat-
ability study. Althoughattenuationofmetalsgenerally
occurs over short transport distances, this may be an
important issue where highmetals concentrations exist
(i.e., naturally occurring or co-disposed with organics)
and/orwherepotentialreceptorsarenearbyandcouldbe
impactedovershorttransportdistances.

Under some conditions, bench-scale treatability studies
may not be feasible. At one site underlain by a coarse
alluvial aquifer, it was difficult and costly to obtain
unconsolidated aquifermediausingdirectpushorhol-
low stem auger.  Air rotary drillingwas used to install
wells at the site but this method of acquiring aquifer
materialwouldsignificantlyimpact(pulverize)thephysi-
calintegrityofthesamples(i.e.,thesurfacearea,reactive
species,redox,andcontaminantconcentrationswouldbe
alteredsignificantly).Consequently,theMnO4-oxidant
demandwouldbehighlyvariableandwouldlikelyyield
erroneousresultsthatwouldconfusethefeasibilityassess-
ment.Asmallfield-scalepilottreatabilitystudywascon-
ductedwhichwasdesignedtolimitcostandtoassessthe
feasibilityofISCO.

III.A.2. General Guidelines  

Components of the bench-scale reactor should include
theaquifermaterialsinceitwillcontainthemajorityof
thecontaminant(s)andotherparametersthatwilllargely
influenceoxidantdemandandthesuccessorfailureofthe
treatmentprocess.Disturbedaquifermaterialisgenerally
usedinthisprocedure.Useofgroundwaterfromthesite
is ideal but is generally not critical. Capture and
quantification of contaminant losses from the reactor is
necessary to maintain a mass balance and to assess
treatment performance. These losses include volatiles,
displacement of aquifer material, aqueous solutions, or
DNAPLs. Reactions involving H2O2 may release
significant quantities of heat and O2(g) and enhance
volatilization.Volatilelossescanbecapturedandquantified
using inert gas bags or an activated carbon trap. A
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nonvolatilecontaminantanalogcanalsobeamendedto
thereactionvesselanditslosscanbeusedtopredictthe
oxidativetransformationofthetargetcompound(Huling
etal.,2000).Failuretocapturevolatilelossescouldresult
inanoverestimateofoxidativetreatment.

Recommendedmonitoring parameters that are a direct
indicatorofoxidative treatment include the target com-
pounds,reactionbyproducts,metals,andtheoxidant(i.e.,
H2O2,MnO4-,S2O82-,O3).  Indirect indicatorssuchas
CO2, dissolved oxygen (DO), total organic carbon
(TOC),chemicaloxidantdemand(COD),andtempera-
turehavebeenusedbutaregenerallyunreliableandnot
recommended.Controlreactorscanbeusedtohelpquan-
tifynon-oxidationlossesandarerecommended.Measuring
pre-andpost-oxidationconcentrationsofthetargetcom-
pound in theaqueous, solid, andgaseousphasesallows
massbalancecalculationswhichserveasthebasisforper-
formanceevaluation.

III.A.3. Oxidant Demand 

“Naturaloxidantdemand”generallyreferstothedemand
attributedtonaturallyoccurringmaterials(i.e., reduced
inorganic species + organicmatter). The total oxidant
demand includesboth thenaturaloxidantdemandand
thedemandduetoanthropogeniccontaminants.Inthis
document,thetermoxidantdemandissynonymouswith
totaloxidantdemand.

The oxidant demand for H2O2 is not measured since
H2O2 decomposition involves catalytic reactions (Table
4,rxns1to2)andtheoxidantdemandwouldbeinfinite.
TheoxidantdemandinO3systemsmayalsobedifficult
to quantify due to reactions betweenO3 andH2Oand
OH-.Undersomeconditions,theconsumptionofO3by
these reactants may be relatively small.  Four different
geologicmaterialsexertedalimitedO3demand(Table8),
i.e.,therateofO3degradationinsoilcolumnswasslow
after the immediate O3 demand was met (Masten and
Davies, 1997). Bench-scale measurements of the O3
demandmay successfully separate the highO3 demand
associatedwith reduciblemineral species froma longer-
termdemandoflowermagnitudeattributedtoOH-and
H2O.However,thelong-termO3demandunderin-situ
conditionshasnotbeenwell-documentedandmaybesig-
nificant.

Thepermanganateoxidantdemandisoftenmeasuredat
bench-scaleinbatchreactorspriortofield-scaleapplica-
tions and many variations of the test procedures have
beenreported.Testingproceduresalsoincludecolumn
tests (Drescheretal.,1998;Mumfordetal.,2004)and

fieldpush-pulltests(Mumfordetal.,2004).Astandard-
ized method to measure the oxidant demand is under
reviewbytheAmericanSocietyforTestingandMaterials
(ASTM)(Vella etal.,2005)andcanbe reviewedat an
EPA website http://www.epa.gov/ada/topics/oxidation_
issue.html.The oxidant demand results canbe used to
assessthepreliminaryfeasibilityofin-situpermanganate
oxidation.Thetestinvolvestwotiersoftesting.Tier1is
an inexpensive, rapid (minimum48-hour test) prelimi-
naryscreeningtestusedtoestimatetheoxidantdemand
of aquifer materials and contaminants.  Tier 1 testing
involvesaminimumof250gramsofsoiland250mLof
site ground water per soil sample, a minimum of 50
gramsofsoilperreactorvessel,3KMnO4 loadingrates
(5,15,and30gKMnO4/kgsoil),asoil:waterratioof1:2
(wt.:wt.wetbasis),andaminimumof48hoursreaction
time.Guidelines for soil sample handling (preparation,
mixing,compositing,drying,storage),testingprocedures
(reactorvessel,MnO4-measurements,mixing,etc.),and
oxidantdemandcalculationsareprovided.

Oxidantdemandresultsfromlaboratorystudiesaregen-
erallyused inconjunctionwithother site-specific treat-
abilityresultstoassessthepreliminaryfeasibilityofISCO
includingprojectingthecostforoxidant,assesstechnical
andeconomicfeasibility,compareISCOwithothercan-
didatetechnologies,assessimplementability,etc.Oxidant
demanddatamayalsobeusedtoassist inthedesignof
pilot- or full-scale injection systems. However, there is
notauniformapproachormethodusedforeitherofthese
purposes (refer to Section III.E.2. General Conceptual
ApproachtoISCO).

Tier2oftheproposedASTMmethodismorecomplex
and, in theory, could provide comprehensive site and
testingdata,includingextensivesamplingmethodology,
longertestduration,increasedreactiondatapoints,and
reactionkinetics.Tier2iscurrentlyunderdevelopment
and has not yet been submitted to ASTM for review.
Other guidelines for performing oxidant demand tests
arealsoavailable(Haselowetal.,2003),andcontinued
developmentisneeded.

Long-termoxidantdemandtesting reveals that theoxi-
dantdemandextendsmuchlongerthan48hours,result-
inginhigheroxidantdemandvaluesthanmeasuredover
ashortertimeperiods(Figure2).Thelong-termpersis-
tenceofMnO4-(>>2days)inaquifermaterialhasbeen
well-documented suggesting that long-term testingmay
bemorerepresentativeoftestingconditions.Thismaybe
important in cases where contaminants persist for long
periods.Forexample,contaminantspresentasNAPLsor
contaminants in low-permeability materials may have

http://www.epa.gov/ada/topics/oxidation_issue.html
http://www.epa.gov/ada/topics/oxidation_issue.html
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limited contact with the oxidant.  Under these mass
transferand/ormass transport-limitedconditions, long-
termpersistenceoftheoxidantmayberequiredtoachieve
thetreatmentobjective.Conversely,theoxidantdemand
measuredinlong-termtestsmaybeanoverestimatewhen
mass transfer/transport is not limited and oxidation is
rapid.Long-termbench-scaletestsmaybeusedtoquan-
tifytheuppervalueoftheoxidantdemand.Alternatively,
results from a short-term test (such as ASTM,Tier 1)
mustbeinterpretedinamannerthatconsiderstheeffects
oflong-termcontactbetweenoxidantandaquifermate-
rial. Continued development of standardized oxidant
demandtestingisneeded.

Thepermanganateoxidantdemandmeasuredinbench-
scaletestscanbeimpactedbyvariousparameters.Spatial
variability (depth, location) in the composition of the
aquifermaterialmayaffect theoxidantdemand(Figure
2).Collectionofaquifersamplesinsufficientnumberat
variousdepthsandlocationsmaybeneededtorepresent
thevariabilityinoxidantdemand.Thisinformationcan
be used to establish a correlation between the oxidant
demand and different lithologic or geochemical zones.
Sincethecompositionoforganicmattervariesinsands,
silts,andclays,variabilityintheoxidantdemandwillalso
vary.Soilwith1.6%TOCpriortooxidationhad0.6%
TOCremainingafteroxidationbyKMnO4inacolumn

Figure2. Thetotaloxidantdemand(TOD)wasmeasuredbyamendingaquifersamples(30to50gdryweight)withKMnO4
solutions(0.5L;2.1g/L(lowdosage)or10.5g/L(highdosage))(HulingandPivetz,2003).Theaquifersampleswere
collectedinanareaofapproximately5050ftandbetween9to34ftbgs.Thedatarepresenttheaverageoftwosplit
samplesateachdepthandlocation.TODvaluesincreasewithtime(28to44days)andasignificantdifferenceinTOD
occursbetweenshort-term(twodays)andlong-termtestingperiods.Althoughreplicatesampleswerecollected
fromadjacentsectionsofthecore(afewinchesapart),variabilityinTOD(>100%)wasmeasuredinreplicatesatboth
locations2Aand4B.Aquifercoresamples3Cand3D(shallow)werecollected10ftapart,fromthesameverticalinterval.
However,theaverageoxidantdemandwasdifferentbynearlyafactorof5betweenlocations.Further,greateroxidant
demandwasmeasuredatthehighoxidantdosage(4B—151g/kgvs.43g/kg;3C—14g/kgvs.5g/kg).TODvalues
resultingfromtestingathighdosagesforsamples3Cand4Bareindicatedbydashedlinesandarereadusingtheright-
handyaxis.
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study, indicating that organicmatter will exert an oxi-
dantdemand(Drescheretal.,1998). Naturallyoccur-
ringorganicmatterexhibitsvariouschemicalcompositions
andtherefore,fractionsoforganicmattermayrangefrom
easilyoxidizabletorecalcitrant. Reducedchemical spe-
cies (i.e., sulfides, ferrous Fe, manganousMn, etc.) in
subsurfacemediacanbeoxidizedduringISCOandcon-
sumeoxidant.Geochemicalenvironmentsrichinorganic
matterand/orreducedmineralspeciesmayexertasignifi-
cantoxidantdemand.Bench-testingcanbeusedtoassess
whetherexcessivenaturaloxidantdemandwillbeexerted.
Thetype(Table3,rxns4to7)andphase(aqueous,sorbed,
NAPL)of organic contaminantswill also affect the oxi-
dantdemand.Exposureoftheaquifermaterialtoairand
loss of volatile organics during handlingwill artificially
lower the measured oxidant demand.  Such exposure
shouldbeminimizedsincethiscouldresultinanunder-
estimateoftheactualoxidantdemand.

The oxidant demand is functionally dependent on the
concentration of MnO4- used in the test (Figure 2).
Under comparable conditions, the oxidant demand
increases with an increase in the oxidant concentration
(Siegrist et al., 2002).  An oxidant demand of 2.8 g
KMnO4/kgwasmeasuredwhenamendedwitha500mg/
LKMnO4solution,andincreasedto10.8gKMnO4/kg
when amendedwith5000mg/LKMnO4 (Struse et al.,
2002b). Theconcentrationofoxidantmostrepresenta-
tiveofactualfieldconditionsshouldbeusedinthebench
test to obtain the most accurate results. The oxidant
demandisalsodependenton(1)thecontacttimebetween
theoxidantandsoil,(2)mixing,and(3)thesolids:solu-
tionratio. Theoxidantdemanddecreasedasthesolids:
solutionratioincreased(Mumfordetal.,2004).However,
givensufficienttime,theoxidantdemandconvergedtoa
similar value regardless of the mass of aquifer material
used. ThemaximumNODvaluedependsonlyon the
massofoxidizablematterandthestoichiometrybetween
thatoxidizablematter and theoxidant, and that itdoes
notdependonthemassofaquifermaterial(Mumfordet
al., 2004).  In summary, for short reactionperiods, the
solids:solutionratioislikelytohaveasignificanteffecton
theresults;forlongerreactionperiods,thesolids:solution
ratioislikelytobelessimportant.

Theobjectivesandguidelinespresentedforpermanganate
bench-scale testing are also applicable topersulfate. For
example,insoilslurrylaboratoryexperiments,thesoilwith
thelowestfractionoforganiccarbon(foc)hadthehighest
TCEandTCAoxidationefficiencybysodiumpersulfate
(Liang et al., 2001).  In general, the persulfate oxidant
demandislowerthanthepermanganateoxidantdemand,
suggestingthatloweroxidantloadingmayberequired.

III.B. Pilot-Scale Studies 

Pilot-scaletreatabilitystudiesprovideusefulinformation
tohelpdesignandplanfull-scaleISCOimplementation.
Specifically,duetothespatialvariabilityof samplescol-
lectedandusedinbench-scaletests,pilot-scalestudiescan
provide data and information from the oxidative treat-
ment over a larger aquifer volume.  The methods and
materialsofthestudymayvarybasedontheoxidantused
andtheobjectives.

III.B.1. Objectives  

Theobjectivesmayincludethefollowing:determinethe
injection rate vs. injectionpressure; assess various injec-
tionstrategies;assessthetraveltimes,distribution(verti-
cal/horizontal),andpersistenceoftheoxidantandreagents
(Fe, acid, stabilizers, chelators); determine whether
ground-water contaminants aremobilizedor arevolatil-
ized;assessthemobilizationofmetals;assesscontaminant
rebound;determinereactionbyproducts;conductapre-
liminaryperformance evaluationof contaminant oxida-
tion; assess the adequacy of the monitoring program;
anticipatewellfoulingproblems;andassessthepotential
difficulties in scaling up a treatment system. Multiple
injectionsofoxidantand/orreagentsunderdifferentcon-
ditionscanbeusedtoaccomplishdifferenttreatmentand
testingobjectives.

III.B.2. General Guidelines  

Adetailed assessment of ISCOperformance evaluation
andreboundgenerallyrequiresextendedperiodsoftime
due to the slowmass transfer andmass transport pro-
cessesinconjunctionwiththeslowrateofground-water
movement.  Additionally, in Fenton systems, a signifi-
cant disturbance results from H2O2 injection and the
subsequentreleaseofheatandO2(g).  It iscommonto
seesignificantincreasesintotaldissolvedsolidsinground-
water samples collected soon after H2O2 injection.
Therefore, the ground-waterquality ishighlydisturbed
(transient) and requires an extended period of time to
approach chemical equilibrium. Both the detailed and
general information acquired through the pilot-scale
study can be used to help design and plan subsequent
injection events. Monitoringdata and information are
usefultodesignthemonitoringsystemforthefull-scale
system including appropriate locations and depths of
monitoringwellsandappropriatemonitoringparameters
andfrequency.

The following general guidelines for ISCO pilot-scale
studiesareapplicable foralloxidants,andalsoapplyto
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full-scale implementation. Conceptually, an outside-in
injectionstrategyinvolvesinitialoxidantinjectionsonthe
periphery of the known contaminant zone. Subsequent
injectionsinthemiddleofthesourcezonemaytransport
contaminantsintoadjacentzonesalreadycontainingoxi-
dantand/orcontaminants.Ideally,thisreducesthetrans-
port of contaminants from the source zone into
uncontaminatedareas. Ground-water samples represent
anintegratedmeasureofcontaminantspresentinthesub-
surface and provide valuable insight regarding perfor-
manceevaluationfromtheoxidativetreatment.However,
duetotheslowmasstransferandmasstransportprocesses
whichoccur inthesubsurface, sufficienttimeshouldbe
allowed (after ISCO is performed) before ground-water
samples are collected for performance evaluation.
Assumingpotentialreceptorsarelocatedclosetotheinjec-
tionarea,anexpedientground-watermonitoringprogram
(rapid turn-around)may be needed.  Soil core samples
may provide immediate feedback on performance, but
variability in contaminant concentrations may require
thatnumeroussoilcoresamplesbecollectedtominimize
uncertaintyandallowforanaccurateassessmentoftreat-
mentperformance.Aquifersamplescanbehighlyeffec-
tiveinperformanceevaluationwherecontaminants(i.e.,
DNAPL) have accumulated at distinct lithologic units
andcontaminantdistributionismoreeasilydefined.

