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’ INTRODUCTION

Reactive metallic or bimetallic nanoscale zerovalent iron (NZVI)
particles are used for in situ remediation of chlorinated organic
compounds in the form of dense nonaqueous phase liquids
(DNAPLs) in contaminated groundwater and soil.1,2 Subsurface
DNAPLs, which only slowly dissolve, can persist as a long-term
source of groundwater contamination. NZVI is often injected
with the intention of rapidly dechlorinating entrapped DNAPL
to decrease the source mass and strength, and shorten the time
for meeting remediation goals.1,3 Over the past decade, substan-
tial advances in NZVI synthesis and characterization,4�9 under-
standing NZVI reactivity and longevity,10�12 understanding effects
of surface modification on NZVI mobility in porous media,13�21

and field scale evaluations 8,22�24 have been made. However, after

initial indications of the surface activity of polymer-modified
NZVI at NAPL/water interfaces,25 little research progress has
been made toward delivery of NZVI to NAPL source zones 26

even though source zone targeting would be a unique feature that
could make in situ NAPL remediation by NZVI more effective
than passive remediation techniques.

Delivering NZVI to the DNAPL/water interface where aqu-
eous phase DNAPL concentrations are at their highest can potenti-
ally increase the rate of dechlorination and the efficient usage of

Received: February 19, 2011
Accepted: June 1, 2011
Revised: May 29, 2011

ABSTRACT: Polymer-modified nanoscale zerovalent iron (NZVI) particles are
delivered into porous media for in situ remediation of nonaqueous phase liquid
(NAPL) source zones. A systematic and quantitative evaluation of NAPL
targeting by polymer-modified NZVI in two-dimensional (2-D) porous media
under field-relevant conditions has not been reported. This work evaluated the
importance of NZVI particle concentration, NAPL saturation, and injection
strategy on the ability of polymer-modified NZVI (MRNIP2) to target the
NAPL/water interface in situ in a 2-D porous media model. Dodecane was used
as a NAPLmodel compound for this first demonstration of source zone targeting
in 2-D. A driving force for NAPL targeting, the surface activity of MRNIP2 at the
NAPL/water interface was verified ex situ by its ability to emulsify NAPL in
water. MRNIP2 at low particle concentration (0.5 g/L) did not accumulate in or
near entrapped NAPL, however, MRNIP2 at moderate and high particle
concentrations (3 and 15 g/L) did accumulate preferentially at entrapped NAPL, i.e., it was capable of in situ targeting. The
amount of MRNIP2 that targets a NAPL source depends on NAPL saturation (Sn), presumably because the saturation controls the
available NAPL/water interfacial area and the flow field through the NAPL source. At effective Sn close or equal to 100%, MRNIP2
bypassed NAPL and accumulated only at the periphery of the entrapped NAPL region. At lower Sn, flow also carries MRNIP2 to
NAPL/water interfaces internal to the entrapped NAPL region. However, the mass of accumulated MRNIP2 per unit available
NAPL/water interfacial area is relatively constant (∼0.8 g/m2 forMRNIP2 = 3 g/L) from Sn = 13 to∼100%, suggesting that NAPL
targeting is mostly controlled by MRNIP2 sorption onto the NAPL/water interface.



6103 dx.doi.org/10.1021/es200577n |Environ. Sci. Technol. 2011, 45, 6102–6109

Environmental Science & Technology ARTICLE

Fe0 for reductive dechlorination. It would increase the amount of
Fe0 in the NZVI particles that is used for dechlorination rather
than for reducing water to H2 or reducing other groundwater
constituents that may be present such as nitrate.27,28 It can also
increase the rate of dechlorination because the dechlorination
rate is typically first order with respect to the aqueous phase
concentration of the contaminants. However, under ground-
water flow conditions, DNAPL dissolution to the aqueous phase
is a rate-limited process.29�31 Thus, the rate of DNAPL dechlor-
ination can also be limited by availability of dissolved contami-
nant. This potentially limits the prospects of rapid and substantial
DNAPL mass depletion.32,33 Nonetheless, the regions of max-
imum dissolved contaminants most amenable to NZVI targeting
are found in the DNAPL source zone as well as directly down-
gradient of it in what can be referred to as a capture zone for
contaminants originating from the DNAPL source.

