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Concentratedsuspensionsofpolymer-modifiedFe0 nanoparticles
(NZVI) are injected into heterogeneous porous media for
groundwater remediation. This study evaluated the effect of
porousmediaheterogeneityandthedispersionproperties including
particle concentration, Fe0 content, and adsorbed polymer
mass and layer thickness which are expected to affect the
delivery and emplacement of NZVI in heterogeneous porous
media in a two-dimensional (2-D) cell. Heterogeneity in hydraulic
conductivity had a significant impact on the deposition of
NZVI. Polymer modified NZVI followed preferential flow paths
and deposited in the regions where fluid shear is insufficient
to prevent NZVI agglomeration and deposition. NZVI transported
in heterogeneous porous media better at low particle
concentration (0.3 g/L) than at high particle concentrations (3
and 6 g/L) due to greater particle agglomeration at high
concentration. High Fe0 content decreased transport during
injection due to agglomeration promoted by magnetic attraction.
NZVI with a flat adsorbed polymeric layer (thickness ∼30
nm) could not be transported effectively due to pore clogging
and deposition near the inlet, while NZVI with a more
extended adsorbed layer thickness (i.e., ∼70 nm) were mobile
in porous media. This study indicates the importance of
characterizing porous media heterogeneity and NZVI dispersion
properties as part of the design of a robust delivery strategy
for NZVI in the subsurface.

Introduction

Dense nonaqueous phase liquid (DNAPL) source areas are
long-term sources of groundwater contamination that cannot
be treated effectively using conventional technology such as
pump-and-treat or passive remediation technology such as
permeable reactive barriers (1, 2). Delivering reactive nano-
scale zerovalent iron (NZVI) particles in situ to reductively
dechlorinate entrapped DNAPL may provide DNAPL mass
reduction and provide residual treatment capacity to mitigate
mass flux from diffusion-controlled low permeability zones
(2-10). Bare NZVI, however, agglomerates rapidly (11),
making it ineffective for subsurface delivery. Polymeric
surface modification of NZVI is used to prevent NZVI
agglomeration (4, 12, 13), enhance transport in porous media
(4, 13-17), and target contaminants (16, 18). Adsorbed
polymers provide electrosteric repulsions to counter mag-
netic and van der Waals attractions (12, 19), the driving forces
of agglomeration and limited mobility in porous media.

Successful in situ remediation using polymer modified
NZVI requires controlled delivery of NZVI dispersion at high
particle concentration (3 to 20 g/L) to contaminated areas.
Unlike transport of stable colloids or nanoparticles at low
particle concentration where deposition is the main process
governing particle mobility in porous media (20, 21), the
transport of polymer modified NZVI at high particle con-
centration involves not only deposition but also agglomera-
tion and subsequent deposition (4, 11) as well as mechanical
filtration (22), which substantially limits its transport. If too
much NZVI is deposited in one area, pore clogging may
decrease permeability of the porous media and prohibit
additional NZVI transport through that area. Pore clogging
has been observed (14, 23) when bare NZVI is delivered into
porous media. However, pore clogging may also occur with
polymer-modifiedNZVIdeliveredathighparticleconcentration.

Laboratory column experiments (4, 5, 13, 15, 17, 19, 23-26)
have shown that agglomeration and deposition in porous
media are governed by the properties of polymer modified
NZVI, solution chemistry, and porewater velocity. Important
properties of polymer modified NZVI include particle con-
centration, Fe0 content, particle size distribution, and ad-
sorbed polymer layer thickness and mass. NZVI concentration
affects transport. At low particle concentration (<30 mg/L),
NZVI agglomeration during transport is limited, and attach-
ment (deposition) to sand grains determines the transport
extent. Conversely, at moderate to high concentration (>1
g/L), NZVI agglomeration and deposition of agglomerates
determines the extent of transport (4). Magnetic attraction
between NZVI particles increases with Fe0 content and
particle size (to the sixth power) (4, 5, 12). Thus, the increase
of Fe0 content (4, 5, 24) and particle size (4) promotes NZVI
agglomeration and subsequent deposition as well as me-
chanical filtration. The extent of the electrosteric repulsions
afforded by adsorbed polymer is determined by adsorbed
layer thickness and mass (12, 26). Therefore, increasing
adsorbed polymer layer thickness and mass helps prevent
agglomeration and decreases deposition. Important solution
properties include concentration of ionic species, valency of
ionic species, and natural organic matter (NOM). Increasing
ionic strength and the presence of multivalent cationic species
decrease NZVI mobility due to electrostatic double layer
screening (between particles and between particles and
collectors) and adsorbed polymer layer compression effects,
both of which promote agglomeration and subsequent
deposition (19). The presence of NOM (>20 mg/L) can
enhance NZVI mobility (13), presumably due to the elec-
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trosteric repulsions afforded by NOM adsorbed to NZVI or
to porous media.