Pilot- and full-scale ISCOshouldbe implemented in a
manner that recognizes andminimizes the transport of
contaminatedgroundwaterorNAPLs from the source
areaintolowcontamination/cleanareas.Pilot-scalestud-
ies are sometimes deployed in or downgradient from a
sourcezone.Inthiscase,itcansometimesbedifficultto
distinguishbetweenreboundandupgradientflushingof
contaminantsintothestudyarea.Anoutside-inapproach
canbeused tohelpminimize this complication (i.e., a
wedgethatextendsfromtheupgradientedgetothecen-
tralareaofasourcezone).Contaminanttransportfrom
upgradientoftheremediatedareaandpossiblerecontam-
inationunderscorestheneedtodesigntheoxidantdeliv-
erysystemforfullcoverage.

In-situ oxidant push-pull testsmaybeused to evaluate
the permanganate oxidant demand (Mumford et al.,
2004),andpresumablypersulfateoxidantdemand,over
relativelylargeaquifervolumes.Thisinvolvestheinjec-
tionandrecoveryofasolutioncontaininganoxidantand
aconservativetracer. Measurementofoxidantdemand
is determined from the analysis of the recovery break-
throughcurvesoftheoxidantandtracer.Therearesome
designandoperationallimitationsofthistechnique,but
potentially it could be used with existing monitoring
wellsandmayprovideaccurateoxidantdemanddata.

III.C. Technology Applicability

III.C.1. Location of Oxidant Application 

III.C.1.a. Saturated Zone

ISCO involvingMnO4-, Fenton’s,O3, and S2O82- has
predominantly been applied in saturated, unconsoli-
dated,highlycontaminated(sourcezone)porousmediaat
hazardouswastesites(referalsotoSectionIII.F.5Oxidant
Delivery).TheinjectionofO3gasintothesaturatedzone
has been used but is vulnerable to nonideal transport
mechanisms including preferential pathways (refer to
Section II.C.3.b. In-Situ Application).  Few scientific
investigations of in-situ persulfate oxidation have been
reported;however,numerousstudiesareunderwayandit
is anticipated thatmore informationwill soon become
availableregardingS2O82-.Presumably,persulfateoxida-
tionwillbeapplicabletoboththesaturatedandunsatu-
ratedzones,similartopermanganate.

EnvironmentalcontaminantspresenteitherasaNAPL,
adsorbedontoaquifermaterial,orintheaqueousphase
(dissolved)areallvulnerabletochemicaloxidationtrans-
formations.Duetocompetitionbynaturallyoccurring
non-targetreactantsintheaquifermaterial,themosteffi-
cientuseofchemicaloxidationoccurswheretheconcen-
tration of the target contaminants is highest. The
oxidation efficiency (η), defined asmass of contaminant
transformed/mass oxidant reacted, is highest in source
zones. Therefore, the most cost effective contaminant
oxidationoccursinsourcezones.Thisisconsistentwith
thecommonremedialobjectivethat initiallytargetsthe
source zone(s) at a site. The downgradient contamina-
tion plume is often a secondary priority and may not
involveISCOduetothelargeareaofcontaminationrel-
ative to the sourcearea, loweroxidationefficiency, and
greatercost.

ISCO is not commonly applied in the ground-water
plume extending downgradient from the source zone.
Thistrendismainlyattributedtothesmallsizeofsource
zones compared to the downgradient plume. In the
sourcezone,theoxidantcanbeappliedathighconcen-
tration,focusedinspecificsourcearealocations,andcan
achievegreateroxidationefficiencyrelativetodowngra-
dientzones.Underthissetofconditions,largerquanti-
ties of contaminant can be transformed using lower
quantitiesofoxidantandatlowercost.However,treat-
mentobjectivesvarybetweensites.Thetreatmentobjec-
tiveinsomecasesistopreventtheoff-sitemigrationof
contamination.  Given this objective, periodic applica-
tionsofMnO4-havebeenusedtoformadowngradient
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(oxidation)barriertooxidizeground-watercontaminants
migrating into the treatment zone.  Under this condi-
tion,theoxidationefficiencyisexpectedtobelowerrela-
tive to the source zone due to lower concentrations of
contaminants.

Despitetheloweroxidationefficiencyexpectedindown-
gradient(non-source)zones,itisestimatedthattheoxi-
dant demand required tomeet the treatment objective
maynotbeashighcomparedtosourcezoneapplications.
Mass transfer and mass transport limitations between
MnO4-andNAPLs,andbetweenMnO4-andhighcon-
centrations of sorbed contaminants require longer resi-
dence times of the oxidant and consequently higher
oxidantdemand.FewerlimitationsoccurbetweenMnO4-
and soluble contaminants, resulting in faster oxidation,
shorter oxidant residence times, and a lower oxidant
demand. Therefore,at least intheory, lowerconcentra-
tions of oxidant and fewer applications are required to
meetthetreatmentobjective.Oxidationofsolublecon-
taminants in low-permeability materials require longer
residencetimesfordiffusivetransportandwillresultina
higheroxidantdemandrelativetomorepermeableaqui-
fermaterials.

ISCOismoreoftenusedinunconsolidatedporousmedia
thaninfracturedmedia.Thisispartiallyattributedtoa
greater number of hazardous waste sites in unconsoli-
datedporousmediaandmorein-depthknowledgeofthe
flowsystem.In-situpermanganateoxidationhasbeencar-
riedout in fractured shale (Parker, 2002) and fractured
bedrock.Fentonoxidationhassignificantlimitationsin
fractured systems due to significant differences between
thereactionandthetransportratesofH2O2.Specifically,
contaminationinfracturedmediamaybefoundinboth
theprimaryporosity(matrix)andinthesecondaryporos-
ity(fractures).Thevolumeofmatrixporosityisgenerally
greater(10to1000)thanfractureporosity.Therefore,
themass of contamination containedwithin thematrix
porosity ispotentiallymuchgreater than in the fracture
porosity.Transportofcontaminants,O3,H2O2,andFe+2
withinthematrixporosityispredominantlybydiffusion.
DuetotherapidratesofreactionofO3,H2O2andFe+2
relativetodiffusivetransport,thereisinsufficienttimefor
the oxidant and reagents to penetrate the contaminated
media. Consequently,O3,H2O2, andFe+2 transport is
restrictedmainly to fracture porosity, the contaminants
predominantlyresidewithinthematrixporosity,andpoor
contact occurs between the oxidant, reagents, and the
contaminant.Althoughpoorlydocumented,afewunsuc-
cessful attemptsofFenton-drivenoxidation in fractured
systemshaveoccurred.NocaseswerefoundwhereO3or
S2O82-wasinjectedintofracturedmedia.

III.C.1.b. Unsaturated Zone

ISCOislessfrequentlyusedintheunsaturatedzonethan
inthesaturatedzone.Thedeliveryofpermanganatesolu-
tionintotheunsaturatedzonehasoccurredviaavariety
ofmethodsincluding,butnotlimitedto,applicationto
surfacesoils,emplacementintotrenches/excavations,for-
mersurfaceimpoundments,deepsoilmixing,andinjec-
tion into hanging wells/injectors (screened in the
unsaturatedzone).Similartothesaturatedzone,direct
push injection over short screened intervals, at least in
theory,couldbeusedtodeliverthepermanganatesolu-
tionintotheunsaturatedzone.Presumably,theinjection
ofpersulfateandpermanganatesolutionswouldbesimi-
lar;however,noreportswerefounddescribingpersulfate
applicationintheunsaturatedzone.

Conceptually,duetotheslowreactionrateofpermanga-
nateandpersulfate,verticaltransportoftheinjectedoxi-
dantsolutionwouldresultinthedeliveryoftheoxidant
toareasunderlyingtheinjectionzone.Duetothelackof
buoyancyforces,therateofverticaltransportintheunsat-
uratedzonewouldbegreaterthaninthesaturatedzone.
Most subsurface systems exhibit some degree of anisot-
ropywheretheratioofhorizontaltoverticalconductivity
is10orgreater.Underthiscondition,verticaltransport
couldrequire longresidence timesof theoxidant. This
suggeststhatthefastreactionrateofH2O2wouldresult
inshortverticaltransportdistancesandpoordistribution
withintheunsaturatedzone.

In-situO3oxidation intheunsaturatedzonehasseveral
potentialadvantagesover that in the saturatedzone: (1)
theconcentrationsofO3thatcanbeachievedinthegas
phaseareordersofmagnitudehigherthanisobtainedin
aqueoussolutions,(2)O3ismorestableinthegasphase
thanwater,(3)O3diffusivetransportismuchgreaterthan
inwater,and(4)higherflowvelocitiescanbeachievedin
the unsaturated zone than are possible in groundwater
(MastenandDavies,1997).Additionally,themassdeliv-
ery of gaseous O3 in the unsaturated zone is generally
muchgreater andpotentiallymore effective than in the
saturated zone. However, delivery and transport ofO3
gas in theunsaturatedzone ismuchmorevulnerable to
preferentialpathwaysattributedtoheterogeneitiesinper-
meability.Consequently,shortcircuitingofO3gasmay
preventadequatedeliveryofO3totargetedzones.Spatial
monitoringofO3 intheunsaturatedzoneisrequiredto
accuratelyassessthearealdistributionofO3andtomake
theappropriateadjustmentsintheinjectiondesignandin
O3 delivery.  Although targeting contaminants in the
unsaturatedzonelimitsoxidativetreatmenttozonesabove
thewater table, temporarydepressionof thewater table
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exposesadditionalporousmediaandcontaminantsthat
maybevulnerabletoin-situO3oxidation.Unsaturated
zone remediation may primarily use ozone injection
points in theunsaturated zone,but spargingpoints just
below the water table would help deliver O3 into the
smearzoneassociatedwiththecapillaryfringe.

DryKMnO4andvariousconcentrationsofKMnO4solu-
tionshavebeenappliedtothesurfacesoilintheunsatu-
ratedzone.Forexample,TCE-impactedsoilwastreated
withsolutionsofKMnO4 inone-footlifts(Balbaetal.,
2002).Twoinjectiontechniques,(1)lowpressureinjec-
tionofKMnO4intowellsand(2)highpressureinjection
intonozzles,wereusedtodeliverKMnO4intotheunsat-
urated zone. More uniform and better distribution of
theoxidantwasobservedwiththehighpressuredelivery
method (McKay and Berini, 2002). Nested, hanging
wellswereusedtodeliverKMnO4 intotheunsaturated
zone, which eventually drained to the saturated zones
(Viellenavaetal.,2002).Highinitialinjectionpressures
were used in these wells to hydrofracture the porous
media, which created more flow pathways and greater
oxidantdelivery.

III.C.2. Contaminant Characteristics

III.C.2.a. Phase 

Organic contaminants may be present in the aqueous
phase (dissolved in water), solid phase (adsorbed onto

aquifermaterialorsoil),andasanon-aqueousphaseliquid
(NAPL).Chemicaloxidationoforganiccontaminantscan
occurinallthreephases.Manyvariablesandsite-specific
conditionsplayaroleintermsofwhichphaseofthecon-
taminantisoxidized.Whencontaminantsareoxidizedin
theaqueousphase,increasedconcentrationgradientsand
enhanced mass transfer and oxidation of contaminants
occurfromboththesolidphase(desorption)andfromthe
NAPLphase(dissolution)intosolution.

In addition to the background oxidant demand, the
quantityofoxidantandnumberofoxidantapplications
neededisdependentonthephaseofcontaminantpresent
(NAPLs>solid>aqueous)andtheassociatedphase-
dependentmass transfer andmass transport limitations
(Figure3).AssumingmobileNAPLisdeterminedtobe
present at a site, NAPL removal is considered an
importantfirststepintheremediationprocess.Removal
ofNAPLsbyothermethods(suchasthermal)canusually
beaccomplishedmorecosteffectively thanbychemical
oxidationandcanbeconductedinamannertominimize
NAPL mobilization into undesired areas. Chemical
oxidationwouldthenbemoreappropriatetouseonthe
immobilizedNAPLs(residualsaturation)thatremainin
theporousmedia.

Due to the heat and large quantities ofO2(g) released
during Fenton oxidation, fire, explosion hazards, and
safetyissuesmaybecomeimportantiftheNAPLisvola-
tileandflammable,suchasgasoline.

Figure3. Impactofcontaminantphases,masstransfer,andmasstransportlimitationsonthemassofoxidantand/orthenumber
ofoxidantapplicationsneededforISCO.Thepresenceofallthreecontaminantphases(NAPL,solid(adsorbed),aqueous
(soluble))representsthemostchallengingsetofconditions,potentiallimitations,andmassofoxidantand/ornumberof
oxidantapplications.
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III.C.2.b. Concentration 

Chemical oxidation can be described by second-order
reactionratekinetics(Eqn1).Itisevidentthattheoxi-
dantcanreactwitheitherthetargetcontaminant,scav-
engers (i.e., non-target reactants), and intermediates.
The extent to which the oxidant reacts with either is
dependentonthereactionrateconstantofthereactant,
and the concentration of the reactant.  Therefore, the
greater the concentration of contaminants relative to
other potential reactants, the faster the reaction rate of
the target contaminant. This partially explains why
greateroxidationefficiencyoccursinsourcezoneswhere
highconcentrationsofthetargetcontaminantsarepres-
ent.  The feasibility of treating relatively low dissolved
concentrations of organic contaminantsmay not be as
favorable, and these concentrationsmaybemore effec-
tively treated by other candidate technologies, such as
monitorednaturalattenuation(MNA).

dO/dt=k1[O][C]+k2[O][S]+k3[O][I]  (Eqn 1)

where:
k1,k2,k3 = secondorderreactionrateconstant
   (L/mol-s)
 [O] = concentrationofoxidant(·OH,
   MnO4-,O3,S2O82-,·SO4-)(mol/L)
 [C] = targetcontaminant(mol/L)
 [S] = scavenger(mol/L)
 [I] = intermediates(mol/L)

III.C.3. Subsurface Characteristics 

Physical and chemical characteristics of the subsurface
environment(hydrogeology,geology,geochemistry)vary
fromsitetositeandimpactthefateandtransportofthe
injected oxidant and reagents. Site characterization is
critical tothefeasibilityassessmentofISCOandinthe
planning and design of pilot- and full-scale ISCO sys-
tems.

III.C.3.a. Geology

Fractures(cracks,fissures,joints,faults)arecharacterized
by their length, orientation, location, density, aperture,
andconnectivity(Berkowitz,2002).Transportofinjected
reagentsintofracturedmediaisgenerallymuchlesspre-
dictable than intounconsolidatedporousmedia,mainly
duetotheheterogeneityanduncertaintyinfracturechar-
acteristicsandthedifficultyandexpenseincharacterizing
the fracture network.  Tracer studies can be helpful to
identifytheinterconnectednessbetweenmonitoringwells,
the rate of ground-water transport, and the residence

timeoftheinjectedwater.Boreholehydrophysicscanbe
usedtoassessambientandstressedflowpatternsandcon-
taminanttransportinfracturedsystems.Theseinvestiga-
tionmethodsprovidegeneral informationonhydraulic
characteristics and hydraulic control requirements of a
tracerpriortooxidantinjection.Duetodensity-driven
transportofMnO4-andS2O82-solutions,verticaltrans-
portmaynotbefullyrepresentedbyatracerstudy.Due
totransportlimitationsofH2O2andO3infracturedsys-
tems(i.e.,withinthematrixporosity,refertoSectionIII.
C.1.a.SaturatedZone),FentonandO3oxidationwould
havelimiteduseinfracturedsystems.