The first two original ideas of targeting NAPL in a contami-
nated area were proposed by Saleh and co-workers 25 and Quinn
and co-workers.8 The former 25 proposed using NZVI modified
by an amphiphilic triblock copolymer that contained polyanionic
blocks to stabilize NZVI in suspension and a hydrophobic poly
(methyl methacrylate) block to drive nanoparticle adsorption to
the NAPL/water interface. Saleh and co-workers 25 demon-
strated the potential for NAPL targeting by demonstrating that
polymer-modified NZVI adsorbed strongly to NAPL/water inter-
faces. NZVI surface activity was confirmed by the ability of
triblock copolymer-modifiedNZVI to emulsify trichloroethylene
(TCE, DNAPL) or dodecane (NAPL) in water. The high emulsi-
fication effectiveness of polymer-modified NZVI indicated that
the potential for NAPL interfacial targeting via NZVI adsorption
would be enhanced by amphiphilic polymer coatings on NZVI.
Quinn and co-workers 8 proposed using water-in-oil emulsions
for NZVI delivery, where NZVI is suspended in the water droplets
stabilized by food-grade surfactants. Such emulsions have the
potential to partition into NAPL due to the hydrophobic oil con-
tinuous phase that may be miscible with NAPL. Recently, Zhan
and co-workers7 developed NZVI entrapped in porous silica
particles functionalized with ethyl groups and demonstrated their
ability to adsorb to a DNAPL/water interface in a microcapillary.
It remains the case that all demonstrations of NAPL targeting by
NZVI have been bench scale experiments that mix NZVI based
materials with NAPL or DNAPL. NAPL targeting by NZVI under
flow-through conditions in two-dimensional porous media with
more realistic geometries and NAPL architectures relevant for
practical in situ application 34,35 have not been reported.

The study closest to the relevant conditions for in situ appli-
cation is recently reported by Bishop and co-workers.26 They
quantified attachment of microscale carbonyl iron powder sus-
pensions modified with anionic homopolymers onto hydropho-
bized sand (coated with dichlorobenzene to mimic DNAPL)
under flow conditions. They demonstrated a relationship be-
tween the surface energy of the polymer-modified iron surface
and its sticking coefficient onto hydrophobic collectors,26 con-
firming that surface-modified NZVI should be able to target
entrapped NAPL.25 This work was conducted for one-dimen-
sional flow (column experiments) and did not evaluate the effect
of DNAPL source zone architectures, which can affect source
zone accessibility to NZVI.

The objective of the present work is to test the ability of
polymer modified NZVI to target entrapped NAPL in situ under
a flow-through condition in 2-D porous media. The specific
objectives are to evaluate the influence of (1) NZVI particle

concentration, (2) NAPL saturation degree (i.e., NAPL archi-
tecture), and (3) injection conditions on in situ NAPL targeting
by polymer-modified NZVI. Commercially available NZVI mod-
ified by olefinmaleic acid copolymer (MRNIP2) was used. A 2-D
aquifer cell was packed homogeneously using two different sizes
of sand to create source zones with different levels of entrapped
NAPL saturation. Dodecane was used as a NAPL model com-
pound. The findings are discussed in the context of their impli-
cations for engineering application of polymer modified NZVI
for in situ NAPL remediation.