Physical heterogeneity of the subsurface including aquifer
permeability and collector size, and nonuniform flow fields
may substantially affect NZVI transport and are not often
considered in laboratory studies (14-16). For a field ap-
plication, a concentrated polymer modified NZVI dispersion
is typically injected into subsurface using a single point
injector or a well that yields a radial flow pattern (3, 10, 13).
In homogeneous porous media, the seepage velocity de-
creases as r-1 from the well where r is the distance away from
the injection point. In heterogeneous porous media, more
typical of the subsurface, this decrease in velocity can be
nonuniform and more pronounced than in homogeneous
porous media. Since hydrodynamic shear affects transport
of NZVI in porous media by breaking NZVI agglomerates
formed during the transport and detaching deposited NZVI
from a collector (4), spatial variation of seepage velocity due
to heterogeneity will likely affect NZVI transport.

Ultimately, the NZVI properties, solution chemistry,
subsurface heterogeneity, and flow pattern together will
determine NZVI transport and deposition in the subsurface.
Porous media heterogeneity and nonconstant flow velocity
cannot be easily studied in a column experiment. Therefore,
up scaling from a one-dimensional (column) transport study
to two-dimensional (2-D) transport with more realistic
physical and hydrological conditions is an essential step
toward developing a design tool for NZVI transport and
deposition for field scale remediation application. The
objectives of the present study are 1) to investigate the
influence of physical heterogeneity of porous media and
the corresponding nonuniform flow field on polymer modi-
fied NZVI transport and deposition and 2) to evaluate the
effect of NZVI particle properties including particle con-
centration, Fe0 content, and adsorbed polymer layer thickness
on transport of NZVI. NZVI was modified by either olefin
maleic acid copolymer (MRNIP2) or by physisorption of
poly(styrenesulfonate) (PSS-RNIP). The adsorbed polymer
layer thickness on both NZVI particles was determined. A
two-dimensional (2-D) aquifer cell was packed using three
different sizes of sand to create layered heterogeneity of
hydraulic conductivity. The findings here are discussed in
the context of their implications on engineering application
of polymer modified NZVI for subsurface remediation.

Materials and Methods
Polymer-Modified Fe0 Nanoparticles. MRNIP2, Fe0 nano-
particles modified by the weak polyelectrolyte olefin-maleic
acid copolymer (MW ) 16,000 g/mol), was supplied by Toda
Kogyo, Japan. The stock MRNIP2 was 160 g/L and stored
under inert atmosphere (N2) in a glovebox. Fifteen mL of
MRNIP2 stock was ultrasonicated (Fisher Scientific Model
550F Sonic Dismembrator at power level ) 3) for 15 min
prior to dilution to a desired concentration. MRNIP2 has
polymer adsorbed onto its surface to provide electrosteric
repulsions against agglomeration and deposition (12). In
addition, the MRNIP2 dispersion contains unadsorbed (free)
polymer (∼3 wt %). To evaluate the effect of free polymer on
the transport and deposition of Fe0 nanoparticles, the
transport of MRNIP2 dispersions containing free polymer
was compared with washed MRNIP2 dispersions (i.e., without
free polymer). The free polymer was removed by centrifuga-
tion (using Sorvall Ultracentrifuge OTD65B at 68,400 g for 80
min) to separate the particles, decanting the supernatant,
and redispersing the particles in 1 mM NaHCO3 solution
using ultrasonication for 2 min. The washing procedure was
repeated to ensure free polymer removal. The average
hydrodynamic diameter of washed MRNIP2 measured by
dynamic light scattering (DLS) was 253 nm. Electrophoretic
mobility (EM) vs ionic strength and Ohshima’s analysis

