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Primer on Nanoremediation — History, Applications,
and Issues

Daniel W. Elliott, Ph.D., Senior Consultant
Ewing, New Jersey, U.S.A.

/// /)

Geosyntec com
/ ists | innovators
A




Geosyntec®

consultants

.  Why Nanoremediation?

Il. Nanoscale zero-valent iron (nZVI) — origins, properties,
and varieties

Ill. nZVI applications and chemistry
V. Using nZVI in the field
V. nZVI data needs and future directions
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Section |

Why Nanoremediation?
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Since the 1970s, hundreds of billions of $ have been spent

to clean up contaminated sites in the U.S."
Scale of the problem (U.S.):

o NAS (2012)": >126,000 contaminated sites remain with a cost-to-

cure of $110-127 billion USD

o EPA (2004): >300,000 sites requiring remediation through 2033 at

a cost exceeding $200 billion USD

~10% have “complex” hydrogeology and/or chemistry™:
o Low permeability zones, deep aquifers, fractured bedrock, matrix

diffusion, etc.

o Recalcitrant contaminants, DNAPL, incompatible geochemistry, etc.

Nanoremediation is a promising remedial option

1. Cavanaugh et al. Alternatives for Managing the Nation's Complex Contaminated
Groundwater Sites. 2012. National Academy of Sciences

Geosyntec.com

|. Challenging sites need powerful cleanup strategies
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|. Contaminant candidates for nanoremediation

Non- ‘
Halogenated
Solvents
(VOCs)

Others: MTBE, CIO,, PFC

8 engineers | scientists | innovators
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|. The challenge of recalcitrance

Nanoremediation

Approaches
Oxidative vs.
reductive

« Abiotic vs.
biotic

Slowly transformed

o7

Ethyl ether
Aqueous soluble; Resistant
etheric linkage

CI\ /CI
$=
—_ Cl g

cVOCs (PCE,CT & 1,1,1-TCA)
Moderate aqueous solubility; Multiple
degradation options but form DNAPLS &

matrix diffusion complications
Cl

cC .
cl” ¢
Cl

Lindane (y-HCH)
Low aqueous solubility; Multiple slow
to moderate remedial options

F
F>(|:

Persistent
cl

cl cl

cl cl
Cl

Hexachlorobenzene
Very slow anaerobic biodegradation;
Limited remedial options

N/ N \/ \\/
\/\/\/\/\\O
/\

/ \F F/ \F F/ \F

PFC
Very resistant to degradation;
Limited remedial options

Geosyntec.com
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|. Attacking remedial timeframes and spend

= Traditional remedial methods often &
involve long timeframes and o T
significant spend g ‘
o Especially early generation P&T

= Existing in situ approaches can
have major technical challenges
o Contaminant rebound, matrix diffusion,
degradation-related intermediates, etc.
= Nanoremediation offers the
potential for:
o Faster transformation kinetics

o Extending the spectrum of degradable
contaminants

o Portable, targetable (smart) delivery to
Impacted areas

o Better penetration of impacted matrices

engineers | scientists | innovators
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nZVI| — origins, properties, and varieties
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lI. Nanoremediation roots in ZVI

Application: In-situ inj. for source
area & dissolved plume

11996: nZVI research begins

Microscale, mZVI (1-100 um)

Application: Backfill, some in-situ in;.

Granular, gZVI (mm)
Application: PRBs, backfill, etc.

Reactivity

Specific surface area, m?/g

12 engineers | scientists | innovators



Geosyntec®

consultants ll. Timeline of ZVI utilization in remediation
-- Granular zZVI - - Microscale zVI - - Nanoscale zVI
1ST COMMERCIAL PRB E-ZVI

200 PRBS REPORTED/

1ST INJECTED PRB PRB PATENT EXPIRES

1ST PILOT PRB

1ST NZVI APPLICATION

PRB PATENT
g @ @ g @

1992 1993 1994 1995 1996 1997 1998 (1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

1ST zZVI-CLAY SITE

(EHC, ABC+, BOS-100)

|

* Use of ZVI in remediation evolved from U. of Waterloo research in late 1980s
» Significant research and applications interest: >1,400 papers & reports