’MATERIALS AND METHODS

NAPL Model Compound. In this study, dodecane (CH3

(CH2)10CH3) (>99%) (reagent plus grade, Sigma-Aldrich) was
used as a NAPLmodel compound, both for Pickering emulsion tests
and 2-D in situ targeting tests. While NZVI is typically used for
remediationof chlorinatedorganics (i.e.,DNAPL), usingdodecane as
a NAPL model compound instead of perchloroethylene (PCE) or
TCE DNAPL compounds is advantageous for interpreting the data
needed to meet the objectives stated above. The main objective is to
test the ability of polymer modified NZVI to target entrapped NAPL
in situ under a flow-through condition in 2-D porous media. The
targeting phenomenon is the key. If PCE or TCE were as a NAPL
model compound, then dechlorination occurring during the experi-
ment would likely produce a dynamic NAPL/water interfacial area
and changing NAPL distribution that could obscure the interpreta-
tion of the particle distribution data. Dodecane is inert with respect to
chemical degradation by NZVI, thus its morphology and NAPL/
water interfaces remain relatively unchanged over the course of the
study. In addition, TCE and PCE have high solubility and low visco-
sity in comparison to dodecane (i.e., solubility at 25 �C of 1280, 150,
and 0.0037 mg/L and viscosity at 25 �C of 0.53, 0.89, 1.34 cP for
TCE, PCE, and dodecane, respectively). Therefore, during the 2-D
flow cell study (discussed next), source zone migration and dissolu-
tion potential are greater for TCE and PCE than dodecane. Finally,
the interfacial tension of dodecane (52 dyn/cm) 36 (i.e., an important
parameter governing interfacial NAPL targeting) is close enough to
that of PCE (45 dyn/cm) 37 and TCE (38 dyn/cm) 38 to be a good
model compound for hydrophobically driven adsorption processes.
Once the targeting potential and effects of flow and saturation
conditions are determined in the current, simpler model system,
then targeting can be accounted for in future studies that explicitly
address a chemically dynamic DNAPL interface and source zone
morphology.
Polymer-Modified Fe0 Nanoparticles.MRNIP2, nanoparti-

cles having a Fe0 core and iron oxide shell and surface modified
by an adsorbed weak polyelectrolyte, olefin-maleic acid copoly-
mer (MW = 16 000 g/mol), was supplied by Toda Kogyo, Japan.
The stock MRNIP2 was 160 g/L and stored under inert N2

atmosphere in a glovebox. Fifteen mL of MRNIP2 stock was
sonicated (Fisher Scientific Model 550F Sonic Dismembrator at
power level = 3, ∼55 W output) for 15 min prior to dilution to
the desired concentration. MRNIP2 has olefin-maleic acid copoly-
mer adsorbed onto its surface to provide electrosteric repulsion
against agglomeration and deposition.14 The MRNIP2 disper-
sion contains unadsorbed (free) polymer (∼3 wt %). The free
polymer was removed by centrifugation (using Sorvall Ultracen-
trifuge OTD65B at 68 400�g for 80min) to separate the particles,
decanting the supernatant, and redispersing the particles in
polymer-free 1 mM NaHCO3 solution using ultrasonication for
2 min. The washing procedure was repeated to completely remove
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unadsorbed polymer, leaving irreversibly adsorbed polymer
on the surface. MRNIP2 had a Fe0 content of 24%, as deter-
mined by particle digestion with HCl (trace metal grade) in a
closed container and measuring H2 in the headspace as described
previously.14,27,39

Screening of NAPL Targeting Potential via Pickering Emul-
sion Protocol. In situ NAPL targeting under flow through
conditions is governed by both surface affinity and mass trans-
port of particles to NAPL/water interfaces. Here, we adapted and
modified the Pickering emulsion protocol 25 as a rapid, pre-
liminary screening test for the surface activity of MRNIP2 at a
NAPL/water interface without mass transfer limitations. The
2-D flow through test for in situ targeting (discussed next) is to
evaluate the coupling of both surface activity and mass transport.
In this screening protocol, dodecane was stained with Sudan

IV (0.01% by wt.) for visualization. The Pickering (i.e., particle-
stabilized) emulsion was prepared by mixing 5 mL of stained
dodecane with 5 mL of MRNIP2 aqueous suspension. The mix-
ture was vigorously shaken by hand. Three different MRNIP2
concentrations (0.5, 3, and 15 g/L) were tested. Emulsion droplets
were observed using optical microscopy (Nikon Eclipse TE300,
Hauppauge, NY). The existence of a stable emulsion that does
not rapidly break confirms the presence of adsorbed material at
the dodecane/water interface.
Two-Dimensional (2-D) Flow Cell with NAPL Source Zones.