(27, 28) was used to estimate adsorbed layer thickness on
MRNIP2 (12) for studying the influence of surface modifiers
on NZVI mobility as discussed next. Details of these analyses
are provided in the Supporting Information.

To examine the effect of particle concentration on
transport and deposition, dispersions of 0.3 g/L, 3 g/L, and
6 g/L unwashed MRNIP2 were transported in the 2-D cell.
MRNIP2 had a Fe0 content of 24%. Fe0 content was
determined by digesting particles with HCl (trace metal grade)
in a closed container and measuring H2 in the headspace as
described previously (5, 12, 29) (Supporting Information).
To examine the effect of Fe0 content on transport and
deposition, the transport of fresh (washed) MRNIP2 and
oxidized (washed) MRNIP2 (∼10% Fe0) was compared.
MRNIP2 was oxidized by bubbling air through the slurry for
48 h at ambient temperature and at pH 6. To examine the
importance of adsorbed polyelectrolyte layer thickness, we
compared the transport of MRNIP2 which has an extended
adsorbed polyelectrolyte layer, to polyelectrolyte modified
reactive nanoscale iron particles (RNIP 10 DS, Toda Kogyo,
Japan) with a less extended physisorbed poly(styrene-
sulfonate) (PSS) (molecular weight of 70000 g/mol) layer.
The adsorption procedure was modified from Phenret et al.,
2008 (12) to yield less extended polymer layer thickness
around RNIP. This was done by allowing only 30 min for
adsorption of PSS to RNIP prior to removing excess polymer.
The adsorbed layer thickness was quantified using electro-
phoretic mobility measurements and Ohshima’s soft particle
analysis as described in the Supporting Information.

Heterogeneous Two-Dimensional (2-D) Flow Cell. A
bench-scale 2-D flow cell (30 cm × 18 cm × 2.5 cm) was used
in this study to simulate transport and deposition in porous
media (Figure 1a). Three different sands (Unimin, New
Canaan CT) were used including fine (#140), medium (#50),
and coarse (#16) sand with d50 of 99, 330, and 880 µm,
respectively (see Table S1 in the Supporting Information for
their chemical composition). The cell was packed wet to
achieve the layered packing shown in Figure 1a (drawn to
scale). The layers of fine, medium, and coarse sand have an
average porosity of 0.3, 0.3, and 0.4, respectively, as deter-
mined by averaging the weight of each type of sand packed
per unit volume of each layer. The total pore volume of the
flow cell was ∼660 mL. A brass tube was used as an NZVI
injection well. A hole (0.1 cm in diameter) was made in the
side of the tube for injecting NZVI in the fine sand layer
above the coarse sand layer and below the medium sand
layer (Figure 1a). NZVI dispersion was injected (from left to
right) through the brass tube using a peristaltic pump. 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 (no. 1-3) to provide
flow with an average velocity of 30 cm/day.

Tracer Test. One pore volume (PV) of green food dye
(McCormick & Company, Inc., Sparks, MD) was injected as
a tracer followed by three additional PVs of DI water to
examine the flow path of water in the heterogeneous system.
The injection rate was 20 mL/min through the brass tube.
A time series of photos illustrating tracer transport was taken.
Samples eluted through the ports 4-6 were collected over
time to develop a dye tracer breakthrough curve. The
concentration of eluted dye was quantified using UV-vis
spectrometer (λ ) 630 nm).

