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Session Theme: Tools

Tools for Site Management and Remediation

John Wilson: “Expand the toolkit to technologies, or
combinations of technologies that remove...”

Rob Hinchee: “Do we have the tools we %" M g ™t ‘é%ﬂ"ﬂfmi Sg_
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Toolkit Characteristics

Toolkit Optimization
Not big, but complete and balanced
Ready: organized and understood
Best available: proven and new
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Toolkit Characteristics

Toolkit Optimization
Not big, but complete and balanced
Ready: organized and understood
Best available: proven and new

Toolkit Change
Tools/remedies change
Established, new, emerging
Challenges/concerns change
Contaminants and priorities

Tools/Toolkits are Transferable
Across quadrant interfaces
Among colleagues

Challenges, Concerns

-

(Market Change)

Emerging Emerging
Challenges Challenges
Established Emerging

Tools Tools
Established Established
Challenges Challenges
Established Emerging

Tools Tools

>

Tools, Remedies
(Technology Change)



Established Tools (Technological): ZVI PRBs

Zerovalent Iron (ZVI)
Gillham and O’Hannesin (1994)

Environmental Applications

Permeable Reactive Barriers (PRBSs) e v
Blowes, Cherry, et al. (1995)

@ Trenches
] i o Slurry walls
Envirometal Technologies Inc. (ETI) . @ Injected suspensions
_ Iron o Canisters/filters
http://www.eti.ca (1992) Walls" e Groundcover
Permeable Reactive @ Electrodes
Barriers (PRBs)
® Zero-valent metals
e Metal oxides and sulfides
@ Aluminosilicates (clays, zeolites)
@ Organic matter (Peat, leaf litter)
@ Enzymes, Microorganisms
Testment Wall http://cgr.ieh.ohsu.edu/iron/ (2005)

Area
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Established Tools (Technological): Chemical Oxidation

m Peroxide/Fenton

1 Brown 1984 (FMC Patent)

o1 Vella 1993, Watts 1993, Siegrist 1995
» Permanganate

o1 Early 1990’s: Vella, Siegrist, Farquhatr,

01 Later 1990’s: Schwartz, Hoag, Brown
= Persulfate

o1 Early 2000’s: Hoag, Liang, Block/Brown
1 Late 2000’s: Tratnyek etc.

. “ISCO”

& 1990’s Various
1 2001 Volumes by Siegrist and ITRC
1 2011 SERDP/ESTCP Book
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In Situ
Chemical Oxidation

for Groundwater
Remediation

R. L. Siegrist
M. Crimi
T.J. Simpkin
Editors



Timeline of Tool Development (by SERDP SONSs)

Improved Large Dilute
Distribution Plumes

Remedy
Optimization

Hans Stroo (2018)

Improved

Mixing
Low-K
| FraCtured Zones Fine Scale
Source Media Delineation
Delineation
?‘;\Ieﬁl:il;ii::;c: MBTs Vapc.>r Post-Remediation
Intrusion Performance
Plume Remediation .
Abiotic Response < GW Impacts Ab'Ot",:
Attenuation Attenuation
I
In Situ Bio ISCO In Situ Long-Term Long-Term
Thermal Monitoring Attenuation
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
Tools: Conceptual Tools: Technologies
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Other New Tools (Technological/Conceptual)

Molecular Biological Tools (MBTs) Compound-Specific Stable Isotope
Major et al. (2002) semiquantitative Analysis (CSIA)
PCR on KB-1 augmented field site Aravena et al. (1999)
Lendvay, Loeffler et al. (2003) gPCR Slater, Sherwood-Lollar (2001)
on in situ Biobarriers Schwarzenbach: Elsner (2005),
SOPs for g°PCR in SERDP ER-1561 Hofstetter (2006)

Biomass Cl. H H H

Collection

reductive dechlorination

&
Groundwater
Sampling
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New Tools (Conceptual): Diagnostic Pathway/Product Branching

Hydrogenolysis (+1e- +H* -CI-) N
C=cC
Anaerobic biodegradation generally B
occurs by hydrogenolysis. L \
. . C— o] H
Sequential steps via cre=ed Se=c{
stall intermediates (DCE, VC) B P
Solid arrows | VAN
. C . 47N
Reductive elimination (+2e- -2CI-) R N AN N
/ N\ / N\ / N
Anaerobic abiotic natural attenuation Chioro- Vans O g B T
. . . . . acetylene 1,2-DCE 1,2-DCE DCE
generally involves reductive elimination. S o
Bypasses stall intermediates Clc ,,\\ ' l r /
H—C=C—H S N
Dashed arrows ALY
Acetylene H Cl
Vinyl chloride

\\HlH

Tratnyek, Johnson, Lowry, Brown (2014) >C=C<
SERDP/ESTCP Source Zone Remediation Book H H
Ethylene
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New Tools (Conceptual): Abiotic Natural Attenuation

= In Situ Chemical Reduction (ISCR)
1 Since mid 2000’s
=1 Analogous to ISCO
o ZV1, nZVI, ISRM (Dithionite), etc.

