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The surfaces of nanoscale zerovalent iron (NZVI) used for
groundwater remediation must be modified to be mobile in the
subsurface for emplacement. Adsorbed polymers and
surfactants can electrostatically, sterically, or electrosterically
stabilize nanoparticle suspensions in water, but their efficacy
will depend on groundwater ionic strength and cation type as
well as physical and chemical heterogeneities of the aquifer
material. Here, the effect of ionic strength and cation type on the
mobility of bare, polymer-, and surfactant-modified NZVI is
evaluated in water-saturated sand columns at low particle
concentrations where filtration theory is applicable. NZVI surface
modifiers include a high molecular weight (MW) (125 kg/mol)
poly(methacrylic acid)-b-(methyl methacrylate)-b-(styrene
sulfonate) triblock copolymer (PMAA-PMMA-PSS), polyaspartate
which is a low MW (2-3 kg/mol) biopolymer, and the
surfactant sodium dodecyl benzene sulfonate (SDBS, MW )
348.5 g/mol). Bare NZVI with an apparent �-potential of -30 (
3 mV was immobile. Polyaspartate-modified nanoiron (MRNIP)
with an apparent �-potential of -39 ( 1 mV was mobile at
low ionic strengths (<40 mM for Na+ and <0.5 mM for Ca2+),
and had a critical deposition concentration (CDC) of ∼770
mM Na+ and ∼4 mM for Ca2+. SDBS-modified NZVI with a
similar apparent �-potential (-38.3 ( 0.9 mV) showed similar
behavior (CDC∼350 mM for Na+ and∼3.5 mM for Ca2+). Triblock
copolymer-modified NZVI had the highest apparent �-potential
(-50 ( 1.2 mV), the greatest mobility in porous media, and
a CDC of ∼4 M for Na+ and ∼100s of mM for Ca2+. The high
mobility and CDC is attributed to the electrosteric stabilization
afforded by the triblock copolymer but not the other modifiers
which provide primarily electrostatic stabilization. Thus,
electrosteric stabilization provides the best resistance to
changing electrolyte conditions likely to be encountered in

real groundwater aquifers, and may provide transport distances
of 10s to 100s of meters in unconsolidated sandy aquifers at
injection velocities used for emplacement.

Introduction
Nanoscale zerovalent iron (NZVI) has been evaluated as an
in situ treatment alternative for chlorinated solvent non-
aqueous phase liquid (NAPL) source zones (1-3). Laboratory
studies (4, 5) and field pilot studies (2) have demonstrated
low mobility of NZVI in porous media and the challenges in
distributing NZVI evenly in the subsurface. Inhibiting NZVI
aggregation and the attachment of NZVI to aquifer grains is
essential for making them mobile (5). Enhanced mobility of
iron nanoparticles was demonstrated by Schrick et al. (4)
who used an anionic hydrophilic carbon and poly(acrylic
acid) as supports for NZVI and by He et al. (6) who used
carboxymethyl cellulose to surface modify Fe-Pd nanopar-
ticles. Saleh et al. (5) demonstrated that polyelectrolytes and
surfactants adsorbed directly to NZVI can stabilize NZVI
dispersions, decrease attachment to silica surfaces, and
thereby enhance NZVI mobility in porous media while
maintaining good reactivity.

Surface modification of nanoparticles using charged
polymers (polyelectrolytes) or surfactants (3, 7) increases
the surface charge of the particles and provides electrostatic
double layer (EDL) repulsions between particles to inhibit
aggregation, and between particles and surfaces to inhibit
attachment. For particles that are only electrostatically
stabilized, changes in ionic strength and ionic composition
can change the EDL screening length, i.e., the range and
magnitude of repulsive double layer interaction between
particles, or between particles and surfaces, and thus change
their stability (resistance to aggregation) and mobility in the
subsurface (8-11). In the case of polyelectrolyte surface
coatings, so-called electrosteric repulsions also arise between
particles and between particles and surfaces that are non-
adsorbing for the polyelectrolyte. Electrosteric repulsions
tend to be quite strong and long-ranged, and are known to
be robust even at ionic strengths on the order of several
hundred mM where electrostatic double layer repulsions are
highly screened (12, 13). Both electrostatic and electrosteric
repulsions can help to decrease NZVI aggregation and
attachment.