Polymer Modified NZVI Transport and Emplacement.
In all cases, one pore volume (∼660 mL) of polymer modified
Fe0 nanoparticles in 1 mM NaHCO3 was injected through
the brass tube using a peristaltic pump at the flow rate of 20
mL/min followed by flushing with seven PVs of 1 mM
NaHCO3. A time series of photos was taken to illustrate the
transport of Fe0 nanoparticles. NZVI particles in the cell
effluent collected during injection and flushing were quanti-
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fied to develop a breakthrough curve. The concentration of
eluted NZVI was quantified using atomic absorption spec-
trophotometery after acid digestion as previous described in
ref 4. The spatial distribution of deposited MRNIP2 after
seven-PV of flushing was measured by removing the front
cover of the cell and coring samples (25 to 30 points
throughout the 2-D sand packing) followed by magnetic
separation to recover deposited particles, acid digestion, and
measurement of total Fe using flame atomic absorption
spectrometry. The NZVI deposition maps were created from

25 to 30 data points using SigmaPlot 11 (Systat Software,
Inc., San Jose, CA).

Simulation of Water Flow in the 2-D Flow Cell. Water
flow through the 2D flow cell was simulated to determine
the velocity distribution in the layers in the cell. The two-
dimensional groundwater flow equation (30) based on
Darcy’s Law was solved for the flow cell (Figure 1a) using
COMSOL Multiphysics Software (COMSOL, Inc., Burlington,
MA). Constant flow boundary conditions were set at the inlet
and outlet ports (Figure 1a). An inflow rate of 0.3 mL/min

FIGURE 1. (a) Schematic of a 2-D flow-through cell (18 cm × 30 cm × 2.5 cm) with heterogeneous layered packing. Polymer
modified NZVI and tracer were injected through the injection well, while background flow was supplied through ports 1 to 3 and
exited the tank through ports 4 to 6. (b) Flow paths were determined using a COMSOL particle tracking model.
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was assigned to each port at the inlet. Assuming steady state
flow (inflow ) outflow), outflow rates at the outlet ports
were assumed to be proportional to local horizontal effective
hydraulic conductivity of the sites where the ports are located.
The remaining boundaries including top, bottom and front
and back were given no flow boundary conditions. The single-
sided injection hole at the bottom of the brass tube was
represented in 2D Cartesian coordinates as a rectangular
closed domain with a size equal to the diameter of the hole.
Constant flow of 20 mL/min was given to the right-hand side
boundary of the rectangular domain to represent injection
from the single-sided brass tube.

The triangular meshing algorithm built into COMSOL 3.5a
was used to discretize the model domain by Finite Element
Meshes using 28548 elements consisting of 14446 mesh
points. Typically small mesh sizes were used around the
injection boundary and interfaces between different soil
layers. Prior to simulating injection from the brass tube, the
background groundwater flow was simulated by running the
model at steady state and stored to use as the initial condition
for simulating flow during the injection from the brass tube.
UMPACK direct matrix solver built into COMSOL was used
to solve the model implicitly. To calculate major flow
pathways in the layered aquifer, the calculated flow velocities
were used in a particle tracing algorithm in COMSOL
Multiphysics based on advective flow of tracer represented
as massless particles.

Results and Discussion
Flow Pattern in Heterogeneous Porous Media. Numerical
simulations were conducted to calculate velocity distribution
in the cell. Preferential flow paths created by physical
heterogeneity of the porous media greatly affected the flow
filed in the cell. The simulations indicated that water injected
into the 2-D cell from the vertical tube (well) would
preferentially flow toward the two higher conductivity regions
above and below the injection point (Figure 1b). Some flow
occurs through the medium sand layer by following the upper
path (B) due to the short distance from the injection point
and higher hydraulic conductivity of this layer (∼1 order of
magnitude difference) compared to the fine sand where the
water was injected. However, more than 95% of the injected
flow exits the cell through the coarse sand layer with the
greatest hydraulic conductivity (port 4, lower right). There
was almost no flow through the top and the bottom layer of
fine sand due to their relatively low permeability and the
pattern of heterogeneous packing. Figure S1 shows the spatial
distribution of the flow velocity in each layer in the 2-D cell.
Velocity increases in the coarse sand toward the outlet, while
it decreases in the fine sand in the middle of the cell and the
medium sand since the flow diverts primarily into the coarse
sand from the other layers because of its very high hydraulic
conductivity compared to the other sands. Water following
path A reached the outlet port in 23 min (∼0.97 PV). Water
following path B had a longer residence time, 93 min (∼3.73
PV). This arrival time is consistent with the arrival time for
the peak concentration in the dye breakthrough curve
discussed below.

