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Setting the stageSetting the stage……
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“Better, cheaper, and faster site clean-ups” USEPA (2004)

2004-2033

% in-situ RODs 1982-86 = 0; by 2005 = 31%
Upside potential of nanotech: reactivity & targeted delivery

Adapted from Karn et al. (2009)



Factors favoring inFactors favoring in--situ ZVIsitu ZVI

GWGW redoxredox tends to be reducing tends to be reducing 
Amenability of key contaminantsAmenability of key contaminants

CHCsCHCs are relatively oxidized are relatively oxidized ((δδ++CC––ClClδδ--))
Many toxic metals are oxidized, e.g. CrOMany toxic metals are oxidized, e.g. CrO44
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Synergies with anaerobic biodegradationSynergies with anaerobic biodegradation
Splits water to form HSplits water to form H22 and OHand OH--

Multiple treatment mechanismsMultiple treatment mechanisms
AbioticAbiotic reduction & sorption onto oxidesreduction & sorption onto oxides
Formation of mixed Fe(II,III) mineralsFormation of mixed Fe(II,III) minerals
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Development ofDevelopment of nZVInZVI

1996: Lehigh U., origins in PRB research1996: Lehigh U., origins in PRB research
Latter 1990s: benchLatter 1990s: bench--scale efficacy studiesscale efficacy studies

CVOCsCVOCs, PCBs, Cr(VI), etc., PCBs, Cr(VI), etc.
2000: First field demonstration 2000: First field demonstration –– Trenton, NJTrenton, NJ
Burgeoning interest since 2001Burgeoning interest since 2001

Research: synthesis, materials issues, fate Research: synthesis, materials issues, fate 
and transport, human &and transport, human & ecotoxecotox
Applications: fieldApplications: field--scale remediation, scale remediation, 
commercial availabilitycommercial availability
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Diversity ofDiversity of nZVInZVI offeringsofferings

BareBare nZVInZVI
BimetallicsBimetallics (Fe/Pd, etc.)(Fe/Pd, etc.)
SupportedSupported nZVInZVI

Carbon or polymeric bead substrateCarbon or polymeric bead substrate
Emulsified ZVIEmulsified ZVI

nZVInZVI within oil micelleswithin oil micelles
SurfaceSurface--modifiedmodified nZVInZVI

Surfactant or polymeric surface architecturesSurfactant or polymeric surface architectures
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nZVInZVI--amenableamenable reductatesreductates

WaterWater
ChlorinatedChlorinated aliphaticsaliphatics ((CAHsCAHs))

TCE, CTTCE, CT

Chlorinated aromaticsChlorinated aromatics
ChlorobenzenesChlorobenzenes, PCBs, PCBs

Pesticides/herbicidesPesticides/herbicides
DDT,DDT, LindaneLindane

Toxic metalsToxic metals
Cr(VI),Cr(VI), PbPb(II)(II)

Key anionsKey anions
As(III,V), ClOAs(III,V), ClO44

--

RadionuclidesRadionuclides (U, Te)(U, Te)



nZVInZVI issues to considerissues to consider

Performance vs. costPerformance vs. cost
Site specific dosing (typically 5Site specific dosing (typically 5--20 g/L)20 g/L)
~$30/lb vs. ~$1~$30/lb vs. ~$1--10/lb for10/lb for mZVImZVI

Delivery issuesDelivery issues
Hydrogeology, want K > 10Hydrogeology, want K > 10--44

Injection well(s),Injection well(s), recircrecirc. loops, transects of borings. loops, transects of borings

Treatment objectivesTreatment objectives
Source areas (DNAPL) vs. dissolvedSource areas (DNAPL) vs. dissolved--phase plumesphase plumes
Proximity of receptorsProximity of receptors

Regulatory issuesRegulatory issues
PermitPermit--byby--rulerule
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Snapshot of ZVI in remediation (2008)Snapshot of ZVI in remediation (2008)
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• 44 Field applications
• >90% [CAH ]0 > 1 mg/L
• None are complete

39% PCE, 84% TCE
55% c-DCE, 27% VC

Data from Karn et al. (2009) Environ. Health Perspec.  Vol. 117(12), pp. 1823-1831.