=1 In situ, biogeochemical reductive
dechlorination (ISBGT, BiRD)

= Abiotic Natural Attenuation (ANA)
1 Late 2000’s

1 Macalady (1986) “Abiotic reduction of
contaminants...” J. Contam. Hydrol. 1(1): 1

o1 Mackinawite, Green rust, Magnetite
=1 Fe(ll) sorbed to Fe(lll) oxides
1 Oxidative ANA? Schaefer et al. (2018)
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Identification and Characterization
Methods for Reactive Minerals
Responsible for Natural
Attenuation of Chlorinated Organic
Compounds in Ground Water

BT
.
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New Tools (Technological): Sulfidation

Precursors to Sulfidation
S-impurities in ZVI (Wolfe, Lipczynska)
FeS minerals (Hayes, Reinhard, etc.)

Benefits of Sulfidated ZVI

Contaminant reduction kinetics/products
Efficiency of CoC vs. water reduction

Technology Transfer

Replaced bimetallic and nano ZVI
in academic research

Already several vendors of sulfur
modified ZVI

Vendors of other FeS amendments
Consultant Toolkits?
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Fan, Tratnyek, et al. (2017) Env. Sci. Technol. 71: 13070-13085

Oxic Conditions: Oxidation and Sequestration

Nanoparticles

(nZVIl, CMC-nZVI, Fe
oxides and sulfides)

Ex Situ Treatments
Reactive Filters

In Situ Treatments
Permeable Reactive
Barriers (PRBs)

Sulfidation of ZVI,
other iron-based
materials

Anoxic Conditions: Reduction and Sequestration
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New Tools (Technological): Black Carbon Amendments

Application of activated carbon for ex situ water treatment

Varieties of black carbon
Granular Activated Carbon (GAC)
Pyrogenic Carbonaceous Matter (PCM)

Pump & Treat

Engineered Application

] ] Il | Il

Biological activated carbon reactor for

Sediment
remediation with
activated carbon

In-situ groundwater
remediation by
activated carbon

Includes AC, biochars, etc. 1950 1960 1970 1980 1990 2000 2010
In-situ  Coupled abiotic
- . . . electrokin reduction and
Traditional Appllcatlons (eX SItU) Scientific Research .
carbon  composite

Adsorption of contaminants
Support in biofilm reactors

Established Applications (in situ)

activated carbon

Enhanced biodegradation of organics by

Adsorption of organic contaminants by activated carbon

Fan, Gilbert, Fox (2017) J. Env. Manag. 204: 793-803

Product Property .(I;irngt:tminant Degradation Pathway
I I m m I ® . Chlorinated Abiotic reductive
Ad SO rpt I O n Of Sed I e nt CO nta I n a ntS BOS-100 Granular AC (GAC) impregnated by ZVI solvents dechlorination
. BOS-200° Powder AC (PAC) mixed with nutrients, Petroleum Aerobic and anaerobic
GAC S u p po rted ZV I (m IC rO_ScaI e) electron acceptors, and facultative bacteria mix | Hydrocarbons bioaugmentation
CAT-100% BOS-100® and reductive dechlorination Chlorinated Abiotic and biotic reductive
. . . bacterial strains solvents dechlorination
E I I I e rg I n g ‘ \p p | I Cat I O n S Chlorinated Chemical oxidation
COGAC® GAC or PAC mixed with calcium peroxide, and solvents or acrobic and anaerc;bic
sodium persulfate petroleum biostimulati
Colloidal AC blends
Colloidal AC suspension with an organic Chlorinated Enhanc.ed l.’iOtiC reductive
o - . dechlorination for
L . PlumeStop® stabilizer, co-applied with hydrogen or oxygen solvents or chlorinated solvents and
P C M S I I IOd Ifl ed fO r re aCtIVIty P | release compounds, and/or corresponding petroleum aerobic biodegradation for
bacterial strains hydrocarbons g
petroleum hydrocarbons
Carbo-Iron® | Colloidal AC impregnated with ZVI Chlorinated Abiotic redgctive
solvents dechlorination
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New Tools (Technological): Black Carbon Amendments