Naturally occurring subsurface heterogeneities such as
zones of high permeability (e.g., sand-filled paleochan-
nel,fractures),aswellassubsurfaceutilitycorridorsand
other anthropogenic subsurfacedisturbances, canact as
preferential pathways.  Preferential pathways found in
fracturedsystemsandunconsolidatedporousmediaresult
inunpredictableflowpatterns(rate,direction)forground
waterandinjectedoxidantsolutions.Thiscanbeasig-
nificantimpedimenttoeffective/uniformdeliveryofoxi-
dantinthesubsurface.Additionally,underhighinjection
pressures, hydraulically-induced fractures of the media
and/or“breakout”of the injectedoxidant solutionmay
occur.Bothoftheseconditionsresultindisproportion-
ate volumes of oxidant solution being injected over a
smallgeologicinterval.ThelowestremovalratesofTCE
andDCEingroundwaterwerefoundfivefeetfroman
O3 injection point, compared to significantly higher
removal rates inwellsup to twenty feet away from the
injectionpoint(MastenandDavies,1997).Thisexam-
pleindicatesthatozonespargedintogroundwatermay
be transported in specific and limited preferential gas
channels that short-circuitanddonotcontacta signifi-
cantportionoftheregionaroundaspargepoint.

These problems can be detected and avoided early
through good site characterization and ground-water
monitoring.  Also, shorter distances between injection
wellsminimizesthearealcoverageandtheoxidanttrans-
portdistanceperwell,thuslimitingtheimpactofthese
nonidealtransportmechanisms.

III.C.3.b. Hydrogeology

The oxidants and reagents injected into the subsurface
will undergo advective and diffusive transport.  The
transportdistanceisdependentonthemethodofdeliv-
ery,persistenceofthechemical,ground-waterflowrate,
densityofthesolution,anddiffusivecharacteristicsofthe
chemical and porous media (Figure 4).  For example,
slowreactionrateandlong-termpersistenceofMnO4-in
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aquifermaterialshasoccurredunderavarietyofhydro-
geologic environments including saturated sands, clays,
sand-claymixtures,alluvialmaterials,fracturedshale,and
fracturedbedrock.Consequently,MnO4-canbetrans-
ported longer distances than the other oxidants.  The
greaterthehydraulicconductivityandhydraulicgradient
oftheaquifer,thefartherthetransportdistance.Dueto
the fast reaction rate ofO3,H2O2, and some reagents
(i.e.,Fe(II),phosphate,acid),theground-waterflowrate
anddirectionundermostconditionswillhaveaminimal
impactonthepost-injectionoxidanttransport.Thever-
ticaltransportoftheoxidantisaffectedbydensityofthe
oxidant solution and on vertical gradients (upward,
downward)intheaquifer.ThetransportofMnO4-will
begreatestwhenhighconcentrationsareinjectedintoan
aquifer with high hydraulic gradient and conductivity.
Underthissetofconditions,MnO4-maymigratefrom
the targeted zone and result in a lower oxidation effi-
ciency(i.e.,duetolowerdowngradientcontaminantcon-
centrations)orbetransportedintounintendedlocations
(i.e., ground-water capturebypump and treat system).
Downgradientdriftisnotalwaysproblematicsincepin-
point resolution of source area boundaries is not com-
monly achieved and oxidation of downgradient
contaminants may be needed.  Similarly, long oxidant
transportdistancesmaybeintentionallydesignedtotar-
getlarge,non-sourceareaplumes.

III.C.3.c. Geochemistry

PermanganateoxidationisgenerallyindependentofpH
intherangeof4to8(Seigristetal.,2001)andthuswill
beeffectiveoverthepHrangenormallyfoundinground
water.  Acidic pH (pH 3 to 4) is optimal for Fenton-

driven oxidation of organic contaminants.  The buffer
capacityinmostaquifersrepresentssignificantacid-neu-
tralizing capacity and maintains the ground-water pH
near neutral, i.e., resistant to pH modification.
Acidification of the target zone is often temporary and
restricted to a zone near the injectionwell.  In poorly
buffered systems, acid transport and pHmodifications
maybeeasiertoaccomplish.Undernaturallyacidiccon-
ditions, pH modification may not be necessary.  For
example, high concentrations ofFe+2 and acidic condi-
tions (pH 2 to 3) weremeasured at a site where large
quantities of organic carbon were introduced into the
groundwater(i.e.,theaquiferunderlyingformersludge
dryingbeds)(U.S.DoD,1999;Maughonetal.,2000).

Reduced geochemical conditions favor the presence of
reduceddivalenttransitionmetalionssuchasFeorMn.
Underthiscondition,theFe+2contributestotheFenton
reaction,andbothFe+2andMn+2contributetotheacti-
vationofthe·SO4-.Forexample,significantchlorinated
VOCreductionwasachievedusingpersulfateinaglauco-
nitic (iron-rich) sand containing 3 to 15 mg/L Fe+2
(Sperryetal.,2002).Reducedgeochemicalenvironments
arealsoasourceoftreatmentinefficiencyduetotheabun-
danceofreducedchemicalspeciesthatconsumeoxidant
and/orscavengeradicals.Naturalorganiccarbonpresent
insoilandaquifermaterialcanplayanimportantrolein
oxidative reactions (refer to Section III.F.4.b. Natural
OrganicMatter).

III.D. Site Requirements and Operational Issues

III.D.1. Site Characterization Data

Aneffectivedeliveryoftheoxidanttothetargetedzone(s)
is a critical element to achieve success with ISCO.
Therefore,animportantISCOdesigncriteriaistoiden-
tifythe location(s)ofthecontaminant(s) inthesubsur-
face.Sitecharacterizationdataisrequiredtoidentifythe
type(s),distribution,andphase/concentrationofthecon-
taminants (Table11). This information is used in the
planningandthedesignoftheoxidantinjectionprogram
(i.e.,dosage,injectionlocations,andrates).

SitecharacterizationandISCOeffortsareoftenfocused
insourceareaswhereNAPLmaybepresent.Removalof
mobileNAPL,ifpresentandpractical,isimportantsince
NAPLscouldbemobilizedduringISCO.Assumingthe
NAPL(LNAPL,DNAPL)canbelocated,removalwould
probablybemorecostefficientusingothertechnologies
thanthroughISCO. Asignificant improvement in the
developmentinsitecharacterizationtechniquesandtech-
nologiestolocateanddelineatesuspectedDNAPLsource

Figure4. Thetransportdistancethroughporousmediaofthe
injectedoxidantisdependentontherateofreaction
oftheoxidant,therateofground-waterflow,and
thedensityoftheoxidantsolution(density-driven
transport).
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zoneshasoccurredinrecentyears.Thecostandlevelof
accuracyachievablebysourcezonecharacterizationtools
canonlybeansweredonasite-specificbasis(U.S.EPA,
2001).Inpractice,delineatingDNAPLsourcezonesand
providing an accurate estimate of themass and spatial
distributionoftheDNAPLcanbechallengingduetothe
heterogeneous distribution of the DNAPL. Extensive
samplingandanalysisofgroundwaterandaquifermate-
rialisusuallyrequiredtoobtainareasonableestimateof
contaminantdistribution.Oxidantdosage requirements
havebeenestimatedbysomepractitionersbasedonthe
mass of contaminant(s), in conjunctionwith oxidation
stoichiometry and the natural oxidant demand. Other
methods are also used to estimate the total oxidant
required that are not based on contaminantmass esti-
mates (refer to Section III.E.2. General Conceptual
ApproachtoISCO).

Geologic (lithology, stratigraphy, heterogeneities) and
hydrogeologic (hydraulic conductivity, gradient, poros-
ity)characterizationwillassistindevelopmentofacon-
ceptualmodelusedtoassessthefateandtransportofthe
contaminant(s), injected oxidant, and reaction byprod-

ucts.Thisinformationcanbeused,inconjunctionwith
thecontaminantdata,toselectthelocationandvertical
intervalsforoxidantinjectionandtoassessoxidanttrans-
port.Importantparametersthatcanbeeasilyoverlooked
areman-madeandnaturallyoccurringpreferentialpath-
ways.Subsurfaceutilitiesandhighhydraulicconductiv-
ityflowpathsmayresultinthedisproportionatetransport
of oxidant, heat, and gas, and unanticipated exposure
pathways.Evenwell-characterizedsitesarelikelytohave
heterogeneitiesthataredifficulttoquantify,yetplayan
important role in ISCO.  Pilot-scale studies are useful
becausetheyprovideanopportunitytoacquirelocalized
fate and transport data for the injected oxidant and to
refineperformancemonitoringefforts.Aquifermaterial,
soil, and/or ground-water samples are collected for site
characterization(organiccontaminants),bench-scalefea-
sibility testing, and analysis for general parameters.  In
somecases,highbackgroundconcentrationsofmetals,or
co-disposalofmetalsandorganics,representconditions
thatareconduciveformetalsmobilizationduringISCO.

Duetotheuncertaintiesinsitecharacterization,estimat-
ingcontaminantmass,oxidantdelivery,etc.,theneedfor

Table11.SiteCharacterizationDataNeededforISCO

Parameter PurposeoftheData/Information

TargetContaminant

Type(s)

Distribution

Phase/concentration

Toselectwhichoxidantismostsuitableforthespecificcontaminant(s).

Todeterminewheretodelivertheoxidant(spatialdeliveryoftheoxidant).

Aqueous/sorbed/NAPL—toidentifypotentialhotspotareaswheremultipleapplicationswillberequired;to
estimatecontaminantmasswhichmaybeusedtoestimatethetotaloxidantmassrequired(seeSectionIII.C.2).

Geologyand
Hydrogeology

Estimaterateofoxidantinjectionbasedonaquiferhydraulicproperties.Informationonhydraulicconductivity
andgradientandaquiferheterogeneitiescanbeusedtoidentifypost-injectionflowdirectionandrates.Assess
whethernearbyreceptorscouldbeimpacted(seeSectionIII.C.3).

AquiferMaterial/Soil/
GroundWater

Analyzedfororganicstoquantifyanddelineatecontaminantdistribution;usedforbench-scalefeasibility
testing(contaminantoxidation,oxidantdemandtesting);analyzedformetalstoidentifyhotspotor
problematicconditionswherepH-orredox-sensitivemetalsmaybecomemobilizedduringISCO.

pH,BufferCapacity
ToassesswhetherpHmodificationisneeded;acidicpH(3to5)isoptimalforFentonoxidation;pHmodification
willbedifficulttoachieveinhighlybufferedsoil/aquifermaterials;carbonateandbicarbonatebufferspecies
actasradicalscavengersinFentonandpersulfateoxidation.

Eh(electrodepotential) Generalindicatorofoxidantdemand.

ReducedInorganics Solublemetals(Fe(II),Mn(II)),sulfidesindicatereducingconditions.
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multipleoxidant injections in the targeted zone cannot
beoveremphasized.

III.D.2. Required Site Infrastructure

Infrastructurerequirementsforpermanganate,peroxide,
and persulfate include a water supply, for dissolution
and/or dilution of the reagent.  Extraction wells and
above-groundtreatmentarenecessaryifoxidantrecircu-
lation (injection, recovery, re-injection) is used. Adis-
posal option for treated/untreated water may also be
required.  An open, unobstructed area is necessary to
accommodatetheoxidantmixingapparatus,batchstor-
agetanks,piping,etc.Anelectricalpowersupplyorgen-
eratorwillberequiredforpumpingandpressureinjection
oftheoxidantsolutions.Directpushinjectiontechnolo-
gies are rig-mounted and site access for large or small
vehiclesintheinjectionareaisaconsideration.

The small radius of influence of the Fenton’s reagent
(H2O2,Fe+2)requiresclosely-spacedinjectionpointsthat
involveanopenareaclearofundergroundutilities.Due
to the heat,O2(g), and possible volatile emissions that
couldbereleased,accessshouldberestrictedtotheinjec-
tion area. Very high temperatures often result from
Fenton oxidation and have melted polyvinylchloride
(PVC)plasticpipes(thecrystallinemelt temperatureof
PVCisapproximately200˚C).Injectionwellsshouldbe
constructedwith stainlessor carbon steel. A soil vapor
extraction system in conjunction with an impervious
coverandoff-gastreatmentmaybenecessarytocapture
volatileemissionsfromtheinjectionarea.Excessivepres-
surebuild-upmayresultindangerousgas/steamventing
conduits at the ground surface (randomly distributed)
and buckling/heaving of asphalt parking lots (mostly
underhighH2O2concentrations).

In-situozonationrequiresanon-siteozonegenerator,gas
handlinganddistributionequipment,andinjectionwells.
Extractionwells(i.e.,asoilvaporextractionsystem)may
benecessary to controlO3 flowdirections (Masten and
Davies, 1997). Subsurface heating and the associated
remedial technology infrastructurewould be needed for
thermalactivationofpersulfate.Radiofrequencyheating,
electricalresistanceheating,oranyotherthermaltechnol-
ogy, is technically feasible for heating the subsurface
(Liangetal.,2001;2003).

III.D.3. Regulatory Constraints on Injection of Reagents

Regulatorypermittingrequirementsforoxidantinjection
have been compiled and organized by state (ITRC,
2005).Theinjectionofoxidantsandreagentsareregu-

lated primarily through the Underground Injection
Control(UIC)programoftheSafeDrinkingWaterAct
(SDWA), theResourceConservationandRecoveryAct
(RCRA), the Comprehensive Emergency Response,
Compensation, and Liability Act (CERCLA), and the
Emergency Planning and Community Right to Know
Act(EPCRA).Throughtheseenvironmentalprograms,
regulatoryapprovalisrequiredandanoxidantinjection
permitmay also be required from some state environ-
mentalagencies. Somestateshave issuedvariancesand
permit exceptions that may affect ISCO activities.
Regulatoryexamplesofsixstates(NJ,CA,FL,KS,MO,
TX) are provided in which chemical oxidation can be
used for soil and ground-water remediation (ITRC,
2005).Individualstatesmayhavemorerestrictiveregu-
lationsthantheFederalprogramslistedabove.Regulatory
constraintsoneachISCOprojectshouldbeassessedona
case-by-casebasis.

EPA’s secondary maximum contaminant level (SMCL)
for manganese in water (0.05 mg/L) is a secondary
drinking water standard due to aesthetics (taste, color,
staining)(Table12)(U.S.EPA,1992).Thepost-oxidation
manganese contentof aquifermaterial canbehigh. At
one site where KMnO4-driven ISCO was used, post-
oxidation ground-water concentrations one year later
exceeded the EPA SMCL forMn (Crimi and Siegrist,
2003).Ideally,duetotheinsolubilityofMnasMnO2(s),
ground-water concentrations of Mn will be minimal
undermostconditions.

Human consumption of MnO4- by recovery in water
supplywellsrepresentsapotentialexposurepathwayand
aserioushealththreat(buthasnotbeenreported).The
characteristicpurplecolorofMnO4-,orpinkcoloratlow
concentration,couldalertwatertreatmentplantoperators
and potential consumers of the oxidant-tainted water.
Releases to nearby surface waters could have serious
environmentalimpactonbiotaandshouldbeprevented.

TechnicalgradeKMnO4maycontainimpurities,includ-
ingCrandAs.Duetothelowmaximumcontaminant
level(MCL)indrinkingwatersetbyEPAforthesemet-
als(0.1mg/LtotalCrMCL;0.01mg/LAsMCL)(U.S.
EPA, 2002), injection of technical grade KMnO4may
result in exceeding theMCL for these elements in the
injectionzone.Althoughtheattenuationofthesemetals
has typically been achievedwithin acceptable transport
distances and time frames (see Section II.C.1.f.,Metals
Mobilization/Immobilization), a site-specific assessment
shouldbeconductedtodeterminewhethertheseparame-
tersneedtobemonitored.KMnO4isproducedbysome
manufacturersspecificallytolowertheconcentrationsof
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these impurities (at additional cost). Additionally, low
concentrations of the oxidant solution can be used to
minimize metals concentration in the ground water.
KMnO4 will exhibit minute amounts of radioactivity.
Radioactivepotassium-40(40K)isasmallfraction(about
0.012%)ofnaturallyoccurringpotassiumandisprimar-
ily beta-emitting, but also involves gamma radiation
(ANL,2002).Thismaybecomeanissueatradionuclide
contaminationsites,suchassomeDOEsites,whereitis
importanttomonitorandlimitradioactivity.

ISFOmayalsoinvolvetheinjectionofacid(s),ironcata-
lyst, and/or stabilizers, any of whichmay be subject to
regulatoryconstraints.Regulatorsmayalsobeconcerned
about the possibility of contaminant volatilization and
subsequent releases to the unsaturated zone, basements,
andair. Similarly,releasesofbothvolatileorganicsand
O3 during in-situ ozonation are a regulatory concern.
Theuseofaconservativeinsolubletracergas(e.g.,helium
(He))during air sparging/injection and/orO3 sparging/
injectioncouldprovidefateandtransportinformationof
volatile organics, O3, and the proper placement of soil
vapormonitoringpoints.Sulfateisareactionbyproduct
from in-situ persulfate oxidation. Since persulfate is
injectedathighconcentration,andcanpersistforweeks
tomonths, thepotential forpersulfate and/or sulfate to
migratetonearbyreceptorsshouldbeassessed.Although
therearewell-documentedbioticandabioticattenuation
mechanisms,ground-watermonitoringisrecommended.
EPAhasestablishedasecondaryMCLforsulfateinwater
(250mg/L)duetoasaltytaste(Table12).