* mZVI being increasingly used in- and ex-situ since the late 1990s

* nZVI occupies a niche role in the US, growing in parts of the EU

13 engineers | scientists | innovators



o
Geosyntec Il. ZVI — size does in fact matter

consultants
& S——— —— =i ___ =
Fe? + 2H,0 — Fe?* + 2e
= 1000 /’ e nZVI: Source zone or hot
2 N spot treatment, injection
(@] .
2 - | through wells or direct
= s
£ Nano-ZVI (TODA) Injection.
e [ ]
;: |
ol 10 =
g Micro-ZVI (Rio Tinto)
©
.g 1
= Millimeter-ZVI1 (Connelly)
8 ooooooooooooooooooooooooooooooooooooooo
0.1 O O T T T T T T T T T
0 100 200 300 400 500 600 700 80( 900 1000
Time (hrs)

o N ;""-.-’T"*: s A\ 4
gZVI: PRBs for plume migration mZVI: Direct plume

control. Trenching and backfill. < treatment. Injected PRBs.

14 SZ-Soll mixing (ZVl-Clay) DPT or fracturing_ engineers | scientists | innovators
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Redox reactions
Anode
“‘ Fe0 > Fe2* + 2e-
FQO(O Cathode

2H* + %20, + 20 - H0O
2e” + 2H,O - H + 20H-

C,HCI,
R ductio Adsorption
(7
C,H; + 3CF Reduetio Core-shell model

e transfer across oxide layer

ngineers | scientists | innovators

« Contaminant degradation by nZVI is surface-mediated ( Geosynisccan

15



Geosyntec®

consultants

Il. A plethora of iron nanoparticles

Bare nZVI & nFe-oxides
Bimetallics (Fe/Pd, etc.)

Supported nZVI
o Carbon or polymeric bead substrate

= Emulsified ZVI (eZVI)
o nZVI or mZVI within emulsified oil micelles

= Surface-modified nZVI
o Surfactant/polymeric surface architectures

o Polyacrylic acid (PAA) stabilized (others = NaHMP, CMC)

| | 0% PAA 20% PAA
C — ONa T
T o
| T N
e R & M sl AR x /U surfactant (Q water phase
CHCH o :
2 = ,"' » 2 A ot i o §QD zero valent iron particle o oil phase
R » S ¥
n » ; J»f” t,
™ i
05um
=

1um o : 'y
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II. SO how is this stuff made?

= Mechanically Ground / Ball-

Milling
Top-down o Physical size reduction
% o Lehigh University (2005)

0O
W W Bottom-up
990 @
= Chemically Precipitated
o Classical method since 1996 Atoms or
o Borohydride reduction of Fe2* neleelles

or Fe3* salts

17 .
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lI. Commercial sources of ZVI for remediation

= Hepure * Reade*

= OnMaterials = Gotthart Maier Metallpulver
= Connelly GPM GmbH

= BASF * Peerless Metal Powders

= Rio Tinto = GeoNano Env. Tech.

= NANO IRON, s.r.0. = Hoganas

= Adventus/PeroxyChem " Plus others...

* Bio Blend Technologies

= RemQuest*

B - canuiar v B - vicroscale zvi B - \anoscalezvi

* - Principally research quantities

engineers | scientists | innovators
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B lI. How much does this stuff cost?

Scale Size Range | SSA (m?/g) | Cost* ($USD/kg)
Millimeter (gZV1) 0.1mm - 2mm 1-2 $0.70 - $1.65
| 20um - 300um $2.00 - $3.00
Micrometer (mZV1) 1m - 20um 3-5 $4.50 - $22.00
Nanometer (nZVI) 50nm - 200nm 30 - 58 $55 - $170

SSA —specific surface area

1 — Cost can also be expressed as $USD/m? of surface (per 1,000 m? of surface):

gZVI = $0.35 - $1.65
mZVI = $0.40 - $7.33
nZVI = $0.95 - $5.67

19
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Section Il

nZV| — applications and chemistry
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Eh (volts)
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Profound pH and ORP impacts

06
FAldir AL PP
04 1J L4 llll‘”hl.‘vv
"
02 1t ”””fm‘l
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Time (seconds)

pH values

Fe® + 2H,0 — Fe?* + 2e-
2 H,0 +2e — Hy, + 2 OH-

0.016 g FelL

1”“ -"r "-, ]| AL A AAATA
11gFe.rL
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hh“ ] th"l
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600
400 + 5 g nZVi
o) .
z 0.5 g nzVi
=
5=." 200 T
£ | 0.25 g nZVI 0.1gnzVi
0
250
-200
Time (hours)
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l1l. Amenable contaminant classes