A bench-scale quasi-2-D flow cell (30�18� 2.5 cm) was used in
this study to simulate in situ delivery of polymer modified NZVI
to entrapped NAPL in model porous media.40 The cell was
packed wet to create a largely homogeneous porous media
domain with Unimin sand #50 (Unimin, New Canaan CT) with
median grain size (d50) of 330 μm and porosity of 0.3, together
with three 2 �2.5 � 4 cm domains with larger grained media
(Unimin sand #16 with d50 of 880 μm and porosity of 0.35; the
chemical composition of Unimin sand is summarized in the
Supporting Information, SI) for entrapping NAPL. These serve
as source zones (Figure 1, drawn to scale). The capillary barrier
that forms betweenUnimin sand #50 andUnimin sand #16 in the
presence of NAPL promotes entrapment. The top and the
bottom of the 2-D cell were packed with Unimin sand #140

(d50 of 99 μm) to seal the cell. One pore volume (PV) of a block
of Unimin sand #16 for each NAPL source zone is 7mL. The 2-D
aquifer tank has sampling ports on the back in the center of
each block of Unimin sand #16 for injecting NAPL to create the
source zone. To create a NAPL source zone of a desired satura-
tion degree, one PV of dodecane stained with Sudan IV (0.01%
by wt.) was manually injected slowly through a back port to a
packed Unimin sand #16 block, then a predetermined volume of
NAPL was slowly withdrawn, leaving a NAPL source zone of a
desired saturation. For example, to create a NAPL source zone
with 50% saturation, 7 mL of stained dodecane was slowly
injected, and then 3.5 mL was slowly withdrawn. In addition to
a control (no NAPL in a source zone), five different NAPL
source zone saturations, 13, 27, 50, 75, and 100% were evaluated
in this work.
Tracer Test. 660 mL (∼one pore volume (PV) of the main

homogeneous domain) of water-soluble food dye was injected in
the 2-D cell as a tracer, followed by three additional PVs of
deionized (DI) water to examine the flow path of water through
NAPL source zones having different saturations. The injection
was done through the “injection well,” a brass tube (no. 7 in
Figure 1) using a peristaltic pump at a flow rate of 20 mL/min
(from left to right). A hole (0.1 cm in diameter) was made in the
downgradient side of the brass tube for injecting NZVI
(Figure 1). The 2-D flow cell has three side ports on the left
and on the right. A solution of 1 mM NaHCO3 was supplied at
0.3 mL/min through each of the side ports on the left (nos. 1�3)
to simulate the flow of background groundwater in the subsur-
face (30 cm/day). A time series of photos illustrating tracer
transport was recorded.
Polymer Modified NZVI Delivery and Quantification of

NAPL Targeting. Two MRNIP2 injection strategies were eval-
uated. Injection strategy #1 injected MRNIP2 into the porous
media, followed by flushing with 1 mM NaHCO3. MRNIP2
interacted with NAPL/water interfaces during transport through
the source zone. Injection strategy #2 was similar, but flow was
stopped for 24 h after NZVI injection to determine if the extra
contact time betweenNAPL andNZVI would improve targeting.
This injection strategy also serves to isolate the potential role of
sedimentation in the NZVI deposition mechanism. For both
injection strategies #1 and #2, one pore volume (∼660 mL)
of washed MRNIP2 in 1 mM NaHCO3 was injected in the
2-D cell using the same injection system as the tracer. AMRNIP2
dispersion of the desired concentration was ultrasonicated during
the injection. A time series of photos was taken to illustrate the
transport of nanoparticles and NAPL targeting. After 3-PV
flushing, the amount of MRNIP2 accumulated in the NAPL
source zone was measured by removing the front cover of the
cell, sampling media in the source zones (consisting of sand,
dodecane, water, and attached NZVI), followed by magnetic
NZVI separation to recover deposited particles. Recovered
particles from the source zone were acid digested and total Fe
measured using flame atomic absorption spectrometry (AAS).
Because NAPL targeting is an interfacially driven phenomenon, a
NAPL targeting index (ΓSA) was determined for each source
zone by normalizing the MRNIP2 remaining in the source zone
to the theoretically calculated NAPL/water interfacial area (IFA;
see below) in the source zone (g MRNIP2/m2 of NAPL/water
interface). The magnitude of the NAPL targeting index indicates
the tendency of MRNIP2 to enter and remain in the NAPL
source zone by adsorption to the NAPL/water interface as the
particles transport through the source zone. To confirm that