III.E. Field-Scale Implementation and Engineering 
Design Considerations

III.E.1. Treatment Objectives

ThetreatmentobjectivesforISCOvaryfromsitetosite
andinclude,butarenotlimitedtothefollowing:reduc-

tion in contaminant toxicity/mass/concentration (risk
basedormaximumconcentrationlevels(MCLs)),and/or
areductionincontaminantmassfluxacrossasitebound-
ary.ISCOisasourcedepletiontechnologythatiscapa-
bleofremovingsubstantialamountsofDNAPLinsource
zones at sites with favorable hydrogeologic conditions
(i.e., lessheterogeneousandmorepermeable subsurface
conditions); however, achievement of drinking water
MCLs in these source zones aswell as source zones in
more challenging heterogeneous hydrogeologic condi-
tions(e.g.,bedrock,karstsystems,multiplestratigraphic
units)isunlikely(U.S.EPA,2001).However,ISCOis
capable of achieving partial DNAPL depletion, which
mayprovideotherperformancebenefitsincludingelimi-
natingthemobilityoftheDNAPL,andreductioninthe
mass discharge rate of DNAPL constituents from the
sourcezone,whichmayreduceenvironmentalrisksand
lifecyclecosts(U.S.EPA,2001).Oneofthealternative
metrics for judging the performance of source-mass
depletion technologies is contaminant mass discharge,
definedasthesummationatapointintimeofpointval-
ues of contaminant mass flux across a vertical control
planeencompassingtheplumeandperpendiculartothe
meanground-waterflowdirectionatalocationdowngra-
dientof theDNAPL source zone. Theoretical analysis
andfielddata indicatethatpartialDNAPLmassdeple-
tion in the source zone reduces contaminantmass dis-
charge(U.S.EPA,2001).

ISCOisoftendeployedinsourceareastominimizelong-
termsourcesofground-watercontamination.However,
ISCOhasalsobeendeployedatpropertyboundariesfor
thepurposeofpreventingoff-sitemigrationofground-
water contaminants, and in weathered plumes where
NAPLispresentinsmallvolumes,orabsentaltogether.
In this scenario, the majority of the contaminants are
presentassolubleandsorbedphasesatlowerconcentra-
tions(thaninsourcezones).Undertheseoperatingcon-
ditions,ISCOhasamuchhigherprobabilityofachieving

Table12.EPASecondaryMaximumContaminantLevels(SMCL)(AbbreviatedList)

Contaminant SecondaryMCL* NoticeableEffectsAbovetheSMCL

Iron 0.3mg/L Rustycolor;sediment;metallictaste;reddishororangestaining

Manganese 0.05mg/L Blacktobrowncolor;blackstaining;bittermetallictaste

Sulfate 250mg/L Saltytaste

*mg/Lismilligramsofsubstanceperliterofwater

http://www.epa.gov/safewater/consumer/2ndstandards.html

http://www.epa.gov/safewater/consumer/2ndstandards.html
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the MCL objective, than in source zones that contain
NAPLs.ISCOhasalsobeenusedto(1)reducethemass
fluxtopumpandtreatsystems,and(2)toreducethecon-
centration gradient across a low-permeability barrier in
hydrauliccontainmentsystems.

Due to significant challenges requiredof ISCOtomeet
stringent clean-up standards, such as MCLs in source
zones,monitorednaturalattenuationisanintegralcom-
ponent in the overall remedial strategy for source zone
anddowngradientplume.

III.E.2. General Conceptual Approach to ISCO

It is uncertain howbench-scale oxidant demand values
relatequantitativelytotheactualoxidantdemandmea-
sured under field conditions.  It should be recognized
thatconditionsatbench-scale(e.g.,solids:solutionratio,
mixing,contactbetweenoxidant/reagentsandcontami-
nants/aquifer material, etc.) are significantly different
thanfield-scale,andthatsamplesusedinthebench-scale
studymaynotfullyrepresentfieldconditions(i.e.,het-
erogeneities).  Correspondingly, there is uncertainty in
data interpretation andhow the information is used in
pilot- andfield-scale applications. Reviewofnumerous
ISCOreportsrevealsthatdifferentapproachesareusedto
designoxidant(MnO4-,H2O2)loadingforpilot-andfull-
scaleISCOsystems.However,economicandinfrastruc-
ture resources/limitations alsoplay a strong influence in
theoxidantdosageandinjectionprogram.

A single,well-documented, andwell-demonstrated oxi-
dantloadinganddeliverydesignapproachhasnotbeen
establishedforanyoxidant.Overall,thestateofthesci-
ence of ISCO involves the combined use of best engi-
neering and scientific judgment (site characterization,
feasibilitystudytesting,remedialdesign,etc.)inconjunc-
tionwithtrialanderror.Duetotheinherentuncertainty
with contaminant distribution, subsurface heterogene-
ities,andmasstransfer/transportmechanismsthatoccurs
atmostsites,ISCOrequiresmultipleiterationsbetween
oxidant application and performance monitoring.
Through this process, clean areas can be identified
thatrequirenofurthertreatment,andhotspotzones
canbeidentifiedwhichpermitsthestrategicdelivery
of additional oxidant to accomplish the treatment
objectives.

III.E.2.a. Permanganate Oxidation

TherearetwogeneralapproachesusedwithMnO4-:the
“high oxidant loading” and the “iterative oxidant load-
ing”approaches.Someapproachesreportedinthelitera-

ture use various combinations of the two methods
describedbelow.

III.E.2.a (1) High Oxidant Loading 

The“highoxidant loading”approach seeks toapplyall
necessaryoxidantmass inone initial application. This
approach utilizes oxidant demand results and informa-
tionfrombench-andpilot-scaleoxidationtestingincon-
junctionwith empirical factors to estimate the oxidant
loading for an equivalentmass of contaminated aquifer
materialatfield-scale in the targetedzone(s). Empirical
factorsusedinthecalculationhavebeenbasedonamar-
ginofsafety,fieldexperience, typesofaquifermaterials,
oxidationstoichiometry,estimatedmassofcontaminant(s),
reactionratekinetics,differencesbetweenshort-termand
long-termoxidantdemand tests, etc. Subsequently the
oxidantloadisestimatedanddeliveredintothetargeted
zone(s).  It is assumed that theaquifer samplesused in
thebenchtestarerepresentativeofthetargetedzone(s).
Thisapproachmaypotentiallyresult infewer iterations
betweenoxidantinjectionandground-watermonitoring,
fewerfieldmobilizations,andpotentiallylowercost.Due
toheterogeneouscontaminantdistribution,variabilityin
background oxidant demand, and the inability to uni-
formlydeliver the oxidant, this approachmay result in
higheroxidantloading(andcost)thanneeded.Higher
oxidant loading/concentration may result in the trans-
port of oxidant from the targeted zone, higher oxidant
demand, greatermetalsmobilization, greaterMn resid-
ual,andmayeventuallyrequirethesamenumberofiter-
ations and mobilizations as in the iterative oxidant
loadingapproach.

III.E.2.a (2) Iterative Oxidant Loading 

Thisapproachrecognizesthatmultipleiterationsbetween
oxidant injectionandpost-oxidationmonitoringwillbe
required.  Results and information from site-specific
bench-scaleoxidationtestingmayormaynotbeused.It
isassumedthataquifersamplesinbench-scalestudiesmay
notberepresentativeofthetargetzone;contaminantdis-
tributionisheterogeneous;moderateoxidantloadingmay
permanently reduce contaminant concentrations over
large areas of the target zones; contaminant concentra-
tionsmaybe reducedand treatmentobjectives achieved
withoutsatisfyingthetotaloxidantdemandoftheaquifer
material; and subsequent, perhaps heavy, oxidant
loading(s) may be required in smaller hot-spot zones
wheremasstransferandmasstransportlimitationsexist.
Theadvantageof thisapproach is thatpotentially lower
totaloxidantloadingandcostsmayoccur.Thedisadvan-
tage is that potentially a greater number of iterations
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between monitoring and oxidant injections will occur
whichcouldincreasecost.

III.E.2.b. Fenton Oxidation

A well-documented and demonstrated oxidant loading
anddeliverydesignapproachhasnotbeenestablishedand
published.Severalfactorsstronglyinfluencethemassof
H2O2 required.  Some ISFO vendors base themass of
H2O2tobedeliveredonanestimateofthemassofcon-
taminants,reactionstoichiometry,andempirical factors.
Empirical factors used in these calculations have been
basedonamarginofsafety,fieldexperience,andtypesof
aquifermaterials. An estimate of themass of contami-
nantsinconjunctionwithreactionstoichiometryprovides
aninitialtheoreticalestimateoftheH2O2demandunder
idealconditions.However,duetothedifficultyinaccu-
ratelyestimatingthemassofcontaminantsinthesubsur-
face, this approach should be considered a very rough
approximation of the minimum amount of H2O2
required. Additionally, other factors and nonideal mass
transferandmass transportconditions in the subsurface
mustalsobeconsidered.H2O2reactionsthatdonotpro-
duceradicals(nonproductivereactions)andreactionsthat
occur between radicals and non-target species (scaveng-
ing)lowertheoxidationefficiency.H2O2and·OHdeple-
tioninthesereactionsresultsingreaterquantitiesofH2O2
requiredforISFO.

Oncehydroxylradicalsareformed,theyaretransported
only a few nanometers due to their high reactivity.
Therefore,afundamentaltenetofISFOisthattheH2O2,
Fe(II),andcontaminantshouldbeinthesamelocationat
thesametimeforoxidationtooccur. Thefastreaction
rate of H2O2 represents a significant limitation in its
delivery.Verysimply,therateofH2O2transportmustbe
greaterthanthereactionrate.Numerouscaseshavebeen
reportedwhereH2O2deliverywasrestrictedtolocations
near the injection wells/points (i.e., within a few feet),
whichwasattributedtorapidH2O2reactionrates.

AnanalyticalsolutionwasusedtosimulateH2O2trans-
port in porous media for steady-state, radial flow in
homogeneousporousmediawithpseudofirst-orderdeg-
radationofH2O2(Figure5).Inthistheoreticalanalysis,
the same volume and concentration of H2O2 solution
were injected at different rates. A lowH2O2 injection
ratelimitedH2O2distributionandincreasingtheinjec-
tionrateresultedinincreasingthetransportdistanceand
loweringtheinjectiontime.

Acidificationof the injectedoxidant solutionwill reduce
thereactionrateofH2O2.FastdeliveryoftheH2O2solu-

tion at lower pHwill increase the transport distance of
H2O2intotheaquifer.Potentiallimitationsofhighinjec-
tionratesmayinvolveeitherlowhydraulicconductivityor
excessiveinjectionpressure.Shorterinjectionwellspacing
will reduce the lateralH2O2 transport distance required
perwellandisanadditionaldesignparameterthatcould
beusedtoincreaseH2O2coverageinthetargetedzones.

III.E.2.c. Ozone Oxidation

Fewdetailsareavailablethatdescribethestepsandcriteria
usedinestimatingthemassofO3neededforin-situozon-
ation.Oneestimateoftheaveragestoichiometricdemand

Figure5. H2O2undergoesreactivetransportinporousmedia.
TherelativeconcentrationofH2O2isillustratedfor
twooxidantinjectionrateconditions(4L/minand
12L/min;steady-state,radialflow,pseudofirst-order
degradationkinetics;samevolume(30,000L)and
concentrationofH2O2solutioninjected).Thefaster
theinjectionrate,thegreaterthetransport(radial)
distanceofH2O2.Theequationwassolvedforradial
distance(R).Unitswereconvertedfordimensionless
terms([H2O2]t,[H2O2]0=timedependentandini-
tialH2O2concentration,respectively;KH2O2=H2O2
degradationrate(0.91hr-1);R=Radialdistance(m);
Z=Verticalinterval(3m);n=Porosity(0.3);Q=Flow
rate(L/min)).
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for phenanthrenewas 8.69 g ozone per g phenanthrene
(KimandChoi,2002).TheratioofozonemasstoPAH
hydrocarbonmassataformerfueloildistributionterminal
was 7.6:1 (Wheeler et al., 2002).  An ozone dosage of
about0.5gozone/kgsoilresultedintheremovalof81%
of100mg/kgpyrene(MastenandDavies,1997).These
preliminarybench-scale results, inconjunctionwithesti-
mates of the contaminantmass, couldprovide a general
indication of themass ofO3 required.However, under
fieldconditions,nonidealmasstransferandmasstransport
mechanisms, reactive transport, and reactions between
non-target speciesandO3not represented in thebench-
scale studies will result in a greater O3 demand.
Remediationofaformermanufacturedgasplantsiteused
atotal52lbsO3/dayof5to10%O3and90to95%O2,
injectedat7.5scfmand20psi,withoccasionalincreases
to 8 to 12%O3 for contaminant hot spots (Cambridge
andJensen,1999).TheO3concentrationinthegasstream,
the gas flow rate, and the injection pressures should be
includedwhenspecifyingtheO3massdeliveryrate.

O3 will react with OH- in water, which continuously
resultsinanO3demand,suggestingthattheO3demand
isessentiallyinfinite.ThisissimilartoFentonoxidation
whereH2O2 reaction is infinite.  Therefore, in-situO3
oxidationinvolvesatrialanderrorapproachwhereO3is
deliveredandground-watermonitoring isused toassess
theextentofO3transportanddistributionandcontami-
nantdestruction.ModificationstotheO3injectionstrat-
egy to enhance O3 coverage and/or transport include
closerinjectionwellspacing,and/orfasterO3massdeliv-
eryrate(increasingO3content,gasflowrate,orO3pres-
sure).

III.E.2.d. Persulfate Oxidation 

There are similaritiesbetweenpersulfate andpermanga-
nateoxidation(seeSectionIII.E.2.a,above). Forexam-
ple,theoxidantdemandmeasuredinbench-scalestudies,
in conjunctionwith empirical factors, has been used to
estimate the oxidant loading for an equivalent mass of
contaminated aquifer material at field-scale. A similar
approachcouldpossiblybeusedwithpersulfate.However,
fewdetailsareavailablethatdescribethestepsandcriteria
usedinestimatingthemassofNa2S2O8toinject,theper-
sistence of Na2S2O8, and the development of oxidant
injectionguidelines.Someinformationaboutapplication
ratesandloadingapproachescanbegleaned.Thesequen-
tialuseofNa2S2O8andMnO4-inapilot-scalefieldtest
was conducted involving an aquifer contaminated with
residualTCEDNAPL(Drosteetal.,2002).Itwaspro-
posedthatNa2S2O8wouldsatisfythemajorityofthenat-
uraloxidantdemand,thusreducingtheMnO4-demand.

Twotreatmentzones(eachabout8000m3)weretreated
withatotalof8200kgNa2S2O8in4,300,000Lwater(1.9
g/Lsolution)ina64-daylonginjectionperiod.Assuming
uniformdistributionofNa2S2O8,asoilbulkdensityof1.7
g/cm3,andaporosityof0.36,theNa2S2O8 loadingrate
wasapproximately0.3gNa2S2O8/kgsoil.TheNa2S2O8
applicationwassoonfollowedbypermanganateinjection,
indicatingthattheiterativeoxidantloadingapproachwas
notconductedinthistest,atleastnotforNa2S2O8.

ThesequentialuseofNa2S2O8andMnO4-atpilot-scale
was conducted to assess the efficacyof eachoxidant for
the destruction ofCVOCs (e.g., TCE,DCE, andVC)
(Sperryetal.,2002).Amixtureof645kgNa2S2O8and
groundwater/potablewater(40g/L)wasinjectedintoa
340m3 testzone intothreewells (2.5to3.0L/minper
well)for4daysat8hrs/day.Assuminguniformdistribu-
tionofNa2S2O8,asoilbulkdensityof1.7g/cm3,anda
porosityof0.36,theNa2S2O8 loadingratewasapproxi-
mately1.1gNa2S2O8/kgsoil.Again,theNa2S2O8injec-
tionwas immediately followed by injection ofKMnO4
indicatingthattheiterativeoxidantloadingapproachwas
notconductedinthistest,atleastnotforNa2S2O8.