The flow paths indicated in Figure 1b are consistent with
the observed migration of a conservative tracer (Figure 2
and Figure S2). Although injected into the middle layer of
fine sand (Figure 2 and Figure S2 at 0.03 PV), due to the lower
hydraulic conductivity of the fine sand, the tracer prefer-
entially moved through the upper medium grain sand and
lower coarse grain sand layers which have a higher hydraulic
conductivity (Figure S2 at 0.12 and 0.24 PV). The tracer initially
broke through the coarse grain sand layer after only 0.24 PV
(Figure S2). As observed visually, most of the tracer prefer-
entially moved through the coarse grain sand layer and broke
through via port 4 (Figure S2); however, tracer did transport

through the fine grain sand and the upper medium grain
sand at a lower rate (Figure 2 and Figure S2). After one PV
injection, the tracer broke through the layers of fine and
medium grain sand. Then, the tracer was flushed with DI
water injected through the same injection point as the
particles (Figure S2 at 1.09 PV).

General Transport Characteristics of Polymer-Modified
NZVI in Heterogeneous Porous Media. The transport of all
MRNIP2 dispersions used in this study generally followed
the same flow pattern as the tracer (Figure S2) regardless of
variations in particle concentration (Figure S3 for unwashed
MRNIP2 at 3 g/L and Figure S4 for unwashed MRNIP2 at 6
g/L), the absence of excess polymer (Figure S5), and Fe0

content (Figure S6). Some selected photos of all the cases are
also illustrated in Figure 2 for comparison. This indicates, as
expected, that subsurface heterogeneity greatly affects
transport and emplacement of NZVI in porous media.
MRNIP2 followed the same transport pattern as a tracer,
suggesting that density driven transport phenomenon as
observed for another type of polymer modified NZVI (14) is
not significant for MRNIP2 under the transport conditions
studied here. PSS-RNIP which was more extensively ag-
gregated than MRNIP2 did demonstrate density driven
transport in the course layer (Figure 2 and Figure S7, as will
be discussed in detail in the section before the last). This
implies that density driven transport of NZVI becomes
important when NZVI agglomerates reach a critical size as
has been observed in NZVI sedimentation (12).

Even though the general transport patterns were similar,
MRNIP2 dispersions with different particle concentration,
Fe0 content, excess polymer, or adsorbed polymeric layer
thickness have different transport and deposition charac-
teristics as described next.

General Polymer-Modified NZVI Transport and Deposi-
tion Characteristics: Accumulation in Stagnant/Low Shear
Zones. A significant fraction of MRNIP2 deposited in porous
media. After injection and flushing for 7 PVs with particle-
free water, MRNIP2 attached primarily in regions with low
velocity and therefore low hydrodynamic shear (4). In these
areas particle agglomeration occurs because van der Waals
and magnetic attraction is stronger than the electrosteric
repulsions and hydrodynamic shear that causes disagglom-
eration (31). The agglomeration promotes attachment and
straining. As shown qualitatively in Figure S3 (at 7.89 PV)
and quantitatively in Figure 3a using MRNIP2 at 3 g/L as an
example, MRNIP2 significantly accumulates in three regions:
1) the region at the injection point (X from 0 to 7.5 cm and
Y from 7 to 12 cm); 2) the stagnation zone in the leftmost
coarse sand layer (X ) 0 to 8 cm and Y from 1 to 4 cm); and
3) the region far from the injection in the fine sand (X from
17 to 30 cm and Y from 4 to 8 cm). MRNIP2 was injected to
flow down gradient (i.e., from left to right with the ground-
water flow). However, due to the relatively low hydraulic
conductivity of the fine sand, MRNIP2 flowed backward (from
right to left) at the injection point to migrate through the
upper layer with medium sand and the lower layer with the
coarse sand, both of which have higher conductivity. This
flow field (Figures 1b and S1) created regions with low pore
water velocity where deposition occurred (Figures 2, S1, and
3a). This illustrates the importance of subsurface heteroge-
neity and the resulting flow pattern on the transport and
deposition of NZVI in porous media. The deposition maps
of MRNIP2 for other conditions (without excess polymer, or
with 10% Fe0) share the features discussed above but have

different degrees of deposition depending on the properties
of MRNIP2 dispersion as discussed next.