ER19-1239: “Optimizing Carbon Amendments that

Varieties of black carbon Simultaneously Adsorb and Transform Legacy and
: Insensitive High Explosives” Wenqing Xu (Villanova), Joe
Granular Activated Carbon (GAC) Pignatello (CAES), Paul Tratnyek (OHSU), Eric Bylaska,
Pyrogenic Carbonaceous Matter (PCM) (PNNL), Sam Beal (ERDC-CRREL)
Includes AC, biochars, etc. Sorption (NTO)

Traditional Applications (ex situ)
Adsorption of contaminants
Support in biofilm reactors
Established Applications (in situ)
Adsorption of sediment contaminants
GAC supported ZVI (micro-scale)
Emerging Applications
Colloidal AC blends
PCMs modified for reactivity
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Future Tools (Conceptual): Reactive Mineral Intermediates

m Hypothesis:

1 Active precipitation leads to
1 Metastable phases that serve as
0 Reactive mineral intermediates

O

(RMIs), which may cause
Abiotic natural attenuation

m Characteristics of RMIs:

O O 0O 0O 0 d

Formed in situ +

Highly reactive =
Metastable intermediates
Transient or steady-state
Can’t be isolated

Can degrade contaminants
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Processes & Impacts

View Article Online

View Journal

Reduction of PCE and TCE by magnetite revisited+

[ '.) Check for updates ‘

Cite this: DOL: 10.1039/c8emo0286)  Johnathan D. Culpepper, 92 Michelle M. Scherer, &2 Thomas C. Robinson, 2
Anke Neumann, ©° David Cwiertny @2 and Drew E. Latta @*2
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Future Tools (Conceptual): Reactive Mineral Intermediates (RMI)

T —
ence slechnology

Modeling the Kinetics of Hydrogen Formation by Zerovalent Iron:
Effects of Sulfidation on Micro- and Nano-Scale Particles

Hejie Clin,T’i Xiaohong Guan,*’ti Joel Z. Bandstra,§ Richard L. Johnson,|| and Paul G. Tratnyek*’“

Hypothesis:
Active precipitation leads to
Metastable phases that serve as

Reactive mineral intermediates
(RMIs), which may cause

Abiotic natural attenuation

Characteristics of RMls:
Formed in situ +
Highly reactive =
Metastable intermediates
Transient or steady-state
Can’t be isolated
Can degrade contaminants
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Future Tools (Conceptual): Reactive Mineral Intermediates (RMI)

Home > Program Areas > Environmental Restoration > Contaminated Groundwater > Persistent

HypOtheSIS Contamination > ER-2621 Project Overview

. A | o |
ctive precipitation leads to Field Assessment of Abiotic Attenuation Rates
Metastable phases that serve as ysing Chemical Reactivity Probes and

Reactive mineral intermediates Cryogenic Core Collection
(RMIs), which may cause

n
—

Abiotic natural attenuation - Aged Column at Stopped Flow (£ 0) -,
8: I 3 _~
. . 6 N
Characteristics of RMIs: : s o
FOrmed in SitU + T: “] Aged Column after Stopped Flow — 10 i_’h
Highly reactive = R L 2
6 B —_
Metastable intermediates g g
Transient or steady-state 7 — 100
) . 10'9—:: Unaged Column Material (1% Magnetite/Sand)
Can’t be isolated 3 P O - P
Can degrade contaminants | | | | | | | |
0 5 10 15 20 25 30 35

Time (Days)
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Emerging
Challenges
= 0=
Established
Tools
Established Established
Challenges Challenges
- == - ==
Established Emerging
Tools Tools

Tools: Conceptual
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Toolkit is the currency of this field
Clean up sites + Compete with others
Includes technologies and concepts

Toolkit change is essential
Challenges (contaminants, priorities)
Competition (companies, individuals)
Established, new, emerging, future

Toolkit development is an investment
CVOCs — (I)MCs, PFAS, etc.

CSIA — Dechlorination, Nitro reduction

Training the next generation of
practitioners

Tools: Technologies

Nan&particles
(nZVI, CMC-nZVI, Fe
oxides and sulfide:

In Situ Treatments
Permeable Reactive
Barriers (PRBs)

Sul.ﬁdation of 2V,
other iron-based

materials

Anoxic Conditions: Reduction and Sequestration ™.

Magnetite alone Magnetite + Fe(ll)

no reduction

="}

o Fe(OH),(s)
- . undersaturated
w no reduction

=

P Fe(OH),(s)

saturated
reduction
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