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What is Nanotechnology?

According to the National Nanotechnology Initiative, nanotechnology is:

“…the understanding and control of matter at dimensions of roughly 1 to
100 nanometers, where unique phenomena enable novel applications”

www.nano.gov

21st Century Nanotechnology Research and Development Act (NRDA), 2003

• National Nanotechnology Initiative

• EPA Science Policy Council Nanotechnology White Paper, 2007

• National Risk Management Research Laboratory (NRMRL)’s
Nanotechnology Work Group White Paper: NRMRL’s Role in
Nanotechnology, 2005
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Nanotechnology Research Projects at Ground
Water and Ecosystems Restoration Division

1. Emulsified Zero-Valent Iron (EZVI) Technology for
Treating Dense Non-Aqueous Phase Liquids
(DNAPLs)

2. Fate and Transport of Nanomaterials in Porous
Media

3. Toxicity of Nanomaterials to Microorganisms
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EZVI For Treating Source Zone Chlorinated
Solvents

• DoD, Environmental Security Technology Certification
Program (ESTCP) Project ER-0431 “Emulsified Zero-Valent
Iron Treatment of Chlorinated Solvent DNAPL Source Areas”
with participants from GeoSyntec Consultants, NASA, U.S.
Navy, and EPA

• EPA, Office of Solid Waste and Emergency Response
(OSWER) Pilot Program Project with participants from
ORD/NRMRL/GWERD

• EPA, Remediation Technology Development Forum (RTDF)
Permeable Reactive Barrier (PRB) Project
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Objectives

• To evaluate two injection technologies (pneumatic and
direct injections) within a DNAPL source zone for EZVI
delivery

• To evaluate the effectiveness of EZVI to decrease mass
flux of dissolved volatile organic compounds (VOCs) from
a DNAPL source zone and decrease the DNAPL mass in
the source area

• To investigate fate and transport of injected nanoscale ZVI
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Approach
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Reasons for Selecting
Parris Island site:

•Free phase DNAPL
•Easy access
•Site support available
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Demonstration Site

Marine Corps Recruit Depot
Parris Island, SC

Former dry cleaner facility

Buildings torn down

Source areas located around
former above and belowground
storage tanks

Tetrachloroethene (C2Cl4,PCE)
Spill in 1994
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• 9 soil cores and groundwater samples collected in 2005 and 2006 to evaluate
contaminant distribution

• Wells installed in June 2006 to target the source areas identified through cores

SC-9

Previous Storage Tank Area Direct Injection Plot

Pneumatic
Injection Plot

GW flow rate 0.15 – 0.18 ft/day
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Pneumatic Injection Plot
Targeted VOC’s 38 kg

Direct Injection
Plot Targeted

VOC’s 155 g

Monitoring Well Installation

Multilevel Well Construction Direct and Pneumatic Injection Plots
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• Samples collected from over 50 sample
locations (including multilevel wells) during
June, August, and October 2006 sampling
events

• Sample parameters include field parameters
(DO, ORP, pH, conductivity, turbidity), VOCs,
DHGs, VFAs, anions, alkalinity, TOC/TIC,
metals (dissolved, total), and isotopes (C-13,
Cl-37)

• Integral pump test performed downgradient
of Pneumatic Injection test plot

DNAPL

Baseline Characterization
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Baseline Characterization

Integral Pump Test Procedure

• Performed downgradient of the Pneumatic Injection Plot prior to EZVI
injection to aid in evaluating the performance of the EZVI

• Groundwater models developed for capture zone and particle tracking
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Baseline Characterization

Integral Pump Test Results

• Groundwater pumped from PMW-3 (down-gradient of Pneumatic Injection
plot) at 1.25 gpm for 16 hours

• Groundwater samples collected from pump discharge and analyzed for
VOCs for calculating mass flux
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• EZVI made on-site by combining:

• Nanosized iron (Toda, 35-140 nm,
$24/lb) 10% by weight

• Corn oil 38%

• Surfactant (Sorbitan Trioleate) 1%

• Tap water 51%

• Ingredients added to drum and mixed
using a top mounted industrial mixer

• EZVI pumped from mixing drums into
injection tanks

EZVI Preparation
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Properties of Emulsified Zero-Valent Iron (EZVI)

• Emulsion droplets contain nanoscale zero-valent iron (ZVI) particles
in water surrounded by an oil-liquid membrane (food-grade
surfactant, biodegradable vegetable oil)

• Oil layer of emulsion is miscible with the DNAPL

• Chlorinated volatile organic compounds (VOCs) diffuse through the
oil membrane and are degraded in the presence of the ZVI in the
interior aqueous phase

• EZVI can be used to enhance degradation of DNAPL by enhancing
contact between the DNAPL and the ZVI particles

• Due to vegetable oil and surfactant which will act as long-term
electron donors, EZVI also promotes anaerobic biodegradation

Water

Oil

Surfactant

Iron

12. 3 m

Jacqueline Quinn, NASA
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Parris Island – EZVI Sample Analyzed with the Scanning
Electron Microscope/Energy Dispersive X-Ray System After

Oil Removal

± 0.9483.77k α 1Fe

± 0.4910.21k α 1O

± 0.906.03k α 1C

Weight %
Sigma

Weight %SeriesElement
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Pneumatic Injection PlotDirect Injection Plot
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Demonstration Site

Target zone: 6-12’ bgs Target zone: 7-19’ bgs
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Pneumatic Injection Plot

• Target treatment zone of 7 to 19 ft bgs
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Pneumatic Injection
Plot

• 575 gal EZVI injected into 8
locations between 7 and 19
ft bgs (2 locations using
Direct Injection)

• During injections,
monitored injection
pressure, pressure
distribution in subsurface,
ground heave, and looked
for EZVI at ground surface
(daylighting)

EZVI Injections

0 5 10
Feet

0 5 10
Feet
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Direct Injection Plot

• Target treatment zone of 6 to 12 ft bgs
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Direct Injection Plot

• 150 gal EZVI injected into 4
locations between 6 and 12 ft
bgs

• During injections, monitored
injection pressure and looked
for EZVI at ground surface
(daylighting)

EZVI Injections

0 5 10
Feet

0 5 10
Feet
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EZVI daylighted in both Pneumatic Injection and Direct Injection Plots

Pneumatic Injection plot
(daylighting around ML-3 pad,

down-gradient of plot)

Direct Injection plot
(daylighting possibly from

old soil core location)

EZVI Injection
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EZVI Soil Cores
• Collected cores to evaluate ability of injection

technologies to distribute EZVI evenly over the target
treatment intervals

Sand saturated
with EZVI

• Soil cores showed EZVI in all except possible EZVI in
ESC-06

ESC-04, 12-16ft
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EZVI Soil Cores (Pneumatic Injection plot)

Lots of EZVI
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Lots of EZVI
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Lots of EZVI
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• Samples collected from same locations as
baseline sampling events; samples
collected in November 2006; January,
March, and July 2007; and January, July
2008; and March 2009 (2-3 week sampling
events)

• Samples analyzed for the same parameters
as baseline events

Performance Monitoring

28

Days Since June 1, 2006

0 200 400 600 800 1000 1200

D
is

s
o

lv
e
d

G
a

s
C

o
n

c
e

n
tr

a
ti

o
n

s
(m

g
/L

)

0

2

4

6

8
ML2-3
8.5' bgs

Ethane

Ethene

In
je

c
ti

o
n

Methane

Days Since June 1, 2006

0 200 400 600 800 1000 1200P
C

E
a

n
d

T
C

E
C

o
n

c
e
n

tr
a

ti
o

n
s

(m
g

/L
)