TheNa2S2O8/kgloadingratewas0.3gNa2S2O8/kgsoil
inthetestwheretheoxidantwasintendedtosatisfythe
natural oxidantdemand, and1.1 gNa2S2O8/kg soil in
thetestwheretheoxidantwasintendedtotreatthecon-
taminants.TheNa2S2O8concentrationvariedwidelyin
thesetwotests(1.9,40g/L)indicatingthata“highoxi-
dant loading” approach over smaller areas is a design
option, and may have been intended to significantly
decreasethecontaminantmassinjustoneapplication.

III.E.3. Oxidant Delivery

TheminimumvolumeofH2O2injectedshouldbesuffi-
cientforfullcoverage(saturation;porevolumeinjection)
of the targeted zone. Multiple pore volumes ofH2O2
mayberequired.Simplecalculationscanbeusedtopro-
videaquickcheckonthisimportantdesigncriteriabutit
isoftenoverlooked.Similarly,fullcoverageofthetarget
areaisrequiredinO3oxidationinvolvingeitherdissolved
O3(O3(aq)),O3sparging,orO3(g)injectionintheunsat-
uratedzone. DuetothehighconcentrationsofMnO4-
andS2O82-andsubsequentdensity-driventransport(and
diffusivetransport),fullcoverageofthetargetedzonemay
beachievedwithoutinjectionofoneporevolume.

Injection of any oxidant solution into a source area can
resultinthedisplacementofcontaminatedgroundwater
from the source area and transport into potentially
uncontaminatedareas.Anoutside-indeliverydesigncould
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minimize the impact from the lateral displacement of
contaminatedground-water.Othersite-specificstrategies
couldbedevelopedtopreventthespreadofcontaminated
ground water during ISCO.  Similar deliverymethods
areusedforbothpermanganateandpersulfate.Although
persulfate oxidation is an emerging technology, the
followingdiscussion isalsoapplicabletothedeliveryof
persulfateintothesubsurface.

MnO4- delivery techniques includedirectpush technol-
ogy,injectionwells(withorwithoutrecirculation),injec-
tion and recovery (push-pull in wells), hydrofracturing,
andapplication/infiltrationatthegroundsurface.Direct
pushtechnology(GeoProbe,lancepermeation,etc.)pro-
videswideflexibilitybothinthelocationandthevertical
interval foroxidant injection.  Ideally,oxidant injection
(1to2gpm,20to30psi)occursinshort(approximately
0.5to2ft)screenedintervalsresultinginthedeliveryofa
thinlayerofoxidantsolutionintotheaquifer(Figure6).
Thisinjectionstrategyminimizesthelateraldisplacement
ofcontaminatedgroundwaterintheinjectionzone.The
oxidantisinjectedat5-to10-ftintervalsoverthedepth

of the targeted zone and density-driven and diffusive
transportoftheoxidantbetweentheverticalinjectionlay-
ers results in interlayerdistributionof theoxidant solu-
tion. Nonideal transport of the oxidant due to
heterogeneities can result in various patterns of oxidant
distribution and the actual distribution should be con-
firmedwithagoodmonitoringsystem.Oxidantleakage
at the ground surface and breakout into non-targeted
zones can result from excessive injection pressures.
Injectorsandwellsshouldbesealedtopreventshort-cir-
cuiting.Injectionlocationsaresometimesbackfilledwith
acement/bentonitematerialimmediatelyafterthedirect
pushtoolisextractedtominimizeshortcircuitingofcon-
taminants.  Subsequent injectionof oxidant inbetween
previousinjectionpointsandatdifferentverticalintervals
allowsflexibilityinoxidantdistribution.Thedirectpush
technologymaynotbepossibleinsomegeologicenviron-
mentswhererocks/cobbles/boulderspreventthetoolfrom
advancingintothesubsurface.

Injectionwellscanbeconstructedwithawiderangeof
materials(PVC,stainlesssteel,etc.).Wellscanbeused

Figure6. In-situpermanganateoxidationinvolvingtheemplacementmethodofoxidantdelivery.Directpushtechnologycan
beusedtoinjectthepermanganatesolutionovershort-screenedintervals.Deliveryoftheoxidantovershort-screened
intervalscanreducethedisplacementofcontaminatedgroundwaterrelativetoinjectionoverlonger-screened
intervals.Stacked,intermittentlayers(5to15ft)ofoxidantwilldisperseverticallyandlaterallywithtime.
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to re-inject oxidant solutions but re-injection is
restricted to the same physical location.  The vertical
interval for oxidant injection can be varied either by
usingnestedwellsorbytheuseofpackerstoutilizespe-
cificscreenedintervals.Oxidantinjectionathighpres-
suresinnestedorpackedwellsmayresultinhydraulic
short-circuiting into the adjacent nested wells above
and/or below the well where oxidant is injected.
Additionally, excessive injection pressures should also
beavoidedtominimizeoxidantbreakoutintonon-tar-
getedzonesviahydraulicfracturingoftheporousmedia.
Ground-waterpumpinginadjacentwells(untilbreak-
throughoftheoxidantoccurs)maybeusedtocontrol/
enhance the directional transport of the oxidant.
Oxidant recirculation between injection and recovery
wellsisoccasionallyusedtoenhancedelivery/distribution
(Figure7).Thisinjectionmethodisusuallydeployedin
low-permeabilitymaterialstoenhancethedeliveryofthe
oxidant.Recirculationcaninvolvesignificantadditional
expensestopumpandtreatthegroundwaterbeforeitis
re-injected.Expenseswithrecirculationsystemsinclude
butarenotlimitedtoengineering,airstripping,filter-

ing of solids (MnO2(s), silicates, etc.), re-amendment
withKMnO4/NaMnO4, disposal of excesswater,pip-
ing,tanks,electricity,etc.

Oxidant flooding of former surface impoundments (or
topographicaldepressions)withunderlyingcontaminants
canbeusedtodeliverMnO4-solutionsoverlargeareas.
Subsequently,infiltrationoftheoxidantsolutionintothe
contaminated sediments can result in effective delivery
andoxidativetreatment.Theinfiltrationsurfaceshould
bewell-gradedtoallowuniformdistributionoftheoxi-
dant solution over the ground surface, and to prevent
accumulationandinfiltrationoftheoxidantsolutionover
smallerareas.Largediameter(8-ft)augeringwasusedto
deliverKMnO4to47ftbelowgradeintotheunsaturated
and saturated zones (Gardner et al., 1998). Horizontal
wellsineitherthesaturatedorunsaturatedzonemayalso
provideaneffectivedeliverytechnique.Emplacementof
KMnO4 into fractured silty clay soils to treatTCEwas
investigated (Siegrist et al., 1999).  Laboratory experi-
mentsandmodelingwereusedtoinvestigatethefeasibil-
ityofemplacingsolidKMnO4intoverticalwells.Ideally,

Figure7. In-situpermanganateoxidationinvolvingtherecirculationmethod.Injectionandextractionwellsareusedto
deliverandrecovertheoxidantsolution.Above-groundtreatmentisrequiredtoremoveparticulatematter(i.e.,
MnO2(s),sand,silicates)andpossiblyCOCs/VOCs,andtore-amendthegroundwaterwithpermanganatebefore
re-injection.
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theMnO4-wouldslowlydiffuseintothegroundwater
andformatreatmentzonetotreatcontaminantplumes
(LiandSchwartz,2004b).

H2O2injectionrequiresinjectionwellsthatcanwithstand
elevatedpressuresandtemperature.Exothermicreactions
and elevated temperatures that result during ISFO
weakens PVCmaterial and the elevated pressure causes
material failure. Consequently, wells should not be
constructed of PVC under these conditions (refer to
Section II.C.2.e. O2(g) Generation and Exothermic
Reaction). Injection wells constructed of stainless or
carbon steel have been used successfully under these
conditions.  Injectionwells should be sealed to prevent
hydraulic short-circuiting along the well bore and the
potentialreleaseofH2O2solutionatthegroundsurface.
During H2O2 injection, O2(g) expansion, elevated
pressure, and breakout of H2O2 can occur.  This can
occur more easily when injecting at shallow intervals.
Breakoutcouldexposesiteworkerstohighconcentrations
of H2O2, acid, high temperature liquids and/or steam,
and contaminants. Careful monitoring should be
performedduring injection todetect this conditionand
triggercessationofinjectionactivities.Duetotherapid
reactionofH2O2,closelyspacedinjectionwellsandfast
injectionratesarerequiredfortheoxidanttobedistributed
into the aquifer (refer to Section III.E.2.b. Fenton
Oxidation).  In-situ Fenton oxidation often involves
vendor-specific reagent mixes, injection methods,
equipment,pressures,andstrategies.Acriticalreviewof
the oxidant and reagent injection program should be
conductedtoassureadequatedeliveryofthesechemicals
undersite-specificconditions.

DeliveryofO3intothesubsurfacemainlyinvolvesinjec-
tionwells(refertoSectionII.C.3.b.In-SituApplication).
Extractionwellsmaybeusefultohelpcontrolthetrans-
port direction of O3 in the subsurface (Masten and
Davies,1997).Horizontalwellshavebeenusedtointro-
duce O3 into the saturated zone (Nelson and Brown,
1994),andmaybeusefulincombinationwithsparging
technologies.However,itisnotclearthatthepotential
advantages of installing horizontal wells warrants the
additionalcosts(MastenandDavies,1997).O3remedi-
ationataformermanufacturedgasplantsiteusedboth
vertical injection wells in the saturated zone as ozone
spargepointsandahorizontalwell6ftunderthewater
tablethathada135-ftscreenedsection(Cambridgeand
Jensen,1999).Injectionstrategiescouldincludeanini-
tial phase of operation consisting of sparging with air
while collecting the vapors with a soil venting system,
such as at a PCE-contaminated ground-water site in
CarsonCity,NV(MastenandDavies,1997).

III.E.4. Monitoring

III.E.4.a. Ground-Water Monitoring 

Ground-water contaminant concentrations represent an
integratedmeasureofthetype,phase,andmagnitudeof
contaminants in the subsurface. Therefore, the ground
water can generally be used as a reliable indicator of
treatmentperformance,asadiagnostictooltodesignand
direct oxidant applications, and to determine optimal
oxidantdeliverylocation(s).Forexample,areductionin
theconcentrationoforganiccontaminantsbetweenpre-
and post-oxidation, or simply whether the resulting
concentrations approach established cleanup levels are
often used as metrics for performance evaluation.
Additionally,persistenceofVOCsindicatesasourcearea
thatrequiresadditionaloxidantapplication.Fortunately,
oxidants, especially KMnO4 and Na2S2O8, can be
distributed in source areas in a manner that does not
require pinpoint accuracy of contaminant mass and
location. Several mass transfer and mass transport
limitationspresentsignificantchallengestoeffectiveand
efficient ISCO.  These include slow oxidant transport
through low-permeability layers, preferential oxidant
transport through high hydraulic conductivity zones
(inability to deliver the oxidant to the target area), fast
oxidant reaction rates, background oxidant demand,
excessivedemandinhotspotareas,etc.Theseconditions,
and others, will ultimately limit ISCO.  The extent to
which each of these potential limitations manifest
themselves at a site may never be accurately assessed.
However, the combined effect can be assessed through
pre-andpost-oxidationground-watermonitoring.

Rebound in post-oxidation ground-water contaminant
concentrations is time dependent and involves (1) the
masstransferfromadsorbedandDNAPLphasesintothe
ground water, and (2) contaminant mass transport in
groundwatertowellswhereitcanbesampledandana-
lyzed. Collection of ground-water samples immediately
afteroxidantinjectionand/orconsumptiondoesnotallow
sufficient time for rebound and would likely represent
transient (nonequilibrium) conditions. Ground-water
monitoringshouldbedelayedfortheseprocessestooccur
afterISCOhasbeenimplemented.Site-specificcontami-
nant transport calculations can be used to estimate the
time required for contaminant transport tomonitoring
well locations after oxidant consumption.  Estimates of
the duration of rebound are not well-documented and
mayeasily requiremonths to fully rebound.  InFenton
andO3oxidation,O2(g)intheporousmediamayinter-
ferewithmass transfer andmass transport and require
longertimesforrebound.
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Conversely,ground-watersamplescollectedimmediately
after ISCO deployment may be useful for operational
evaluation.Forexample,ground-watersamplescontaining
significantcontaminantconcentrations indicatehotspot
areasthatwilllikelyrequireadditionaloxidant.Therefore,
decision-makingandadditionaloxidant injectionscould
occurbeforereboundisfullydevelopedanddocumented.
However, nondetect or low concentrations of the
contaminants in ground-water samples are generally
inconclusive until sufficient time has been allowed for
rebound. Ground-water sampling immediately after
ISCO may provide an early warning for metals
mobilization.  Attenuation of mobilized metals is time
dependentandsubsequentsamplingmaybenecessaryto
assesstransportandpotentialexposurepathways.

Ground-watersamplescollectedforanalysisofcontaminants
that contain the oxidant shouldbe avoided. Theoxidant
couldinterferewithanalysisoftheground-watersampleor
couldcontinuereactingwiththecontaminant(s)andinterfere
withdatainterpretation.InthecaseofMnO4-,reductants
are added to reactwithMnO4- and eliminate theoxidant
(e.g. sodium thiosulfate, sodium bisulfite). Ground-water
samplingandanalysisforcontaminantsaftertheoxidanthas
fullyreactedisrecommended.

Ground-watermonitoringwells,piezometers,ortempo-
rary well points can be used to measure direct and/or
indirect parameters of treatment performance.
Performancemonitoringwillrequireground-watersam-
ples collected frommonitoringwells that are appropri-
ately constructed and strategically placed.  Sentrywells
maybeusedtoassesscontaminanttransportafterISCO.
ThisisespeciallyapplicabletoFentonsystemswherevar-
ious enhanced transportmechanisms could result from
H2O2injection(refertoSectionII.C.2.h.Disadvantages).
Pre- and post-oxidation monitoring of injection wells
may provide useful information on treatment perfor-
mance.However,optimalISCOtreatmentperformance
willoccurneartheinjectionwell.Consequently,ground-
water contaminant and reaction byproduct concentra-
tionswillbelow,andhigh,respectively,inground-water
samples collected from injection wells.  Ground-water
monitoringdatarepresentativeofaninjectionwellshould
bequalifiedforthisreason.

III.E.4.b. Aquifer/Soil Sampling

Themajorityofcontaminantmass insourceareaswhere
ISCOisdeployedispresentasNAPLorsorbedinthesolid
phase.Extractionandanalysisofaquifermaterialandsoil
samplescollectedimmediatelyafteroxidantconsumption
maypotentiallyproviderapidfeedbackonISCOtreatment

performance and spatial distribution of contaminants.A
delayinsamplingforcontaminantreboundisnotnecessary
forthesesamples.Numerouspre-andpost-oxidationsoil
core samples, distributed horizontally and vertically, are
often required to quantify the spatial distribution of
DNAPL and to assess whether significant reduction in
treatmentwas accomplished. Accumulation ofDNAPL
on distinct lithologic units may result in a predictable
pattern of DNAPL distribution. Under this condition,
pre- and post-oxidation contaminant characterization is
morestraightforwardandeconomicallyfeasible.

III.E.4.c. Other

DuetotheheatandO2(g)releasedduringH2O2 injec-
tion, volatilization of organic contaminants is highly
probable.Therefore,performancemonitoringatin-situ
Fenton oxidation sitesmay involvemonitoring volatile
emissions.  The extent of volatilization during in-situ
Fentonoxidationhas not been adequately investigated.
Volatilereleases,especiallyfromsourceareascontaining
DNAPLorfuels,representahighpotentialforvolatiliza-
tion,exposurepathways,andhealthandsafetyhazards.
Volatilization may also result from the sparging effect
thatoccursduringin-situozonationespeciallyifairsparg-
ing/injection is a component in the treatment process.
O3itselfisahazardousoxidantandhumancontactand
inhalationcouldhaveserioushealtheffects.Untilthese
potential exposure pathways can be documented and
evaluated,volatileandO3emissionsshouldbemeasured,
controlled,andcaptured.Correspondingly,soilvacuum
extraction,soilvapor,soilgaspressure,andoff-gasmoni-
toringmay be needed. This should be evaluated on a
case-by-casebasis.