Figure 1. Schematic of 2-D flow-through cell (18� 30� 2.5 cm) with
heterogeneous packing to create three NAPL source zones. MRNIP2
and tracer were injected through the injection well while background
flow (to simulate groundwater flow) was supplied through ports 1 to 3
and exited the tank through ports 4 to 6.
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NZVI remaining in the source zone was mainly due to the
adsorption at the NAPL/water interface and not just deposition
onto sand surfaces inside a source zone, a control study was
conducted to measure MRNIP2 accumulation in a “source zone”
containing no dodecane. NZVI concentrations of 0.5 g/L, 3 g/L,
and 15 g/L were tested.
NAPL/Water Interfacial Area Calculation.The NAPL/water

interfacial area (IFA) was calculated following the method of
Grant and Gerhard.41 This is an equilibrium model which uses
the capillary pressure�saturation (Pc�S) relation of the soil to
calculate the IFA at different saturations and drainage/imbibition
conditions. Details are provided in the SI.

’RESULTS AND DISCUSSION

Adsorption Screening by Pickering Emulsion Formation.
At all particle concentrations (0.5 g/L to 15 g/L), MRNIP2 was
able to stabilize dodecane-in-water Pickering emulsions, con-
firmed by the drop test (a drop of oil-in-water emulsion readily
disperses in water, but not in oil). As shown in Figure 2a, prior to
mixing, dodecane and MRNIP2 were present in separate phases.
After mixing, dodecane was emulsified, and the decreased turbi-
dity of the neat aqueous phase beneath the emulsion phase
demonstrated that MRNIP2 preferentially partitioned into the
emulsion phase. ForMRNIP2 at 0.5 g/L, two phases were observed
above the neat aqueous bottom phase (Figure 2b), a neat dode-
cane phase on top and amiddle, emulsified dodecane phase. Both
phases were red, confirming the presence of dyed dodecane.
However, for MRNIP2 at 3 g/L and 15 g/L, all of the dodecane
was emulsified. The red color of the stained dodecane phase
turned to the black color of MRNIP2, indicating that MRNIP2
was well distributed in the emulsion. This finding highlights the
importance of particle concentration on emulsifying dodecane by
MRNIP2. At low particle concentration (0.5 g/L), MRNIP2 was

insufficient to saturate the surfaces of small NAPL droplets that
would produce a stable emulsion, while at high particle concen-
tration (15 g/L), the amount of MRNIP2 needed to occupy the
entire available NAPL/water interface was exceeded. For com-
parison, note that unmodified NZVI cannot emulsify dodecane.25

NZVI surface modification promotes adsorption at the NAPL/
water interface. Figure S1a in the SI shows a representative
optical micrograph of a Pickering emulsion of dodecane in water
formed by washed MRNIP2 at 3 g/L. Red dodecane droplets are
readily visible with black clusters of adsorbed MRNIP2 agglom-
erates on the droplet surfaces. The emulsions were stable for
more than a month. These observations all together indicate that
the amphiphilic olefin-maleic acid copolymer on the MRNIP2
surface enhances its surface activity and thereby promotes NZVI
attachment to NAPL, meeting the prerequisite for interfacially
driven source zone targeting.
Tracer Test. Tracer tests showed that water flows through

NAPL source zones at saturations (Sn) ranging from 13 to 75%
(see Figure 3 as an example for Sn = 50 and 75%). In contrast,
flow bypass was evident for 100% NAPL saturation. Hydrody-
namically, the NAPL/water interfaces of NAPL sources present
at Sn = 13 to 75% are more accessible for MRNIP2 targeting than
those in a fully saturated NAPL source of Sn = 100%.
MRNIP2 Delivery and Accumulation in NAPL Source Zones.