0

20

40

60

ML2-3
8.5' bgs

TCE

PCE
In

je
c

ti
o

n

Days Since June 1, 2006

0 200 400 600 800 1000 1200

C
is

-D
C

E
a

n
d

V
C

C
o

n
c

e
n

tr
a
ti

o
n

(m
g

/L
)

0

40

80

120

160

ML2-3
8.5' bgs

VC

Cis-DCE

In
je

c
ti

o
n

29

Days Since June 1, 2006
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Days Since June 1, 2006
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31 Days Since June 1, 2006
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32 Days Since June 1, 2006
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Compound specific δ13C isotope values (mean ± standard deviation, n = 2, per mil )

Well PCE ethene PCE ethene

ML2-3 -26.1 -29.7±0.3 -26.4±0.3 -37.1±0.1

ML2-5 -27.6 nd -29 -42.1±0.1

ML5-3 -18.8 -29.6±0.1 -18.3±0.3 -34.8±0.3

ML5-5 -25.8 -28.8±0.2 -14 -38.2±0.4
PMW-5 -27.0 ±0.2 -30.8±0.3 -27.9 -41.6±0.3

PMW-3 -27.2 -29.1 -24.5 -41.8±0.4

October 2006

groundwater samples

March 2007 groundwater

samples

δ37Cl isotope values (per mil) for the whole extracted chlorinated solvents from
groundwater before and after EZVI injection

Well

October 2006

groundwater

samples

March 2007

groundwater

samples

ML2-3 3.99 5.43

ML2-5 2.57 3.3

ML5-3 4.43 5.11

ML5-5 4.29 4.85

PMW-5 3.46 4.55

PMW-3 3.29 4.71

Isotope Data
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86%93%63%% Reduction

5,4492,1373,31238,01829,0288,990Total Mass (g)

4504512012VC

81908195880588Cis-DCE

18201822670267TCE

33303335770577PCEGroundwater

11401142,21402,214VC

56905691,25401,254Cis-DCE

52105211,31701,317TCE

2,8672,13773031,78829,0282,760PCESoil

TotalDNAPLSorbed/DissolvedTotalDNAPLSorbed/Dissolved

Post-demonstration
Mass (g)

Pre-Injection Mass
(g)VOCMedia

Pre-injection and Post-demonstration VOC Mass Estimates in Pneumatic Injection Plot
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• X-ray diffraction
results of
suspended solids
from monitoring
wells

• Transformation of
element iron to
magnetite (Fe3O4)
and lepidocrocite (γ-
FeOOH)

X-Ray Diffraction Results

38

a: -elimination
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Results to Date

• In general, downgradient wells show decrease in PCE/TCE with increase in degradation
products including significant increases in ethene

• Significant increases in volatile fatty acids and total organic carbon

• Small decreases in pH, and increases in iron

• Compound-specific carbon-13 isotope results support that degradation of PCE and its
daughter products are occurring

• DNAPL now being pumped from some wells where DNAPL was previously absent, indicating
that some of the DNAPL is mobile

• Radius of influence was as much as 7 ft with pneumatic injection and 2.5 ft with direct
injection

• There were significant reductions in the downgradient groundwater mass flux values for
parent compounds PCE (> 85 %) and TCE (> 85 %) and a significant increase in the mass flux
of ethene

• There were significant reduction in total VOC and DNAPL mass (86%); an estimated reduction
of 63% reduction in the sorbed and dissolved phases and 93% reduction in the DNAPL mass

• This study shows that EZVI technology can be successfully applied to treat source zone
DNAPL
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Future Work

• Field trip planed for 2010 and 2011

• Continue monitoring performance

• Collect soil cores at the last field sampling

• Examine transformation of nanoscale iron
over time at the site
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Questions?

The Kerr Lab

The Kerr Resting Place

Ground Water and Ecosystems Restoration Division (Kerr Lab)
National Risk Management Research Laboratory
Office of Research and Development
United States Environmental Protection Agency
Ada, Oklahoma