Effect of Particle Concentration on Transport and
Attachment of Polymer-Modified NZVI in Heterogeneous
Porous Media. It has been shown previously that transport
of MRNIP2 in homogeonous porous media depends on
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concentration (4); at low particle concentration NZVI ag-
glomeration did not affect its transport (0.3 g/L), but at high
concentration agglomeration did affect transport (3 and 6
g/L). During NZVI injection (0 to 1 PV), the transport of
MRNIP2 at high particle concentration (3 and 6 g/L) showed
significant deposition onto the porous media and was only
moderately a function of particle concentration (compare
the tracer with MRNIP2 at 3 g/L and 6 g/L at similar PVs in
Figure 2). The plume of MRNIP2 at 6 g/L (from 0 to 1 PV)
is smaller than that at 3 g/L, suggesting that particle
concentration between 3 and 6 g/L affects transport. This is
presumably due to greater agglomeration at the higher
particle concentration. Even though MRNIP2 at 3 g/L and 6
g/L begins to breakthrough after 1 PV (Figure 4a), the total
mass eluted for 3 g/L (∼70 wt %) is greater than for 6 g/L
(∼40 wt %) after flushing with particle-free water (from 1 to
8 PV). This agrees with the deposition maps of MRNIP2 at
3 g/L (Figure 3a) and 6 g/L (Figure 3b) showing that the
deposited MRNIP2 per unit of sand per unit of the delivered
particles for 6 g/L transport case is greater than for 3 g/L.

This contrasts a previous report that particle concentration
(from 1 to 6 g/L) did not impact polyelectrolyte modified
NZVI in homogeneous porous media in columns (4).
Presumably, in one-dimensional flow (i.e., a column experi-
ment), during flushing, fluid is forced to flow through pores

with NZVI particles deposited on porous media; therefore,
shear force can effectively disaggregate and detach NZVI from
porous media regardless of deposited particle concentration.
In two-dimensional flow like that used here fluid can more
easily take paths with less resistance, (i.e., in areas where
NZVI has not deposited). Thus, in a 2-D system, the shear
force in areas of deposited NZVI is insufficient to diagglom-
erate and detach them. Based on mass balance for MRNIP2,
injecting MRNIP2 at 6 g/L in heterogeneous porous media
yields a greater mass of deposited MRNIP2 than for 3 g/L.
This results in greater flow resistance through the zones of
deposited MRNIP2 for the 6 g/L case compared to the 3 g/L
case and can explain the decreased transport at 6 g/L
compared to 3 g/L.

At low concentration (0.3 g/L), MRNIP2 transported
differently from at high concentration, confirming the
importance of agglomeration at high particle concentration
as observed in one-dimensional homogeneous sand columns
(4). MRNIP2 at 0.3 g/L broke through at 0.24 PV, similar to
the tracer, through the coarse layer (Figure 4a). A greater
fraction of MRNIP2 at this low concentration broke through
from 0.24 PV to ∼1.2 PV compared to high concentrations
(Figure 4a). Nevertheless, a significant fraction (∼20 wt %)
of particles were deposited onto the porous media. The
different breakthrough characteristics of MRNIP2 at low