Due to stabilization by the adsorbed polyelectrolyte, MRNIP2
was mobile in porous media and able to access NAPL source
zones when Sn < 100%. As illustrated in Figure 4a,c, and e,MRNIP2
at 15 g/L transported through porous media (using injection
strategy #1) and was able to access NAPL source zones at Sn =
50 and 75%. The same behavior was observed for NAPL source
zones of Sn = 13 and 27%. However, the flow of groundwater
carrying MRNIP2 bypassed the NAPL source zone at Sn = 100%

Figure 2. Mixture of 5mLwashedMRNIP2 (0.5 g/L, 3 g/L, and 15 g/L)
(black) and 5 mL dodecane (red) (a) prior to hand shaking and (b) after
hand shaking when a Pickering emulsion was formed.

Figure 3. (a) A representative porous media domain consisting of
Unimin sand #50 as aquifer materials and Unimin sand #16 as three
distinct source zones. (b) A source of 100% degree of saturation (Sn). (c)
A source of Sn = 50%. (d) A source of Sn = 75. Parts (e) and (f) show the
tracer test illustrating flow bypass for the source of S = 100%.
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(Figure 4b) and consequently, MRNIP2 could interact with NAPL
just at the boundary of the source zone (Figure 4g). After flushing
with 3 PVs of 1 mMNaHCO3, most MRNIP2 was eluted from the
main porousmedia domain, leaving only a small fraction attached to
Unimin sand#50. However, even after flushing, MRNIP2 still
resided at NAPL-water interfaces in the source zones (Figure 4d,
f,h). Most of the MRNIP2 in the source zones was accumulated

at NAPL/water interfaces while only a small amount was on the
Unimin sand #16. This is confirmed by a micrograph of a cored
sample from a NAPL source zone (SI Figure S1b), which shows
that MRNIP2 accumulated at NAPL/water interfaces and not
on sand grains. This is also confirmed by a control experiment
(SI Figure S2) showing that only an insignificant fraction of
MRNIP2 remained in a source zone (Unimin sand #16) without
dodecane. These results indicate thatNAPL targeting byMRNIP2
is mainly promoted by physicochemical interactions between
dodecane and MRNIP2 rather than a deposition or sedimenta-
tion of MRNIP2 on NAPL. It also confirms the importance of
polymer surface modification for both mobility and NAPL
targeting since bare magnetite (as a model nanoparticle for
uncoated NZVI) was not mobile through the same 2-D porous
media (SI Figure S3). While MRNIP2 demonstrates NAPL
source zone accessibility and targeting, NAPL targeting depends
strongly on NAPL saturation and particle concentration as
discussed in the following sections.
Effect of NAPL Saturation on NAPL Targeting. Theoreti-

cally, NAPL saturation (Sn) might affect the ability of MRNIP2
to target NAPL sources for two reasons: (1) because the size of the
effective interfacial area (IFA) between NAPL and water, where
MRNIP2 may attach, is a function of Sn and (2) because the
permeability of the NAPL source zone to water flow is a strong
function of Sn. Figure 5a illustrates the calculated effective IFA as a
function of Sn. Effective IFA increases as Sn increases from 13 to
75%, and IFA decreases when Sn increases from 75 to 100%. In
contrast, the permeability of the NAPL source zone to the aqueous
phase would decrease monotonically as Sn increases. The presence
of NAPL strongly reduces the permeability to the aqueous phase,
leading to flow bypassing the source zone. Therefore, except for very
high NAPL saturations, these two influences on NZVI targeting to
the NAPL/water interface will counteract each other.42�44