ElevatedtemperaturesandpressuresduringH2O2injec-
tioncanresultinthereleaseofsteamandvolatileemis-
sionsduring ground-watermonitoring (i.e., openingof
monitoring well caps).  To avoid this potential health
andsafetyhazard,sufficienttimeshouldelapsetoallow
the releaseofO2(g),dissipationofpressure,andreduc-
tionintemperature.

III.E.4.d. Process and Performance Monitoring 

Processandperformancemonitoringparametersaresum-
marizedinTable13.

III.E.5.  Summary of Contaminant Transport and Fate 
Mechanisms during ISCO

During ISCO, there are several transport and fate
mechanisms that may occur simultaneously with
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oxidation. The role of these mechanisms should be
evaluated on a site-specific basis. In some cases, these
mechanismscanbedesirable,i.e.,enhancedmasstransfer.
In other cases, it is not desirable (i.e., volatile losses,
exposurepathway,healthrisk,etc.),andappropriatesteps
should be taken to minimize the impact. CO2 (g)
production during permanganate oxidation in heavily
contaminated zonesmaymobilizeNAPLand transport
NAPL vapors (Reitsma and Marshall, 2000). Fenton
oxidation involves themostcomplex rangeof transport
andfatemechanismsoftheoxidants(Figure8).Thermal
effects resulting from the Fenton reaction enhance the
fateandtransportmechanismslistedbelow.

Transportmechanisms
• Advectivetransportofcontaminantsinground
waterresultsfromground-waterdisplacement
duringinjection,ground-watertransport
undernaturaland/oraninducedgradient,and

Table13.ProcessandPerformanceMonitoringParameters

Parameter PurposeoftheData/Information

ProcessMonitoring

TargetContaminant

Oxidants(H2O2,MnO4
-,S2O8

2-,O3)

Metals

Fe,Phosphate,Chelators

pH

Alkalinity/BufferCapacity

Eh(electrodepotential)

Ground-WaterLevel

Existenceorpersistenceofthetargetcontaminantcanbeusedtodeterminewheretodesignthe
spatialdeliveryoftheoxidant.

Estimateradiusofinfluenceofoxidantinjection;Evaluateoxidantdistribution;Calculatereaction
kineticstohelpdesignmonitoringprogram.

Assesswhetherredox-and/orpH-sensitivemetalsaremobilized;Assessattenuationofmobilized
metals.

Assessradialinfluence/distributionofinjectedreagents.

AssesswhetherpHisoptimal;Assessimpactofacidinjection/pHmodification.

AnticipateacidrequirementsforpHmodification.

Generalindicatorofoxidantdistribution.

Assesshydraulicconnectionbetweeninjectionmonitoringwellsandpotentialtransportpathways.

PerformanceMonitoring

TargetContaminant

ReactionByproducts


Assesstreatmentperformanceviareductioninconcentrationsand/ormassingroundwater,
aquifermaterial,andNAPL;Assesswhethercleanupobjectiveisbeingachievedandifthesitecan
beclosed;Monitoringsoilgasoroff-gasrevealsthefateandtransportandpotentialexposure
pathwaysofvolatileorganics;Assesschangesintheplumedimension.

Confirmthepresenceandtransformationofthetargetcompound(s);Estimatethemassof
contaminanttransformed(forexample,oxidationofchlorinatedorganiccompoundsreleasesCl-);
Evaluatethepresenceofsorbedandnon-aqueousphases;AssesssecondaryMCLs.

pneumatically-drivenground-watermovement
fromO2(g)production/expansion.

• Diffusivetransportofcontaminantsinground
waterfromhightolowconcentrationis
influencedbyISCOactivities/mechanisms.

• NAPLtransportmayresultfromchangesinthe
hydraulicgradientattributedtoISCOactivities.

• Advectiveanddiffusivetransportofvolatileor-
ganicsinthegasphase.Enhancedtransportof
volatileemissionsduetoO2(g)evolutionduring
Fentonoxidation.

Fatemechanisms
• Oxidationofdissolved,sorbed,andNAPLphase
organiccontaminants(i.e.,thetreatmentobjective).

• Transportofvolatilecompoundsintothe
unsaturatedzone/atmosphererepresentsthe
phasetransferofcontaminantsratherthana
destructivelossmechanism.
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• Biodegradationmayoccurunderpre-andpost-
oxidationconditions.

• Sorption(adsorption,desorption)isimpacted
bychangesinthecontaminantconcentrationsin
eitherthegroundwaterand/oraquifermaterials.

• DissolutionoforganicsfromNAPLintothe
groundwater.

• Hydrolysis(andpossiblyotherabioticreactions)
isadestructivemechanismfororganic
contaminants.

III.E.6. Safety Issues

H2O2,MnO4-, S2O82-, andO3 are all strong oxidizing
agentsandshouldbehandledusingappropriatemethods
andpersonalprotectiveequipmenttopreventtheriskof
chemicalburns,fire,andexplosions.Oxidantcompatibil-
ity with all materials used in the remediation process
shouldbereviewedandevaluatedtominimizeequipment
deterioration,leaks,andfailure.Healthandsafetyplans
(HASPs) shouldbe reviewedbypersons involved in the

Figure8. Conceptualmodelofin-situFentonoxidationandpotentialfateandtransportmechanisms.(A)Cross-sectionof
hazardouswastesitecontainingDNAPLinthesaturatedandunsaturatedzones.Injectionwellisconstructedinthe
sourceareaandtwomonitoringwellslocatedintheupgradientdirection(downgradientmonitoringwellsnotshown);
(B)H2O2isinjectedandreactsproducingheatandO2(g).Contaminantsaretransformedviaoxidationandother
possiblemechanisms(reductivetransformation,hydrolysis).ThepneumaticpressurefromtheO2(g)andfromH2O2
injectionresultsinmoundingofthegroundwateranddisplacementofthegroundwaterawayfromtheinjectionpoint.
DNAPLmovement,andenhancedvolatilizationofcontaminantsbyO2(g)sparging+heatmayalsooccur;(C)O2(g)
spargingofthegroundwaterinmonitoringwells,artesianconditions,andcontinuedground-waterdisplacementand
enhancedvolatilizationmayoccur;(D)H2O2injectionceasesandisfullyreacted.Lossofthetargetcontaminant(s)in
thesourcezoneisachievedbyoxidationtransformationbutmaynotbedifferentiatedfromotherfateandtransport
mechanisms.Contaminantmasstransferandtransportresultsinrebound.
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oxidanthandlingandotheron-siteISCOprocedures.A
ProjectSafetyandOccupationalHealthOfficer(orequiv-
alent) should review field operation plans and personal
protectionequipmentorotherprocedures thatwillpro-
tectworkersafetyandhealthwhilehandlingtheseoxidiz-
ers.Oxidantmanufacturersprovideup-to-datematerials
oncompatibility,handling,storage,andhealthandsafety
information.  Such information is easily accessible on
manufacturers’websites.Allon-sitepersonnel shouldbe
trainedaccordingtotherequirementsspecifiedin29CFR
1910.1200 (h) (OSHA’s Hazard Communication
Standard)forthespecificoxidizer. Materialssafetydata
sheets(MSDS)canprovideusefulinformationregarding
health and safety issues and shouldbeon-sitewhen the
work isperformed. Coordinationwith local emergency
responseserviceproviderswillassuretheyarepreparedin
theeventofaspill/releaseemergency.

Theworksiteshouldbesetupsotheoxidant,whether
liquid or solid, will be contained and (1)will notmix
withorganicsorotherincompatiblematerial,or(2)flow
uncontrolled into the environment (i.e., lake, stream,
etc.)ifanaccidentweretooccur.Protectivesafetyequip-
ment including aportable eyewasher and shower could
beusedassuminganaccidentalexposuretooxidant(s)or
otherreagentsoccurred.Theseshouldbesetuponsite
whereoxidizersandotherchemicalmaterialswillbehan-
dled or potentially contacted by on-site personnel.
Standards for protective safety equipment are available
through the American National Standards Institute
(ANSI)(i.e.,ANSIZ358.1-1998,EyewashandShowers).
O3 generation equipment  and associated plumbing
shouldbeoperatedandmaintainedintheopenairora
well-ventilatedbuilding/temporary structure so thatO3
from a leak or improperly operated equipment cannot
builduptolevelsthatwillbehazardoustoworkers.The
storageofliquidandsolidoxidizersshouldcomplywith
standards established by the National Fire Protection
Association(NFPA430:CodefortheStorageofLiquid
andSolidOxidizers)(NFPA,2006).

Afataldoseofpermanganateingestionforanadulthas
beenestimatedtobe10g(CarusChemicalCompany,
2004), however, deleterious effects will occur from
ingestionofmuchlowerdoses.Thecharacteristicpink
colorofMnO4-canbeobservedat lowconcentrations
(severalmg/L),providinganeasydetectionmethodand
preventionofpotentialexposurepathways.Precautions
shouldbetakentopreventinhalationofKMnO4dust
during handling and mixing. Commercially available
permanganatemixingequipmentcanbeusedtomini-
mizepotentialexposurestotheoxidant. Skinandeye
contact,andingestionofMnO4-mustalsobeavoided.

Unused oxidant solution should be neutralized by a
reductant such as sodium thiosulfate or sodiumbisul-
fite.Neutralizationchemicalsshouldbeavailablewhen
theoxidantisdeliveredtothesite.Duetothepoten-
tiallyviolentreactivity(especiallyathighersodiumper-
manganatesolutionconcentrations), theneutralization
should be conducted carefully, using adequate safety
precautions. Serious burns to an individual resulted
from an accident in 2000 during ISCO at the
PortsmouthGaseousDiffusionPlant,Piketon,OHin
which sodium thiosulfate was improperly added to a
concentratedNaMnO4solution.

Reactions involving H2O2 are exothermic and release
largevolumesofO2(g),especiallyathighH2O2concen-
tration. This reaction (and O3 sparging) can result in
enhanced volatilization and dispersal of organic vapors
whichmayrepresentanexposureriskoranexplosionor
fire hazard. Specifically, accumulation of flammable
vaporsinbasements,buildings,crawlspaces,etc.,could
resultinunacceptableindoorairqualityandexposuresto
humans,orexplosionorfirehazards.In1997,anexplo-
sionandfatalitywasreportedinWisconsinataresidence
nearachemicaloxidationprojectatapetroleum-contam-
inatedsitewheregasolinevapormigrationhadoccurred
insewerlines.

O3hasadverserespiratoryeffects,andexposuretoharm-
ful levels must be avoided. O3 injected during ISCO
should be fully reacted in the subsurface. O3 released
intotheaircouldbeinhaledbysiteworkersorothersin
thearea.O3monitoringinairattheISCOsiteshould
bean integralcomponent to the routinemonitoring to
prevent unacceptable exposures. Additionally, O3 pro-
duction,storageequipment,anddeliverylinesshouldbe
monitoredroutinelyforleaksthroughappropriatedetec-
tionandpressuretestingprocedures.

Na2S2O8candecomposeinstorageunderconditionsof
moistureand/orexcessiveheat,causingreleaseofoxides
ofsulfurandO2thatsupportcombustion.Decomposition
could result in high-temperature conditions.  Airborne
persulfate dust may be irritating to eyes, nose, lungs,
throat,andskinuponcontactandmaycausedifficultyin
breathing(FMC,2006).Areviewofpotentiallyincom-
patible ISCOmaterials (withNa2S2O8) should be per-
formedpriortouseofthisoxidant.

III.E.7. Treatment Trains

Treatment trains involving other technologies used
before, during, or after ISCO can be used to enhance
treatmentperformance.
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NAPLRemoval:RemovalofNAPLpriortoISCOisan
importantfirststepinsourceareatreatmentandisgener-
allymore efficient and effective than ISCO. Thiswill
decrease themass of oxidant required for contaminant
destruction.  Additionally, this will increase theNAPL
surfaceareaforchemicaloxidation,reducethepotential
masstransferlimitationsthatresultsfromMnO2(s)depo-
sitionattheNAPLinterface,andreduceNAPLmobility
during ISCO. Different technologies have beendevel-
oped for the purpose ofNAPL removal (Newell et al.,
1995;API,1996;U.S.EPA,1996;U.S.EPA,2001b).

Excavation:Soilexcavationofheavilycontaminatedsoils
maybeaviableoptionatsomesitestoreducecontami-
nantmassandleachingofcontaminantstogroundwater.
Thetopographicaldepressioninthesubsurfacemayalso
serveasaninfiltrationtrenchforthedeliveryofoxidant
tocontaminantsresidingatlowerelevations.

Soil Vapor Extraction (SVE): SVE can be used prior to
ISCO to control, capture, and remove volatile organics
fromtheunsaturatedzone.Priortopermanganateinjec-
tion at the Union Chemical Company Superfund Site
(SouthHope,ME),SVEwasusedtoremediatetheunsat-
urated soils (Connelly, 2003). Remedial objectives for
SVEaretoremediatetheunsaturatedzoneandtoprevent
recontamination of ground water during/after ISCO.
Duetotheenhancedvolatilizationeffectsthatoccurdur-
ingin-situFentonoxidationandO3sparging,SVEcould
be used to prevent volatile emissions, reduce exposure
pathways,andminimizeuncontrolledlossandaccumula-
tion of flammable vapors.  SVE can also provide better
distributionofO3intheunsaturatedzone.

Oxidation:Reduction:Contaminantmixturesmaybecom-
prisedofchemicalsthatarenotentirelyvulnerabletooxi-
dation.Underthiscondition,anotherreactionmechanism
suchasreductivetransformationmaybeneededtofully
transform the contaminant mixture. Sequencing oxida-
tionandreductionreactions,or,reductionandoxidation
reactions, may be needed.  Chemical reduction using
dithionitefollowedbychemicaloxidation(H2O2andFe)
waslaboratory-testedforamixtureofhalogenatedalkanes,
halogenated alkenes, and aromatics (Tratnyek et al.,
1998). Dithionite isa reductant that reducesFe(III) to
Fe(II).Subsequently,carbontetrachloride(CT)isreduc-
tivelytransformedviaFe(II),but ispoorlyoxidizableby
chemical oxidants.  Ideally, dithionite is used first to
reductivelytransformCT,andisfollowedbyFentonoxi-
dationtotransformtheothercontaminants.However,it
proved difficult to achieve successful results with the
sequentialapplicationofreductantandoxidantduetothe
reactionbetweentheoxidantandresidualreductant.The

sequential application of reductants and oxidants, and
viceversa,involvesabroadrangeofcompetingredoxreac-
tions.Ideally,thisapproachhasawiderangeofapplica-
tion,butisnotcurrentlyawell-developedtechnology.

Bioremediation: Sequencing oxidation and reduction
reactionsmay be achieved through biological reductive
treatment.Electrondonorreagents(i.e.,hydrogenreleas-
ingcompounds,lactate,vegetableoil,etc.)injectedinto
thesubsurfacecanbiologicallyproducereducingcondi-
tionsandreductivetransformations.Onesitewherecar-
bonsourceswereinjectedtocreateananaerobicreductive
dechlorination environment after permanganate ISCO
wastheUnionChemicalCompanySuperfundSitenear
SouthHope,ME(Connelly,2003;ITRC,2005).

Enhancedornaturallyoccurringreductivetransformation
ofoxidation-resistant compoundsmayoccurdowngradi-
entfromtheISCOareaprovidedthatsufficientseparation
canbeachievedtoallowthepredominantredoxzonesto
develop.  Post-oxidation enhanced bioremediation may
includeaerobicbiodegradationoraerobiccometabolicbio-
degradationwith addition of co-substrates.  Site-specific
feasibility testing isnecessary toaddress theuncertainties
ofsequentialoxidationandbioremediation.

It is anticipated that innearlyall cases,natural attenua-
tionwillbeanintegralcomponenttoISCObecauseitis
noteconomically feasible forISCOalonetoachievethe
low cleanup standards specified at many sites for the
sourcearea,and/orfortheentireplume(refertoSection
III.F.5. Impact of ISCO on Natural Attenuation and
Biodegradation).