Ethenes Ethanes*

PCE 1,1,2,2-TeCA

TCE 1,1,1,2-TeCA

cis-1,2-DCE 1,1,2-TCA

trans-1,2-DCE 1,1,1-TCA

1,1-DCE 1,1-DCA

VC CFC-11

Methanes* i

PCM (CT) o

TCM (CF) Others

iy Perchlorate
NDMA

23

*1,2-DCA, CA, DCM, CM difficult to treat by ZVI alone

Propanes
1,2,3-TCP
1,2-DCP
DBCP

POPs

v-HCH (BHC)
DDT
Chlorobenzenes
PCB

Metals (Crb*, Hg?*, As3*:5%)

engineers | scientists | innovators
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e —

CiCo

1.20

1.00 *

0.80 4~

0.60 A

0.40 A

0.20 A

0.00 #

Elapsed Time (Hrs)

24

lll. Degradation of TCE by nZVI/Pd

engineers | scientists | innovators
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Geosyntec IIl. A tale of two degradation pathways

consultants

Fe® —» Fe?* + 2e
C,HCl; + 3H*+ 6e- —» C,H, + 3CI

Hydrogenolysis: Minor Pathway

Biological route

H | H H H
\h{:'= fc 2&";‘: 1'."'E =<H ?m‘ ;G =GiH ?ﬂ ﬁ;C=Gi: Eﬂ”
cf ol - Cl- cf a - H a "¢y
TCE cis-1.2-DCE YO cthene

2e- \ /
2C1-y 2e-+HY

H—Cc=c—cl E*T’;'f H—Cc=c—H
chloroacetylene acetylene
R—Elimination: Main Pathway

» First-order kinetics
* Requires direct contact with ZVI surface
« Can be difficult to discern abiotic and biotic degradation of TCE at the

field-scale

zineers | scientists | innovators

25 engi



Geosyntec® lIl. Degradation of CT

consultants
1.20
L
0,80 %o
g 0.60 Ry 15.4 mg/L CT; 12.5 g/L nZVI/Pd; 100-200 nm
0.40 X e
0.20 oo Py
0.00 e 0
0 20 40 60 80 100 S
Elapsed Time (Hrs) 3)
‘—o—CT o~ CF —a— DCM —xCH4 —o—Total C
15.86 mg/L CT; 12.5 g/L nZVI; 100-200 nm
Cl
00 0.2 04 0.6 0.8 1.0
| Elapsed Time (Hrs)
C
CI‘\\\\/ \CI |+ CT -o-CF & DCM —%-CH4 —— C2H6 — Total C |
Cl Geosyntec.com
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Cls- .
Cl*

Ill. Degradation of y-HCH

H v-HCH, BHC, “lindane” — a classic organochlorine pesticide
5+ « 10MM metric tons used globally from 1940s into 1990s
Recalcitrant, low aqg. sol and high sorption potential

- Major remediation challenge in soils, sediments, GW
- Recalcitrant to bioremediation

Concentration (mM)
=
o
o
|

o

a1

o
I

26.5g/L TYPE Il nZVI, 100 nm ——g-HCH
—o— TeCCH

Tetra-chloro intermediate

Elapsed Time (hrs)

30

27

0.90

0.80 . 26.5 g/L TYPE lll nZVI, 50 nm
= 0.70
£ 0.60
T ——g-HCH
Q 0.50 A —— Controls
T 0.40 - —— g-PeCCH
'% 0.30 | Penta-chloro intermediate
© 0.20 A

0.10 -

0.00 T T T T +

0 10 20 30 40 50 60
Elapsed time (hrs)
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Enhanced in situ biodegradation
(EISB) of cVOCs is widely
practiced in North America & EU
o Dhc for chloroethenes

o Dhb for chloromethanes & ethanes

H, is the ultimate electron donor

Z\V/| promotes:

o Appropriate reducing pH/ORP profile
o Reduction of H,0 yields H, and OH-

ZVI| impacts to the microbial
consortia are transient

o Field evidence suggests that Dhc, Dhb
population growth is often enhanced

Strong synergies in coupling ZVI
with EISB

Ill. ZVI and EISB — perfect together

Results: Monitoring Well B1

Start Bioaugmentation

3 !