However, we found that the major effect of Sn on NAPL
targeting is through its control over the effective IFA. The greater
impact of effective IFA on NAPL targeting in comparison to
source permeability is illustrated by the relationship between ΓSA

and Sn (Figure 5b). Because ΓSA is defined as the mass of
MRNIP2 remaining in the source zone per NAPL/water effec-
tive IFA, the relatively constant ΓSA at every Sn (see injection
strategy #1 at MRNIP2 = 3 g/L as an example; the average ΓSA of
the five different Sn values is 0.7 ( 0.1 g MRNIP2/m2 IFA)
suggests that NAPL targeting is primarily governed by available
NAPL/water interface (i.e., targeting driven by MRNIP2

Figure 4. (a) MRNIP2 (15 g/L) transported to the NAPL sources
using injection strategy #2 (allowing 24 h without flow prior to flushing).
(b) MRNIP2 bypassing the source of Sn = 100%. (c) MRNIP2 in the
source zone of Sn = 50%, (e) Sn = 75%, and (g) Sn = 100%. MRNIP2
remaining in the source zone of (d) Sn = 50%, (f) Sn = 75%, and (h) Sn =
100% after flushing.

Figure 5. (a) Interfacial area (IFA) (cm2) between NAPL and water as a function of saturation (Sn). (b) NAPL targeting by MRNIP2 for different
particle concentration, delivery strategy, and NAPL saturation.
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adsorption on the NAPL/water interface). The occurrence of
targeting with a nearly constant ΓSA up to Sn = 100% suggests
that source zone permeability plays a secondary role. IFA remains
accessible at high saturation. Of course the total amount of
accumulated MRNIP2 decreases at 100% saturation since the
IFA is smaller then.
This finding suggests that NAPL source zones with low Sn

(which tend to display ganglia-like architecture) favor NAPL
targeting byMRNIP due to the optimal IFA.However, the presence
of a more continuous NAPL phase at high Sn (displaying a pool-
like architecture) (Sn = 50 to 100%) decreases NAPL targeting
due to IFA reduction.
Effect of Particle Concentration onNAPL Targeting.Although

the emulsification screening tests confirmed theMRNIP2 affinity for
the NAPL/water interface, significant NAPL targeting in the 2-D
flow cell was not observed for allMRNIP2 concentrations. Targeting
was significant at moderate and high particle concentrations (3 g/L
and 15 g/L) as shown in Figure 5b, but targeting was insignificant at
0.5 g/L even though MRNIP2 could access entrapped NAPL (SI
Figure S5). The concentration dependence of MRNIP2 targeting
likely has both thermodynamic and mass transfer origins. Increasing
MRNIP2 bulk concentration would increase the surface concentra-
tion of adsorbed MRNIP2 according to its equilibrium adsorption
isotherm. Yet, nonthermodynamic factors come into play. Mass
transfer rates by convective diffusion scale with concentration.Higher
MRNIP2 concentrations will provide greater fluxes to the available
interfacial area thus higher adsorption rates as the bolus of MRNIP2
flows through and past the source zone.45 ΓSA increases asMRNIP2
particle concentration increases from 3 to 15 g/L at the same Sn
(Figure 5b).Using injection strategy # 1 (continual flow),ΓSA ranges
from 0.8 to 0.5 g/m2 forMRNIP2 at 3 g/L between Sn = 50 to 100%
while ΓSA for MRNIP2 at 15 g/L ranges from 6.5 to 4 g/m2 for the
same range of Sn. Normalizing ΓSA by particle concentration in the
MRNIP2 dispersion for the two cases yields more similar values of
ΓSA per g/L ofMRNIP2 (SI Figure S4). This is consistent with both
the thermodynamic and mass transfer effects on targeting.
ForMRNIP2 at 15 g/L, the mass of theMRNIP2 particle films