Major hurdles facing the technologyMajor hurdles facing the technology

Still relatively expensiveStill relatively expensive
Mixed track record of performanceMixed track record of performance
User selection & regulator reservationsUser selection & regulator reservations
Subsurface mobilitySubsurface mobility
Human exposure & toxicological concernsHuman exposure & toxicological concerns
nZVInZVI variability variability –– lack of QA/QC lack of QA/QC 
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Sources ofSources of nZVInZVI variabilityvariability

Multiple vendorsMultiple vendors
Variety ofVariety of nZVInZVI productsproducts

Different synthetic methodsDifferent synthetic methods
Chemical and physical Chemical and physical 

IntrinsicIntrinsic nZVInZVI reactivityreactivity
Properties change over timeProperties change over time
Storage prior to useStorage prior to use
Implications for contaminantsImplications for contaminants
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LindaneLindane as test caseas test case

OrgOrg--chlorine pesticidechlorine pesticide
10MM tons tech HCH  10MM tons tech HCH  
used globally from the used globally from the 
1940s into the 1990s1940s into the 1990s
Relatively recalcitrantRelatively recalcitrant

Capable of multiple Capable of multiple 
degradation pathwaysdegradation pathways

Dehydrohalogenation Dehydrohalogenation 
DihaloeliminationDihaloelimination
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nZVInZVI--mediated degradation ofmediated degradation of lindanelindane

Testing with two types ofTesting with two types of nZVInZVI
Type II (SOType II (SO44

22--), 70), 70--80 nm80 nm
Type III (SOType III (SO44

22--), <50 nm), <50 nm

[[γγ--HCH]HCH]00 ~300~300--600 mg/L600 mg/L
Studies in 95%Studies in 95% EtOHEtOH

nZVInZVI: 9.4: 9.4--26.5 g/L26.5 g/L
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Results with Type IIResults with Type II nZVInZVI
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Results with Type IIIResults with Type III nZVInZVI
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nZVnZV QA/QC QA/QC –– Major data gapsMajor data gaps

BenchBench--scale efficacy scale efficacy ≠≠ field successfield success
How do you know if theHow do you know if the nZVInZVI is any good?is any good?

Minimal product lifecycle analysesMinimal product lifecycle analyses
Variable mfg methods and storage periodsVariable mfg methods and storage periods

What performance or quality data is What performance or quality data is 
needed from vendor?needed from vendor?
Need more than the MSDS!Need more than the MSDS!
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Potential QA/QC parametersPotential QA/QC parameters

pH/ORP profilepH/ORP profile
Particle size distribution (PSD)Particle size distribution (PSD)
Specific surface area (SSA)Specific surface area (SSA)
Zeta potential (Zeta potential (ζζ) &) & IsoelectricIsoelectric point (IEP)point (IEP)
Batch reactivity testBatch reactivity test

QA/QC should be low cost, rapid, and easy to develop QA/QC should be low cost, rapid, and easy to develop 
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pHpH--ORP profileORP profile
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Particle Size Distribution (PSD)Particle Size Distribution (PSD) Sun, 2006Sun, 2006
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Specific Surface Area (SSA)Specific Surface Area (SSA)

SSA for SSA for ““plainplain”” nZVInZVI ~35 m~35 m22/g/g
Commercial surface area analyzers, BETCommercial surface area analyzers, BET
Surface modifiers like PAA increase the SSA, may Surface modifiers like PAA increase the SSA, may 
impact reactivityimpact reactivity

2020

nZVI with 0% 
PAA

nZVI with 20% 
PAA

PAA
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Batch Reactivity Test Batch Reactivity Test –– TCETCE
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• nZVI dose effects & kinetics
• Reactivity & degradation prods



Other important dataOther important data

““BornBorn--onon”” dating fordating for nZVInZVI batches/lotsbatches/lots
Details regarding manufacturing methodDetails regarding manufacturing method

Chemical synthesis vs. size reductionChemical synthesis vs. size reduction
Presence of impuritiesPresence of impurities

Storage detailsStorage details
Is material dry/wet?Is material dry/wet?
Stored under water,Stored under water, EtOHEtOH, or a glycol?, or a glycol?
Duration of storage prior to use?Duration of storage prior to use?
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ConclusionsConclusions

nZVInZVI is a great complementary technologyis a great complementary technology
Best for hotBest for hot--spots or source areasspots or source areas
Teams exceptionally well with anaerobic bioprocessesTeams exceptionally well with anaerobic bioprocesses

Despite promise, not yet a primeDespite promise, not yet a prime--time playertime player
+/+/-- 50 field sites worldwide 50 field sites worldwide –– none 100% cleaned upnone 100% cleaned up
Cost, fate/transport issues, user/regulator reservationsCost, fate/transport issues, user/regulator reservations
nZVInZVI can be highly variable: material & performancecan be highly variable: material & performance

Need for standardNeed for standard nZVInZVI QA/QCQA/QC
pH/ORP, PSD, SSA, ZP/ISE, TCE testpH/ORP, PSD, SSA, ZP/ISE, TCE test
BornBorn--on dating, mfg and storage detailson dating, mfg and storage details
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Questions? Questions? 