S 7.0 1

E 6.0 { Start Donor Addition

= E

i)

<

c

[¢]

[&]

c

O

O . |

0 100 200 300
Time (days)
Geosyntec.com
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Section IV

Using nZVI in the field

29 engineers | scientists | innovators
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V. Key considerations

e —

Stabilizer
Selection

Z\V| Material

Selection Deliverability

Cost-
Effective

Site Model '\ Remedy EISEé,t(I:Si,CO,

developed
Conceptual

engineers | scientists | innovators
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View Iooklng northeast

g %‘Lv L e
B M?’xaM”“M Mllomog,r}dw mllz

MIP ECD Response Correlated to
Confirmatory Samples to Estimate
Groundwater Concentrations

Total Chlorinated Compunds (ppb)

200 300
1

ists | innovators
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V. Material selection considerations

TCE Degradatioﬁ |

106 _—w_ Y . = What type of nZVI to use?
° o Size range, vendors, cost
08 | —e— No NzVI
| —e— NzVionly = Source area vs. plume
< % —v— 0.7 mM Sulfide
A 1.0 mM Sulfid i i
o 06 1 . g pam Sutee " Must be integrated with SCM &
Q —8— 2.4 mM Sulfide delivery method
@) < 3.1 mM Sulfide
0.41¢ ¢ MNevipd = Multiple injection campaigns
likely needed
0.2 - N
3 = New developments
0.0 4 . . . . . . o Sulfate may form sulfide at ZVI
0 2 4 6 8 10 12 14 16 surface

Time (hr) o Sulfidized ZVI can dramatically

Provided by Dr. M. Borda - Research conducted by McGill University ImprO\_/e_ CVO_C reduction &
Department of Civil Engineering selectivity using ZVI

E Golde
32 @A&sﬁdaﬁes
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I\VV. Surface modification options

= Bare nZVI aggregates

quickly & migrates + Eﬂj + Eﬂj

hE hE
= Dense slurries foster IEJZI 4_’ IEJZI

more particle

interaction — focus on + |f|:::| + |f|:::|

lower density + +

Injections

= Surface modifiers help coon
to maintain surface ( —CH,- ca—ecnz cg—ecnz c—)
charge and particle O—C—CH3 CH,COOH
repulsion - stability 0
= Many surface modifier 003,400
options: PAA, CMC, -
H M PA * Hydrophilic . Nlegative charge

. . S * Anchoring groups (up to 4)
= Potentially some s

reactivity loss with the
surface modifiers

33
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V. Injection and monitoring

e —

= Unless air stabilized, nZVI is
guite reactive (not easily stored)

o Minimize aging time e “l IHIIIHHHM
= Slurry “strength” i N | NHIIIHIHHW H.“

o 1g/lL<nZVI<20g/L (Avg~10 g/L) g ST
= Delivery methods: '

o il W

= =

= o

% - - -,

T

~,‘--l-----
' ¥

\
i
}/

o Monitoring/Injection wells
o Traditional Geoprobe™ emplacement
o Jet injection techniques
o Hydraulic/pneumatic fracturing
= Verifying efficacy:
o Appropriate monitoring network
o Pre- and post-injection sampling

o Evidence of physical migration,
geochemical changes, and

contaminant transformation

34
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Iceland Sverige
Swedsn

A] Type of nanoparticles used _BJ Type of media treated | Mal N::e- R e
Nano-oxide 32“ olies
Z Unknown 2% Groundowater
20% 60%
BNP /
29% Sands and

clayey silts
2%

iy

>70 Field-scale applications (2015)

cVOCs typically the target
39% PCE, 84% TCE, 55% DCEs, 27% VC

/ o Typically 50-150 kg nZVI, 10-20 g/L
o2y o u 7,375 kg nZVI at Stephenville, TX

60%

35 Data from Karn et al. (2009) Environ. Health Perspec. Vol. 117(12), pp. 1823-1831. enginects;| aclentizg. | Inhovors
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a’ll/la terials

Engineered Materials for Environmental Remediation

V. A look at the

Stephenville site

e - ——
CVOCs at Source Area Well MW-1
6000 i i I : :
<— 2008 2011—> ——TCE
Program Program
5000 4300 —e—\/C -
uM
TCE 5000 uM —&— Ethene
c-1,2-DCE
3600 uM
4000 - Ethene B
=
3
5
‘= | 3000
=
=
(b}
(&)
c | 2000 +
/o)
@)
1000 +
0
2008 2009 2010 2011 2012 2013

36

Courtesy of Dr. John Freim, On Materials, LLC

Site Overview:

* Active industrial facility

* TCE release from a degreaser

* 30 x 15m source area, 100m
dissolved plume

* Source area [TCE],, ~500 mg/L

« Lithology: 1m coarse fill on
native silty sand, depth to
groundwater ~2m

Remediation Program:

* 2008-09: 4,875kg Z-Loy™ nZVI
+ 43,000kg EVO + 150,000L
deoxygenated H,O

* 60 Injection wells in source
area, depth to 3.5m

 2011:2,500kg Z-Loy™ +
75,000L EVO slurry + 50L Dhc

itists | innovators
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consultants —— |\/, Contaminant demographics for nZVI projects

m — - e E——— S = . — — ‘b‘“_-___ e — . - = ——M

Chlorinated solvents

o PCE, TCE, DCE, VC,
1,1,1-TCA

= Freon 113

= Hydrocarbons (C8 to C50)

= Metals (Chromium, nickel)

= Methylene chloride

0 Hydrocarbons

B Freon 113

» Methlyene Chloride
OPCBs

m Chlorinated Solvents

B Naphthalene
= Naphthalene
Heavy Metals
- PCBS H Pesticides
= Pesticides = BTEX

(Metolachlor, chlorpyrifos, lindane (y-HCH)

37
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Section V

nZVI data needs and future directions

38 Geosyntec.com
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Geosyntec® V. Characterization and QA/QC issues
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e —

* Need adequate QA/QC for nZVI to assure consistent
quality and behavior
o nZVIis produced from a variety of feedstocks and methods
o Readctivity, storage, and “born-on dating”
o Parameters should be relative simple, inexpensive
o Data furnished by vendors with Safety Data Sheet

= Working list of potential QA/QC parameters:
o pH and ORP profile in water
o Particle size distribution (PSD)
o Specific surface area (m?/g)
o Surface charge (zeta potential, isoelectric point)
o Standard reactivity batch test

39 engineers | scientists | innovators
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% -2 M
e — = e
500 9.00
] —=— ORP (Eh)
0 2+
400 -.\ Fe’ —» Fes* + 2e e pH - 8.50
300 1 2H,0 +2e — H2(g) + 2 OH
- 8.00
200 +
100 4 : 750 @
S <
E o | | | | | | | 7.00 ©
T (%2)
“ 100 1 A(pH, ORP): nZVI > mzVI > gZVI T
- 6.50 ©
-200 - ApH | AORP
- 6.00
-300
gZVvl 0-0.5 <300
400 5.50
mzVl 0.5-1.5 300-500
-500 5.00

0 90 180 270 360 450 540 630 720

Elapsed Time (sec) nzvl  1-2.5 >500
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Geosyntec V. Particle size distribution (PSD)
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e
1.0
@
@08 -
Q —- Bare-nFe
c
o 067
s
- 04 -
a
2
0.2 -
0.0 U LI L | I T T TTTT] T 1T T TTrr] T T T T T 11T
1 10 100 1,000 10,000
diameter (nm)
dygg (NM) dsgg, (NM) dgge, (NM)
" 2l 294 =
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V. Surfac

————e—

100 -
80 T
60 -
40 -
20 A

E(mv) o

e charge

and stability
_ B

—+-PV3A-nke
--»- Bare-nFe

IEP=8.1

-203
-40 -
-60 -
-80 -
-100 -

-120 -

42
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L V. Standard reactivity test

e

%)

| CxH,Cl, + zH* + zZFe® > CyHys; + ZFe?* + zCI

1 Cis-dichloroethene (cis-C2H2Cl2)
Trans-dichloroethene (trans-C;H:Cl;)
1,1,1- trichloroethane (CCI3CHz3)
Tetrachloroethylene (C2Cls)
Trichloroethylene (C2HCI3)
Tetrachloromethane (CCls)

Relative Intensity
f—
[—— )
— N
@ [
[——
|

® o bk 0N

Agueous batch reactor
» “Standard” initial contaminant
s concentration & iron loading
1 o ~10 mg/L TCE (or other)
o 1-5g/L nZVI
= Track degradation over 1-5 days
i I\ = Purpose is to assess the
e e reactivity of the iron, not to

Relative Intensity

Relative Intensity

characterize the degradation

q process
1 2 A 6
al - A 48 hours
Retention Time [minutes]

- 5
Rl 2 - —A— 120 hours
etention Time [minutes] Geosyrlte(:.com
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V. R&D & application needs

Materials characterization &

deployment

* Thorough site conceptual models
« Stabilize intrinsically reactive nZVI « Match NPs to site geochemistry,
» Standardized QA/QC hydrogeology, & contaminants