FIGURE 2. Representative photos illustrating the transport of a tracer, fresh MRNIP2 at 3 g/L and 6 g/L, washed MRNIP2 at 6 g/L,
oxidized MRNIP2 at 6 g/L, washed PSS-RNIP at 6 g/L, and a tracer after the deposition of washed PSS-RNIP.
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concentration compared to high concentration suggests
different dominant deposition mechanisms. Presumably, the
transport at low particle concentration is only limited by

particle deposition, while transport at high particle concen-
tration is limited by the agglomeration and subsequent
deposition of particles and pore plugging. The former is
supported by the observation that during flushing with
particle-free water (1 to 8 PV), MRNIP2 at 3 g/L was eluted
more than MRNIP2 at 0.3 g/L. Possibly, MRNIP2 at 3 g/L was
deposited as loose agglomerates which could be broken and
detached by fluid shear during the flushing, whereas MRNIP2
at 0.3 g/L is mainly attached as individual particles via
deposition onto sand grains, making detachment more
difficult. This agrees with a previous study (4) suggesting
that classical deep bed filtration models are not suitable for
designing the delivery of polymeric-modified Fe0 nanopar-
ticles at high particle concentration for in situ remediation

FIGURE 3. Contour maps illustrating MRNIP2 deposited onto
sand grains (mg of nanoparticles per kg of sand). Maps are
interpolated from 30 measurements of deposited MRNIP2
distributed across the cell. (a) Unwashed MRNIP at 3 g/L. (b)
Unwashed MRNIP2 at 6 g/L. (c) Oxidized MRNIP2 at 6 g/L. (d)
Washed MRNIP 2 at 6 g/L. (e) 6 g/L PSS-coated RNIP with a
smaller extended layer thickness of 30 nm compared to 70 nm
for MRNIP2.

FIGURE 4. Breakthrough curves to illustrate the (a) effect of
NZVI particle concentration and (b) effect of excess polymer
and Fe(0) content on polymer modified NZVI mobility in 2-D
heterogeneous porous media. (c) Effect of deposited NZVI on
flow of tracer in 2-D heterogeneous porous media.
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because they do not account for these processes. Rather, a
model that accounts for both agglomeration and deposition
of agglomerates is needed (31).

Effect of Excess Polymer on Transport of Polymer-
Modified NZVI in Heterogeneous Porous Media. Excess
polymer in a concentrated MRNIP2 dispersion decreased its
transport. This is evident by comparing the transport of
unwashed and washed MRNIP2 at 6 g/L (Figure 2; also see
Figures S4 and S5) and the deposition map (Figure 3b,d).
Washed MRNIP2 eluted earlier (at 0.5 PV) and deposited less
than unwashed MRNIP2 at the same pH. The excess polymer
concentration (∼0.13 g/L in the case of MRNIP2 at 6 g/L) in
a system with high NZVI concentration (6 g/L) promoted
agglomeration via depletion flocculation which decreased
transport. Depletion flocculation is driven by the size
exclusion of unadsorbed, large macromolecule coils from
space between two particles dispersed in the solution. This
results in osmotic attraction between two particles sharing
the space as a result of flow of solution (polymer free) out
of the interparticle space driven by osmotic gradient. The
occurrence and magnitude of depletion flocculation will
depend on the polymer concentration and MW and the
particle concentration (32). This suggests that particle
concentration and polymer MW and excess concentration
may be optimized not only to decrease deposition onto sand
as previously reported (13) but also to prevent agglomeration
by depletion flocculation.

Effect of Particle Oxidation (Fe0 Content) on MRNIP2
Transport. Particle oxidation (i.e., decreasing Fe0 content)
enhances the transport and decreases the deposition of
MRNIP2 in heterogeneous porous media. The black plume
of washed, oxidized MRNIP2 (10% Fe0) at 6 g/L extends more
than that of fresh, washed MRNIP2 (24% Fe0) at the same
concentration (Figures 2 and S6). Washed, oxidized MRNIP2
breakthrough occurred earlier than washed, fresh MRNIP2
(0.24 PV versus 0.5 PV). A greater amount (65%) of washed,
oxidized MRNIP2 at 6 g/L eluted from the porous media
compared to elution of fresh MRNIP2 (50%) (Figure 4b). Fe0

is the origin of magnetic attraction which promotes particle
agglomeration and subsequent deposition. Therefore, particle
oxidation which transforms Fe0 to magnetite or maghemite
(less magnetic) (33) decreases agglomeration which results
in enhanced particle transport. This agrees with similar NZVI
transport studies in 1-D columns (4, 24). Therefore, the Fe0

content (i.e., saturation magnetization) should be considered
in models developed to predict NZVI transport in porous
media at high particle concentration (31).