OxidantCombinations:H2O2 isareactantofS2O82-that
producesthesulfateradicalandmaybeinjectedasanacti-
vatorduringin-situpersulfateoxidation.InjectedH2O2,a
lowcostoxidant,willreactwithnaturallyoccurringFe(II)
toform·OHandoxidizecontaminants,andwilloxidize
reducedaquifermaterials,thusloweringtheTOD.This
pre-treatmentstepwouldlowerthereactionrateandoxi-
dantdemandforMnO4-andmaybemorecosteffective.

Thesequentialinjectionofpersulfateandpermanganate
wasintendedtosatisfytheNODwithS2O82-andoxidize
theVOCswithMnO4-(Drosteetal.,2002).Theintent
ofthisapproachwastominimizetheamountofMnO4-
required to meet the treatment objectives, and subse-
quently tominimize theaccumulationofMnO2(s)and
the potential for permeability loss.  However, it was
unclear to what extent TCE, DCE and VC were oxi-
dized. Theuse of combiningoxidants requires further
investigation,sincetheimpactofpersulfateonNODis
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unclear.Othershavereportedthatpersulfateisrelatively
unreactive toward naturally occurring organic matter
(BrownandRobinson,2004).

Ground-WaterPumping:Ground-waterrecirculation(and
oxidant replenishment) or simply ground-water extrac-
tioncanbeusedduringISCOtoenhancethetransport
rateanddirectionoftheinjectedoxidant.Ground-water
pump-and-treatmaybeusedtocontrolandcontainthe
migration of contaminants and the injected oxidant, to
improvedeliveryoftheoxidant,ortopreventmigration
topotentialreceptors.

Thermal Treatment: Thermal treatment, such as radio
frequency heating, is likely to be necessary to heat the
subsurfacesufficientlysothatthermally-activatedpersul-
fateoxidationcanbeeffective(Liangetal.,2001).The
useof solar energymayalso serve toeconomicallyheat
thegroundwaterinwarmclimateregions.

III.F. Limitations/Interferences/Impacts

III.F.1. Untreated COCs/Rebound

Organic chemicals that are poorly reactivewith specific
oxidants will persist in the ground water (Table 2).
However, these compoundsmaybe vulnerable to other
remediation technologies (refer to Section III.E.7.
TreatmentTrains)ormayattenuatenaturallywithaccept-
ablerisk.Persistenceoftheorganicchemicalsmayalsobe
duetoinsufficientdeliveryofoxidant.Causesofinsuffi-
cientdeliveryinclude(1)reactivetransportandconsump-
tionoftheoxidantpriortofullyreachingthetargetzone,
(2) underestimating the total oxidant demand, and (3)
deliveryofoxidanttonon-targetedzones.Goodsitechar-
acterization and performancemonitoring are needed to
determinewhycontaminantspersistandtotakestepsto
assureadequateoxidantdelivery.

Contaminant rebound involves the condition inwhich
contaminantconcentrations in thepresenceofoxidants
arelowornondetectable,butsteadilyincrease(rebound)
in the ground water after oxidant concentrations have
diminished. Reboundisattributedtoextendedperiods
ofslowmasstransferandmasstransportmechanismsof
the residual contaminants.  Thesemechanisms include
the slow dissolution of contaminants from NAPL or
throughMnO2(s)precipitateonNAPL,slowdesorption
fromaquifermaterials,slowadvectivetransportinground
water, and slow diffusive transport of contaminants
usually from low-permeabilitymaterials.  Ifmonitoring
wellsarenotlocatednearthesourcezone/ISCOarea,the
prolonged time required for ground-water transport,

sampling,anddetectionofcontaminantscanbedelayed
and contribute to rebound. In Fenton systems, O2(g)
entrapped in porous media may also interfere with
ground-waterflow,masstransport,ormasstransfer.

Few sites where ISCO has been implemented, if any,
haveachievedthetreatmentobjectivesinasingleappli-
cation.Becauseofthehighprobabilityofrebound,mul-
tiple applications shouldbebudgeted andplanned.  In
general,thisinvolvesaniterativeapproachofmonitoring
diagnostics and reapplications of the oxidant (refer to
SectionIII.E.2.GeneralConceptualApproach).Rebound
underscores the importance of establishing an efficient
monitoring well network, long-term monitoring, and
multipleoxidantapplications.

III.F.2. Toxic Reaction Byproducts

Metals: An increase in heavy metals concentration in
ground water may result from heavy metals impurities
contained in the permanganate, and mobilization of
pre-existingredox-orpH-sensitiveheavymetals(in-situ)
bytheoxidant.Fieldinvestigationsgenerallyrevealthat
thesemetals attenuate through variousmechanisms and
within acceptable transport distances (refer to Section
II.C.1.f.MetalsMobilization/Immobilization).

Organics: Reaction byproducts are generally less toxic,
more biodegradable, and more mobile than the parent
compound. Forexample, reactionbyproducts fromthe
oxidationofMTBEbyFenton’sorpersulfateincludetert-
butylformate,TBA,andacetone(refertoSectionII.C.2.b.
ContaminantTransformations). Ketones (e.g.,acetone)
andalcoholsarereactionbyproductsfromtheoxidation
of petroleum hydrocarbons by MnO4- (Fatiadi, 1987).
Thesebyproductsmaynotbe acceptable and shouldbe
monitoredandevaluatedonasite-specificbasis.Further
transformationofreactionbyproductsispossible,assum-
ingsufficientoxidantisavailable.Enhancedbiodegrada-
tion and/or natural attenuation may be feasible and
acceptableundersomeconditions.

Other:Nitrate(NO3-)isoneofthenitrogenbyproducts
from the oxidation of high explosivesHMX and RDX
(ZohandStenstrom,2002).Oxidationofhighconcen-
trationsofthesecontaminantscouldpotentiallyresultin
theaccumulationofNO3-inexcessoftheU.S.EPAmax-
imumconcentrationlevel(10mg/L,asnitrogen).

III.F.3. Process Residuals

ProcessresidualsfromKMnO4canincludeasludgethat
accumulates in mixing, storage, or distribution tanks.
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Thesludgemaycontainwater-insolublesand/silicasolids
that are additives to “free-flowing”gradeofdryoxidant
granulestopreventclumpingduringhandling.Thesludge
mayalso includeMnO2(s)andparticulatepermanganate
(KMnO4(s)). Causes for KMnO4(s) include (1) inade-
quatemixing of the oxidant solution, (2) exceeding the
solubility ofMnO4- during preparation, and (3) reduc-
tions in temperature during storage (i.e., this lowers the
KMnO4 solubility, resulting in precipitation reactions).
InjectionorprecipitationofKMnO4(s)cancausepermea-
bilityreductionsinorneartheinjectionwell. However,
given sufficient time, KMnO4(s) will dissolve into the
aquifer.Redevelopmentofawellmaybeneededtorestore
thepermeabilitywheretheresponsiblemechanismisnot
reversibleunderambientconditions.

III.F.4. Geochemical Impacts

Theimmediategeochemicalimpactofinjectingoxidants
istoincreasetheoxidationstateoftheaquifer.Oxidation
reactionschangethesolubilityofmanyinorganicspecies,
resulting in theprecipitationof solublemineral species.
ThefourmostcommonreducedinorganicspeciesareFe,
Mn, As, and sulfides (Brown and Robinson, 2004).
Long-term post-oxidation rebound in reducing condi-
tions, possibly through microbially-driven reactions,
results in the dissolution of precipitated (solid phase)
minerals.Theextenttowhichthispatternofredoxcon-
ditionsandgeochemicalreactionsoccursisdependenton
site-specificconditions.TheelementsO,S,Fe,andMn
areinjectedathighconcentrationsduringISCOandare
predominant participants in ground-water redox pro-
cesses.Secondaryeffectsfromtheinjectionoftheseoxi-
dants include the geochemical impact by enhanced
microbial activity (refer to Section III.F.5. Impact of
ISCO on Natural Attenuation and Biodegradation).
Numerous site-specific inorganic and organic reactants
existinthesubsurfacethatstronglyinfluenceawiderange
ofgeochemicaloutcomes.Itisbeyondthescopeofthis
EngineeringIssuePapertoaddressthecomplexandbroad
natureofgeochemicalimpactsofISCO.Probablechem-
icalreactionsandbyproductsinvolvingtheseelementsare
coveredindetailelsewhere(StummandMorgan,1996).
Thelong-termgeochemicalimpactoftheseoxidantsand
reagentshasnotbeenwell-documented.

III.F.4.a. Oxidants

Afteroxidationiscomplete(i.e.,MnO4-reacted),MnO2(s)
and Mn+2 are the predominant manganese species.
MnO2(s)canbefoundunderawidepHrange(pH2to
14)andwilllikelybethepredominantformofmanganese.
MnO2(s)candissolveunderreducedconditions(pH<8),

resultinginanincreaseinMn+2inthegroundwater.The
persistenceofMnO2(s)ortheimpactofMn+2inaquifers
havenotbeenrigorouslyestablished;however,dissolution
underreducingconditionsinsediment/surfacewatersys-
tems has been reported (Hem, 1985; Drescher et al.,
1998).AtpH>8,variousmanganesesolidphaseminerals
(oxides, hydroxides, carbonate species) form. Mobilized
manganesespecies(Mn+2,colloidalMnO2(s))couldbean
aestheticconcernindrinkingwaterifrecoveredinwater-
supply wells (refer to Section II.C.1.g. EPA Drinking
WaterStandard).MnO2(s)mayimpactNAPLmasstrans-
ferandpermeability,andserveasasorbentforheavymet-
als (refer to Sections II.C.1.e. Impact of MnO2(s)
Accumulation and II.C.1.f. Metals Mobilization/
Immobilization).

In general, in-situFentonoxidation involves injection
oflargequantitiesofH2O2,injectionofvariouschemi-
cal reagents,andreleaseofheatandO2(g) in the sub-
surface. AfterH2O2 is fully reacted, thepredominant
residuals in the injection zone are dissolved oxygen,
O2(g),andheat.Similarly,inO3oxidation,afterO3is
fully reacted, thepredominant residualsareO2(g)and
dissolvedoxygen.Ineithercase,O2(g)willslowlydis-
solveintothegroundwaterandmaintainelevateddis-
solved oxygen concentrations and redox conditions in
theinjectionarea.WithFentonoxidation,theheatwill
slowly dissipate and ultimately the site will return to
ambienttemperature.Althoughitisunknownhowlong
theseconditionswillpersist,thepotentialgeochemical
impactissite-specificandinvolvesmanypotentialreac-
tionsandmechanisms(refertoSectionII.C.2.e.O2(g)
GenerationandExothermicReaction;SectionII.C.2.f.
InjectedReagents;andSectionIII.F.5.ImpactofISCO
onNaturalAttenuationandBiodegradation).

Persulfate oxidation results in high concentrations of
SO42- intheaquifer. Underreducingconditions,SO42-
canbereducedtosulfide(HS-).BothSO42-andHS-are
highly soluble and mobile in ground water.  Elevated
concentrations of these species in ground water could
exceed the secondary drinking water standard (refer to
Section III.D.3. RegulatoryConstraints on Injection of
Reagents).  In calcium-rich environments, the mineral
gypsum (CaSO4•2H2O)may formwhich is a relatively
insolubleformofsulfate.

III.F.4.b. Natural Organic Matter

Permanganateismostreactivewithnaturalorganicmat-
ter(NOM)ofthefouroxidantsusedinISCO,andper-
sulfateisrelativelyunreactivetowardsNOM(Brownand
Robinson,2004).Theroleofnaturalorganicmaterialin
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Fenton-drivenoxidationreactionshasnotbeensystemati-
cally investigated and remains uncertain.  Watts et al.
(1990)foundthattheratioofpentachlorophenol(PCP)
and H2O2 consumption rates in soil suspensions was
inverselyrelatedtoNOM,suggestingthatNOMsuccess-
fullycompetedwithPCP(andH2O2)for·OH.Inadif-
ferent study involving FeSO4 and H2O2 addition, the
oxidationofbenzo(a)pyrenewasinhibitedbythepresence
of non-target organics including glucose, cellulose, and
lignin(Kelleyetal.,1990).Conversely,humicacidspro-
motedO3 decomposition and ·OH formation, and any
activityofhumic acids as ·OH scavengerswasoffsetby
theenhancedformationof freeradicals (Masten,1990).
Fenton-driven degradation of 2,4,6-trinitrotoluene was
greater in a system amended with fulvic acid than in
another containinghumic acid. Enhanced kineticswas
attributedtoacceleratedFe(III)reduction(Lietal.,1997).
Fentonoxidationand·OHproductionwasenhancedin
thepresenceofpeatbyoneormorepeat-dependentmech-
anisms(Hulingetal.,2001).Feconcentrationandavail-
ability in thepeat, reductionofFe(III) toFe(II)by the
organic matter, and reduction of organic-complexed
Fe(III) to Fe(II) were probable causes.  Contaminated
aquifermaterial containing this typeoforganicmaterial
mayexhibitsimilarmechanismsthatenhanceFentonoxi-
dation. Humicmaterial(i.e.,NOM)canfacilitateelec-
tron transfer for Fe(III) reduction inmicrobial systems
(Lovleyetal.,1996;Scottetal.,1998),andsimilarredox
couplingcanbeprovidedbyconstituentsofhumicmate-
rials(quinones,hydroquinones)inFentonsystems(Chen
and Pignatello, 1997).  Such reactionsmay provide an
additional mechanism for Fe(III) reduction to Fe(II),
resultinginmoreefficient·OHproduction.

IthasbeenproposedthatNOMisoxidizedduringISCO,
resulting in the release of sorbed contaminants.  An
apparentreleaseofRDXfromthesorbedphasewasmea-
sured during KMnO4 oxidation (Struse et al., 2002b).
Increased bioavailability of chlorinated compounds by
NOMoxidationwasproposedfortheobservedincreased
rateofbiologicalreductivedechlorination(Drosteetal.,
2002).AportionofsorbedPAHswerereleasedfromthe
oxidation of NOM by S2O82- (Cuypers et al., 2000).
Additionally, a lag time was reported before TCE and
TCAoxidationbyS2O82-andwasattributedtotheoxi-
dation of soil organic carbon followed by contaminant
transformations(Liangetal.,2001;2003).Overall,these
studiessuggestthatNOMoxidationcorrespondswitha
release (desorption) of compounds, especially those less
amenable tooxidation, such asTCA. Consequently, a
temporaryincreaseincontaminantconcentrationscould
result, butwoulddecline from the applicationof addi-
tionaloxidant.

III.F.4.c. pH

pH is amaster variable ingeochemical equilibriumand
can be significantly impacted during ISCO either by
injection of an acid reagent or by the acidity/alkalinity
produced by chemical reactions.  A decline in pH is
generally undesirable due to the potential for enhanced
transport of some pH-sensitive metals under acidic
conditions. Themagnitude,direction,andpermanence
ofthepHchangearedependentonthebuffercapacityof
theaquifermaterial,theamountandtypeofcontaminant
oxidized, and themass of oxidant and/or acid injected.
All of these parameters are site-specific, suggesting that
pHchangesthatoccurduringISCOcanbevaried.

Permanganate oxidation can affect the pH differently
dependingonthetargetanalyte.OxidationofPCEand
TCEwilllowerthepHbyreleaseofH+;andoxidationof
DCEandVCraisesthepHbyreleaseofOH-(Table3,
reactions 4 to 7).  The direction of pH change could
thereforeincreaseordecreasedependingonthetypeand
quantity of contaminants present (Siegrist et al., 2001,
andreferencestherein).

PCE: 8molesH+/3molesPCE
TCE: 1molH+/1molTCE
DCE: 2molOH-/3molDCE
VC: 7molOH-/3molVC

Reduction in pH is consistently observed as a result of
ISFO.  pHmodification during ISFO can result from
injecting acid to enhance Fenton oxidation (refer to
Section II.C.2.f(3) Acidification), from the Fenton
reactions (Table 4, reactions 1 to 3), and from the
oxidationoforganiccompounds.ReductioninpHmay
alsooccur fromtheoxidationoforganiccompoundsby
S2O82-(Liangetal.,2001;Huangetal.,2002)orO3.