covering the NAPL phase is calculated via mass balance to be
equivalent to 19 to 16 particle monolayers for Sn = 50 to 100%
(SI Figure S4), and forMRNIP2 at 3 g/L, themass of the films is
equivalent to 2.5 to 1.5 monolayers for the same range of Sn
(Figure S4 of the SI). Themultilayer character indicates that the
targeting is not based solely on the establishment of an
adsorbed particle layer. We propose that the extremely large
local MRNIP2 concentration caused by adsorption promotes
local MRNIP2 aggregation and further accumulation; in es-
sence, aggregation is nucleated at the interface, leading to a
multilayer film. Similar effects have been observed for NZVI
deposition in sand columns.35 The thickness of the interface-
anchored NZVI film would affect the in situ dechlorination rate
at a DNAPL/water interface. The greater the thickness, the
higher is the in-film residence time for diffusing chlorinated
organics released from the source zone to the groundwater.
This suggests that the greatest advantage for DNAPL source
zone dechlorination could be obtained from the targeting
strategy if higher NZVI concentrations are used to produce
thick anchored multilayers.
Effect of Injection Strategy on NAPL Targeting. The injec-

tion strategy that allows more time for the interaction between
MRNIP2 and NAPL/water interfaces via MRNIP2 sedimenta-
tion or diffusion (injection strategy #2) performs slightly better
than the injection strategy that relies a single flow administration

(injection strategy #1) as shown in Figure 5b. Presumably, although
the collision of MRNIP2 and NAPL/water interfaces during
the initial flow-through administration was high enough to cover
all available NAPL/water interface, allowing 24 h for MRNIP2
in pore water to diffuse or sediment to NAPL/water interfaces
gives additional benefit for forming multilayer films. Nontargeting
MRNIP2 in porewater might sediment onto MRNIP2 which had
previously targeted NAPL interfaces, resulting in the formation of
multilayer films of MRNIP2 around NAPL.We also postulate that
consolidation of the multilayer films would also serve to increase
the film stability against hydrodynamic drag forces during the
subsequent flushing step. Since polymer-modified nanoparticles
decrease oil/water interfacial tension and therefore produce an
interfacial dilatational elasticity,46,47 it is also a possibility that
dilatational elasticity stabilizes films against hydrodynamic drag
forces during the subsequent flushing step. These hypotheses
remain to be tested.
Implications for In Situ Remediation. This was the first

attempt to systematically evaluate the ability of polymer-mod-
ified NZVI to target entrapped NAPL under flow-through condi-
tions in a 2-D system that better mimics heterogeneous aquifer
flow patterns than 1-D column experiments. The study revealed
that a NAPL source zone with low saturation degree (ganglia) is
more accessible to polymer-modified NZVI than a high satura-
tion source (pool). Flow bypass was observed for the case of a
NAPL source zone with saturation degree of 100%. The increase
of accessible NAPL/water interface at low saturation increases
the ability of polymer-modified NZVI to target the NAPL source.
These findings imply that in a field-scale application, polymer
modified NZVI is better able to target DNAPL ganglia than
high saturation pools. It remains to be determined to what extent
source zone targeting would accelerate DNAPL dechlorination,
but this work demonstrates that targeting can occur and can be
engineered.
Most NAPL saturation is likely below 60% due to the dynamics

of the release process and aquifer characteristics.48 The results
found here suggest that this intermediate saturation level is favorable
for NAPL targeting. Assuming that a sufficient ratio of NZVI to
entrapped NAPL is present, targeting NZVI might be able to
decrease a significant mass of ganglia-type NAPL sources while it
would not be able to degrade a significantmass of a pool-typeNAPL
source.32,33 To achieve the maximum potential of in situ targe-
ting and source zone reduction, the delivery of polymer-modified
NZVI at higher particle concentrations (3 to 15 g/L) is recom-
mended to achieve thick multilayer anchored films. Future work
to examine the effects of a chemically reacting, physically morphing
DNAPL/water interface on NZVI targeting will indicate the
potential of this technology to enhance source zone remediation
technologies.
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