Effect of Adsorbed Polymer Layer Thickness on NZVI
Transport. As with 1-D sand columns, the greater the
adsorbed layer thickness of polymer modified nanoparticles
(26), the better the transport. According to electrophoretic
mobility and Ohshima’s soft particle analysis (12), the
adsorbed layer thicknesses of MRNIP2 and PSS-RNIP are
∼70 and 30 nm, respectively. The adsorbed layer thicknesses
correlates with NZVI transport as illustrated in the break-
through curves of the two cases (Figure 4b,c). While around
50% of washed MRNIP2 at 6 g/L with the adsorbed layer
thickness of 70 nm eluted, only around 8% of PSS-RNIP with
the layer thickness of 30 nm eluted. Presumably, the small
adsorbed layer thickness of PSS-RNIP resulted in a greater
amount of agglomeration and deposition than MRNIP2 with
a greater extended layer thickness (11, 12, 31).

In addition to poor transport, polymer modified NZVI
with insufficient adsorbed layer thickness yields pore clogging
and flow bypass. As shown in Figures 2 and S7, PSS-RNIP did
not appear on the wall in the fine sand layer (fine sand #140)
as for other MRNIP2 cases discussed previously. Rather, PSS-
RNIP appeared in the coarse sand layer after 0.21 PV, with
some limited elution after 0.75 PV. As shown in the deposition
map for PSS-RNIP (Figure 3e), ∼16 g/kg of PSS-RNIP

deposited at the injection point in the fine sand layer. This
amount is around ten times greater than the case of washed
MRNIP2 (6 g/L) at the same location (Figure 3b). Deposition
was sufficient to cause pore plugging, evident from the change
of tracer breakthough curve (Figure 4c) and flow path after
PSS-RNIP deposition (Figure 2 and Figure S7) compared to
the pristine sand layers (Figure 2 and Figure S2).

Implications for Field Application of NZVI. This study
is the first attempt to systematically evaluate the importance
of heterogeneity in permeability and collector size of porous
media and flow velocity on the transport and deposition of
polymer modified NZVI in a 2-D system. The study indicates
that polymer modified NZVI transports through preferential
high velocity flow paths created by porous media hetero-
geneity. In addition, NZVI mostly deposits in regions where
fluid shear is insufficient to prevent NZVI agglomeration and
deposition. These zones are governed by porous media
heterogeneity. This highlights the importance of subsurface
characterization controlling injection velocity during NZVI
emplacement for in situ remediation.

Particle concentration, excess polymer, Fe0 content, and
adsorbed polymer layer thickness all affect the transport of
NZVI in a heterogeneous 2-D porous media. Using polymer
to modify NZVI does not ensure its transport in porous media.
The adsorbed layer thickness needs to be sufficient to prevent
agglomeration and deposition and resulting pore plugging.
Emplacement of NZVI that causes pore clogging can alter
groundwater flow and prevent emplacing additional NZVI if
needed.

For the conditions used in this study, a layer thickness of
70 nm based on Ohshima’s soft particle analysis was sufficient
to prevent pore clogging. Excess (unadsorbed) polymer in a
NZVI dispersion at high particle concentration (6 g/L) can
cause depletion flocculation which promotes NZVI ag-
glomeration and subsequent deposition. Therefore, the
amount of excess (unadsorbed) polymer in concentrated
NZVI dispersion used to improve NZVI must be not also
promoting depletion flocculation. This amount is specific to
the polymer MW and the particle concentration in the slurry
and must be determined experimentally. This suggests that
to be effective, a design tool for NZVI delivery in the
subsurface must account for the effects of Fe0, adsorbed
polymer layer thickness, and the presence of excess polymer
together with subsurface heterogeneity and the flow pattern.
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