III.F.4.d. Cation Exchange Capacity 

Thecationexchangecapacity(CEC)isameasureofthe
aquifermaterial’sabilitytoadsorbexchangeablecations.
Common cations include H+, K+, Na+, NH4+, Ca+2,
Mg+2, and Al+3.  Changes in ground-water chemistry
caused by the injection of oxidants and from various
chemical reactions can impact theCEC. For example,
injection of NaMnO4, KMnO4, or Na2S2O8 at high
concentrationmaydisplacesomeofthecommoncations
orpossiblyheavymetals.Inporousmediacontaininga
highpercentageofclay,displacementofcationsbyNa+
(i.e., NaMnO4, Na2S2O8) could contribute to the
dispersion of soil particles, elimination of macropores,
and deterioration of soil structure making the media
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impervioustowaterpenetration.Althoughreductionin
permeability is rarely measured/reported in ISCO, the
potential consequencesof injectinghigh concentrations
ofsodium-basedoxidantsandexcessiveNa+inclay-rich
environmentsshouldbeevaluated.

III.F.5.  Impact of ISCO on Natural Attenuation and 
Biodegradation

III.F.5.a. Impact on Natural Attenuation

Naturalattenuationisexpectedtoplayanimportantrole
in the overall remedy at most sites where ISCO is
deployed.Permanentinhibitionofmicrobialactivityby
theinjectedoxidantsisundesirablesincebioticprocesses
are an integral component in natural attenuation.
However,H2O2,MnO4-,O3,andS2O82-areantiseptics
and will inhibit or kill microorganisms atmuch lower
concentrations than are typically used in ISCO.
Additionally,oxidant-inducedchangesinredoxpotential
and pH can also inhibit somemicrobial species.  The
post-oxidationdecline in thediversityofmicrobial spe-
ciessuggeststhatsomemicroorganismsarealsosensitive
topH(Kastneretal.,2000)orelevatedredoxpotential
andbecomeinactiveordie.Historically,H2O2injection
hasbeenproblematic for enhancedbioremediationdue
torapidH2O2decomposition,microbialtoxicity,limited
solubility ofO2, loss ofO2(g) to the unsaturated zone
(Spain et al., 1989;Huling et al., 1990; Pardiek et al.,
1992),reductioninpermeability(Weisneretal.,1996),
andexcessiveheat.

Short-term laboratory oxidation studies involving com-
plete-mixsoilslurrybatchreactors,andflow-throughcol-
umn studies allow complete hydraulic control and
excellentcontactbetweenoxidant,aquifermaterial,and
microbes.  These testing conditions result in a high
impactoftheoxidantonmicrobialactivity(Hrapovicet
al.,2005).Laboratorystudiesconductedinthismanner
provideinsightintothepotentialeffectoftheoxidanton
microbialactivity.However,theydonotfullyrepresent
the nonideal mechanisms and long-term time frames
associatedwithISCOunderfieldconditionsthatstrongly
influencemicrobialsurvivalandactivityunderharshoxi-
dative conditions. Differences between laboratory and
field conditions help explain discrepancies between
microbial inhibitionresults from laboratory studiesand
theseeminglylowimpactofISCOonmicrobialactivity
atfield-scale.

Preferential pathways in heterogeneous porous media
result in hydraulic short-circuiting of the injected oxi-
dants. Hydraulic short-circuitingandmicronichespre-

vent full contact between the oxidant and microbes,
providingshelterandpermittingthesurvivalofmicroor-
ganisms during rigorous applications of oxidants.
Laboratoryoxidationstudiesinvolvingcomplete-mixsoil
slurrybatchreactorsallowexcellentcontactbetweenoxi-
dant, aquifer material, and microbes, which generally
resultsinahighimpactoftheoxidantonmicrobialactiv-
ity. Laboratory investigationsareuseful for several rea-
sons and provide insight to the potential effect of the
oxidantonmicrobialactivity,buttheydonotfullyrepre-
sentthenonidealmechanismsunderfieldconditionsthat
stronglyinfluencemicrobialsurvivalunderharshoxida-
tiveconditions.

In sequential H2O2-driven oxidation and biodegrada-
tion, more extensive PAH and PCP degradation was
measured than from biodegradation alone.  An initial
declineinthemicrobialpopulationoccurredafterH2O2
(1to2%)wasapplied,butwasfollowedbyasignificant
increaseaweeklaterthatsurpassedtheoriginalmicrobial
numbers (Allen and Reardon, 2000).  In a field study
where large volumes and high concentrations ofH2O2
wereinjected,theabundanceandactivityofmicroorgan-
ismsdeclined,butreboundedinsixmonths(Chapelleet
al.,2005).MicrobialactivityinTCE-andcis-1,2-DCE-
contaminatedsoilandgroundwaterwasmeasuredbefore
and after treatment with KMnO4 (11,000 gal., 0.7%)
(Klensetal.,2001).Twoweeksafterinjection,theredox
potentialof thegroundwaterwas>800mVandviable
populations of anaerobic heterotrophs, methanogens,
andnitrate-andsulfate-reducingmicrobeswerepresent,
butatlowerlevelsthanunderpre-oxidationconditions.
Threemonthsafterinjection,thenitrate-reducingmicro-
bialpopulationshad increased. Sixmonthsafter injec-
tion,theredoxpotentialofthegroundwaterwasabout
100mV,MnO4-wasabsent,andtheaerobicheterotroph
population in ground water had increased by several
ordersofmagnitudegreaterthanthepre-oxidationpop-
ulation.InotherstudiesinvolvingKMnO4,therateof
biological reductive dechlorination of TCE increased
aftertreatment(Rowlandetal.,2001),andnochangesin
thesite’smicrobialcommunitystructureweremeasured
(Azadpour-Keeley et al., 2004).  In three case studies
involving the injection of high concentrations and/or
largequantitiesofpermanganate,ISCOdidnotsterilize
theaquifer,norwasmicrobialactivitypermanentlyinhib-
ited(Luhrsetal.,2006).Atonesite,reductivedehaloge-
nationofCVOCsfollowingbiostimulationwithsodium
lactate,andattheothertwosites,asignificantincreasein
thepost-oxidationmicrobialbiomass,andthepost-oxi-
dationpresenceofaviableanddiversemicrobialconsor-
tiacapableofdegradingawiderangeoforganicchemicals,
weremeasured.
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SequentialinjectionofS2O82-andMnO4-wasoriginally
proposed to satisfy the natural oxidant demand with
S2O82-,oxidizetheVOCswithMnO4-,andminimizethe
amount of MnO4- required and the accumulation of
MnO2(s) (Droste et al., 2002).  Itwas unclear towhat
extentTCE,DCE,andVCwereoxidized;however,mon-
itoringdata includingreductivedechlorinationdaughter
products, Cl- mass balance, and measurements of H2,
SO42-, dissolved iron, and phospholipid fatty acids,
stronglysuggestedthatenhancedreductivedechlorination
hadoccurred.  Itwasproposed this couldhave resulted
from (1) increasing the amount of SO42- and sulfate-
reducingbacterialactivity,(2)increasedmicrobialactivity
due to simpler substrates fromVOCoxidation, and (3)
increasedVOCbioavailabilityfromtheoxidationofsor-
bate(naturalorganicmatter)(Drosteetal.,2002).

ISCOisoftendeployedinasourceareawhichisgener-
allysmallinsizerelativetotheground-waterplumethat
extendsdowngradient.Inthesourceareawheretheoxi-
dantisinjected,directcontactbetweentheoxidantand
microorganisms is possible and could inhibitmicrobial
activity.  Additionally, the elevation in redox potential
caninhibitreductivedehalogenationactivityuntiltermi-
nalelectronacceptingconditionsshiftbacktoiron-and
sulfate-reducing conditions.  Consequently, in systems
whereanaerobicandreductivetransformationsplayasig-
nificantrole,thepost-oxidationimpactofISCOonnat-
ural attenuation would be greater and sustained than
aerobic conditions.  Reaction of the oxidant near the
injectionlocation(sourcearea(s))lessensthedowngradi-
ent impact of the oxidant on microbial activity where
polishingeffectsofnaturalattenuationoccur.

A localizeddecline inmicrobial activitywill result from
directcontactbetweentheoxidantandmicrobe,orfrom
thehighlyoxidizingconditions.Microbesthataresensi-
tivetooxidativetreatmentswilldeclineinpopulationand
activity,whileothersthatareinsensitivetothechangein
redoxpotentialmaybeunchangedormayrespondfavor-
ably. Dueto spatial separationbetweenthe sourcearea
wheretheoxidantisinjectedanddowngradientareas,the
impactoftheoxidantmaybelowornonexistentindown-
gradientmicrobiallyactiveareas.Thelengthoftimefor
“microbialrebound”isunclear,butgivensufficienttime
afterISCO,microbialpopulations,microbialactivity,and
therateofbiodegradationincrease,possiblytolevelsabove
pre-oxidationconditions.Proposedtheoriesforincreased
bioactivityincludeimprovedbioavailabilityoftracecon-
stituents, lower concentration of challenging chemicals,
more available simple substrate resulting from contami-
nantornaturalorganicmatteroxidation,lesscompetition
(with othermicrobiota) for available nutrients and sub-

strate,dieoffofmicrobialpredators(AllenandReardon,
2000),elevatedtemperatures,andmoreavailableterminal
electron acceptors (TEAs). No caseswere foundwhere
aquifermaterialwassterilizedorwheremicrobialactivity
hadbeenpermanentlyinhibited.

III.F.5.b. Mechanisms Which Potentially Enhance 
Biotically-Driven Natural Attenuation

Microorganisms obtain energy and carbon for new cell
material through biochemical redox reactions in which
electrons are transferred from organic contaminants to
terminal electron acceptors.  Under aerobic conditions,
oxygenisthemostenergeticallyfavorableTEA.However,
due to the low solubility of oxygen, dissolved oxygen
(DO)israpidlydepletedingroundwater.Subsequently,
anaerobic conditionsmay resultwhere the biochemical
oxidation of organic compounds continues to occur
(LovleyandPhillips,1986;Suflitaetal.,1988;Hutchins
et al., 1998).  The sequential order ofTEA utilization
underanaerobicconditionsisnitrate(NO3-),manganese
(Mn(IV)), ferric iron (Fe(III)), sulfate (SO42-), andcar-
bon dioxide (CO2). TheTEAsO2,NO3-, SO42-, and
CO2aregenerallyfoundintheaqueousphase. Feand
Mnspeciesandreducibleorganicmatteraretheprimary
sources of solid-phase TEA in aquifers (Heron et al.,
1994).ThetotalTEA(aqueous+solidphase)available
inthesubsurfaceispredominantlyattributedtothesolid-
phasefraction,andtheaqueousphaseconstitutesaminor
fraction(Hulingetal.,2002).Currently,thereducibility
of aquifer organic matter is poorly understood and
unquantifiable,andmanganesespeciestypicallyonlycon-
tribute2to5%ofthetotaltransferrableelectronequiva-
lents.Ferricironisfoundinabundanceandispresentin
thesolidphasesinceitisslightlysolubleinthenearneu-
tralpHrange. Insulfate-richenvironments,SO42-may
alsobederivedfromaquifersediments.

Thereare severalmechanisms inwhichISCOcouldbe
beneficial to natural attenuation. The exothermic reac-
tionofH2O2willraisethetemperatureandincreasebio-
activity.  The injection of phosphate stabilizers during
ISFObysomevendorsintroducesphosphorus,anessen-
tial element in theproductionofmicrobial energy and
newcellmaterial.Acidificationresultingfromtheinjec-
tionofacidorasareactionbyproductmaylowerthepH
andincreasebioavailabilityofsomemicrobialnutrients.
The injectionof eachoxidant results in the additionof
variousTEAs includingDOfromH2O2andO3;SO42-
fromS2O82-;andMn+4fromMnO4-.TheinjectionofFe
during ISFO also contributes to the total TEA, but is
expectedtobeminorinmostcasesrelativetothequantity
of naturally occurring Fe.Oxidation of reduced aquifer
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sedimentsviaH2O2proceedsrapidlyrelativetomicrobi-
allymediateddecomposition(BarcelonaandHolm,1991;
Korom et al., 1996). Eachof theoxidants involved in
ISCO can oxidize the reducedTEAs (i.e., Fe+2,Mn+2,
etc.)intheaquifersediments.Therefore,whileoxidant
injectionis intendedfor immediatecontaminantoxida-
tion and could result in short-term, localizedmicrobial
inhibition, italsointroducesTEAsintotheaquiferand
oxidizesaquifersediments.Atonesite,ashiftfromsul-
fate-reducing to Fe(III)-reducing conditions resulting
fromH2O2 injectionmayhavedecreased the efficiency
of reductive dechlorination in the injection zone
(Chapelleetal.,2005).However,itcouldalsoshiftthe
predominantterminalelectronacceptingprocessfroman
inefficient one (methanogenesis) tomore efficient pro-
cessessuchasaerobicbiodegradationand/orFe,Mn,and
SO42-reduction(Hulingetal.,2002)andprovideasus-
tainedlong-termsourceofTEA.

III.G. Summary 

Overthelast10years,significantdevelopmentofISCO
hasdramaticallyadvancedthestateofthescience,stateof
the practice, and the effectiveness of this technology.
ISCOhasbeenusedatthousandsofhazardouswastesites
intheU.S.andisthefastestgrowingsubsurfaceremedial
technologyusedtoday.Wideapplicationofthistechnol-
ogyundervariable siteconditionshasprovidedvaluable
field experience.  Such field experience in conjunction
with continued research and development will improve
both the state of the practice and state of the science.
These improvements will include the identification of
site-specificparametersneededtoassessthefeasibilityof
ISCO,thedevelopmentofpredictivetoolsthatallowan
improvedassessmentofthepotentialbenefitsandadverse
effectsprior toISCOdeployment. Ultimately, thiswill
contributetomoreeffectiveandefficientuseofthetech-
nologyandlowerremedialcosts.
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aq aqueous
BTEX benzene,toluene,ethylbenzene,xylene
CB chlorobenzene
CEC cationexchangecapacity
CERCLAComprehensiveEmergencyResponse,

Compensation,andLiabilityAct
CF chloroform
CHP catalyzedhydrogenperoxide
cm centimeter
COC contaminantofconcern
COD chemicaloxygendemand
CT carbontetrachloride
CVOC chlorinatedvolatileorganiccompound
DCA 1,1-dichloroethane
DCE dichloroethylene
DNAPL densenonaqueousphaseliquid
DO dissolvedoxygen
EDTA ethylenediaminetetraaceticacid
Eh oxidation-reductionpotential
EPA U.S.EnvironmentalProtectionAgency
EPCRA EmergencyPlanningandCommunityRight

toKnowAct
Eqn equation
foc fractionoforganiccarbon
ft foot
g gram
gpm gallonsperminute
HMX octogen,orcyclotetramethylenetetra-

nitramine(highexplosive)
hr hour
ISCO in-situchemicaloxidation
ISFO in-situFentonoxidation
kg kilogram
kWh kilowatt-hour
lb pound
L liter
LNAPL lightnonaqueousphaseliquid
m meter
MC methylenechloride
MCL maximumcontaminantlevel
mg milligram
MGP manufacturedgasplant
min minute
mL milliliter
MNA monitorednaturalattenuation
mol grammolecule
MTBE methyltertiarybutylether
mV millivolt
n porosity
NAPL nonaqueousphaseliquid
NOD naturaloxidantdemand
NOM naturalorganicmatter
NTA nitrilo-triaceticacid

˚C degreesCelsius
ORNL OakRidgeNationalLaboratory
OSC on-scenecoordinator
OSHA OccupationalSafetyandHealth

Administration
OU operableunit
PAH polynucleararomatichydrocarbon
PCB polychlorinatedbiphenyl
PCE perchloroethylene
PCP pentachlorophenol
pH negativelogofhydrogenionconcentration
pKa negativelogarithmoftheaciddissociation

constant,Ka
ppm partspermillion
psi poundspersquareinch,unitofpressure
PVC polyvinylchloride
RCRA ResourceConservationandRecoveryAct
RDX cyclotrimethylenetrinitramine,(cyclonite),

(hexogen),(T4),highexplosive
RPM remedialprojectmanager
rxn reaction
scfm standardcubicfeetperminute
SDWA SafeDrinkingWaterAct
sec second
SMCL secondarymaximumcontaminantlevel
SVE soilvaporextraction
TBA tertiarybutanol
TCA 1,1,1-trichloroethane
TCE trichloroethylene
TEA terminalelectronacceptor
TOC totalorganiccarbon
TOD totaloxidantdemand
U.S.EPA UnitedStatesEnvironmentalProtectionAgency
UIC UndergroundInjectionControl
UV ultraviolet
V volt
VC vinylchloride
VOC volatileorganiccompound
WEF WaterEnvironmentFederation
wt weight
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