» Lessen variability in production,

storage, & deployment Applications & costing tools

Fate and transport _
» Dosage guidance

* NZVI reactive longevity & potential - Detailed cost-to-cure assessments
for regeneration

« Selectivity enhancement Permitting & risk issues
* Increase subsurface transport ARG ISK1SSU

* Focus on more complex recalcitrant « Normalizing permitting requirements
contaminants _ « Assessing potential exposures
 Implications for potential receptors - Balancing remediation requirements,

technology capabilities, & risks
nZVI effectiveness with
other RA technologies

» Couple with bioaugmentation, EK

A A% .Al‘ LU
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consultants

= \What is NanoRem?

o A consortium of 29 partners: universities, national research labs,
consultants, and RPs (contaminated site owners)

o FP7 project

o 4-yrs beginning April 2013 with €12MM EU funding ($16.8MM)

= Major goals:
o ldentify cost-effective nanotechnology solutions and develop them to
commercially relevant scales

o Determine the fate and transport of these new nanomaterials and
assess their capacity to impact receptors

= \What it means for nanoremediation:

o Pivotal opportunity to develop new materials, verify efficacy, and
overcome a decade of mixed results and user experiences
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NanoRem partners

d HELMHOLTZ
2 ; SOLVAy CENTRE FOR
3 asking more from chemistry® ENVIRONMENTAL
G ermany Versuchseinrichtung zur Grundwasser- und Altiastensanierung

Umversnty of Stuttgart
Karlsruhe Institute of Technology RESEARCH - UFZ

( ©%¢ 5 . TROH =
m?n cim ¢4 iniversitat MANCHESTER tecnalia ¥ s HelmholtzZentrum miinchen
Bmgfu?hang;z\:m o Wleﬂ 1824 Business German Research Center for Environmental Health

The University of Manchester

NIBIO . @) CENTRE
~ ADVANCED

NORSK INSTITUTT FOR I_ J % ) MATERIALS
BIOGKONOMI = —
N aquatest ¢

D I U ‘/,.3
plano Enabiing Der e — . I M
<= (3 ms=ssmm environmental technology

“

FUTURE TECHNOLOGY

L/ Associates

A | R E . . N A N O I Ro N ‘1 Golder @ b“F‘”‘g‘efﬁw‘iainaMeEanh

VERFAHRENSTECHNIK
F]A FUR ROHSTOFFE

UNIVERSITAT
ScIDRE it

SCIENTIFIC INSTRUMENTS DRESDEN GMBH
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V. Nanoremediation — the next generation

eSS

= Air stable nZVI, Fe® .
= Nano-Goethite, nFeO(OH) mm

= Carbo-iron® mmm—m RETTTI LI L
* Fe-zeolites NN I\'I'énoRe -
= Bio-Magnetite, Fe;O, il ACTIC m

= Biochar-nZVI* il

= Barium ferrate**

= Zero-valent magnesium, Mg®
= Nanoscale calcium peroxide*, CaO, il

B Reduction I Sorption B Oxidation B Sequestration
* - Not being investigated as part of NanoRem (2013-2017)

47 ** - Thus far, principally at the research scale
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I\VV.c. Parting perspectives on nZVI

= |t has been an eventful but up-and-down 20 years
o Burgeoning nZVI academic research globally
o Field applications have not kept pace (failures, perceived risks, &
Inadequate cost-benefit data)
= Qutlook for the nZVI technology is positive If:

o NanoRem outcomes are positive (new & better NP technologies,
fate & transport data, cost-benefit data, & successful field projects)

o Need well-designed, large-scale & multi-year projects
o Practitioners embrace nZVI as a complementary remedial
technology
= DWE’s gut feeling:
o nZVI will evolve but remain a niche player in the remediation
practitioner’s quiver of technologies
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V. A mixed track record so far...

* [nadequate site characterization or CSM
o GW flow direction & hydrogeology not well understood
o Low K zones or preferential pathways
o Elevated CO,%, pH, or completing electron acceptors, etc.

= [nsufficient iron dosing

o Target post-injection results (Gavaskar, 2005):
“* Iron to saturated soil ratio >0.004
** Redox potential -400 mV

o Multiple nZVI injections needed
o Natural reductant demand too high

= Material availability and quality
= Cost

- 11 oc COm
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NanoRem Funding

This project received funding from the European Union Seventh Framework
Programme (FP7 / 2007-2013) under Grant Agreement No. 309517.

This presentation reflects only the author’s views. The European Union is not
liable for any use that may be made of the information contained therein.

50