Reported studies on the dispersion stability and mobility
of NZVI in porous media have used either deionized water
or water at very low ionic strength (4-6) that is not
representative of groundwater conditions. In groundwater,
the concentration of monovalent cations (e.g., Na+, K+) is
typically 1-10 mM and divalent cations, e.g., Ca2+, Mg2+ is
typically 0.1-2 mM (14, 15). Although the groundwater ionic
strength and ionic composition are likely to have a significant
effect on the subsurface mobility of surface-modified NZVI,
a systematic investigation of these effects has not been
reported. A fundamental understanding of the effect of ionic
strength and composition for different surface-modified
particles can be used to estimate a travel distance based on
the modifier type and on the site geochemistry, and thus
could enable controlled in situ placement.

The objectives of this study are to (1) quantify NZVI
mobility enhancement from three different classes of NZVI
surface modifiers including a low molecular weight (MW)
surfactant (sodium dodecyl benzene sulfonate), a high MW
(125 kg/mol) triblock copolymer with a poly(methacrylic
acid)-b-poly(methyl-methacrylate)-b-poly-(styrene sulfonate)
(PMAA-PMMA-PSS) architecture (3), and a moderate MW
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(2-3 kg/mol) polypeptide (polyaspartate); and (2) to quantify
the sensitivity of each type of coating to changes in ionic
strength and composition. Surface-modified reactive nanoiron
particles (RNIP) are prepared, and the apparent �-potential
and transport of each in saturated sand columns is deter-
mined as a function of [Na+] and [Ca2+]. A single-collector
efficiency model (16) is used to calculate the “sticking
coefficient”, R, from breakthrough data collected for each
modifier type in columns, and using quartz crystal mi-
crobalance with dissipation (QCMD-D) at varying ionic
strength and composition. An empirical equation is used to
determine the critical deposition concentration (CDC) and
sensitivity to changes in salt concentration for each modifier
(17). Finally, DLVO calculations are used to postulate reasons
for the observed mobility enhancement of each modifier.

Theory
Particle Attachment and Quantifying Relative Transport
Distances. Using the single collector efficiency model (16, 18)
a dimensionless deposition rate η0 can be calculated using
eq 1, where ηD, ηI, and ηG are collector efficiency components
for particle transport to the collector due to diffusion,
interception, and gravity, respectively (16).

η0 ) ηD + ηI + ηG (1)

Essentially, η0 is the probability that a particle will collide
with the collector grain through one of the three modes of
transport (diffusion, interception, and transport), accounting
for system hydrodynamics, particle size, density, and van
der Waal’s forces. For nanoparticles of the size and density
used here (∼ 100 nm and F ) 5 g/cm3), ηD dominates the
collision efficiency (19). Under typical groundwater condi-
tions, the single collector removal efficiency η is lower than
single collector contact efficiency η0 due to repulsive colloidal
interactions between particles and collector grains. The
attachment efficiency or “sticking coefficient” R represents
the fraction of collisions between particles and collectors
that result in attachment, i.e.

R) η
η0

(2)

The sticking coefficient, R, for each modified NZVI at a
specified ionic strength is estimated from column break-
through data using eq 3 (16, 18).

R)-
2dc

3(1- ε)η0L
ln(CL ⁄ C0) (3)

In eq 3, dc is the average diameter of the collector particles,
ε is packed bed porosity, L is the length of the column, and
C0 and CL are influent and effluent particle concentration,
respectively, for a column of length L. The experimentally
determined R in eq 3 depends on surface charge and other
surface interaction forces and on the hydrogeochemical
conditions evaluated. The sticking coefficients determined
in identical columns and flow rates are used to compare the
relative mobilities of particles with each type of surface
modifier at varying ionic strength and composition.

For electrostatically stabilized particles, dissolved salts in
solution will screen the long-range electrostatic interactions.
An empirical relationship between ionic strength and R is
given by eq 4

R) 1

1+ (CDC
Cs

)�
(4)

where Cs is the salt concentration and CDC is the critical
deposition concentration (17). The CDC is the salt concen-
tration where R ) 1 (perfect attachment efficiency) and the

exponent � describes the sensitivity of the particles to an
increase in salt concentration. The CDC and � are determined
from a plot of log R (determined in column experiments at
varying Cs) vs log Cs. A higher CDC indicates a higher
resistance to salt-induced particle attachment (17), i.e. a
higher CDC indicates that the modifier does a better job at
mitigating attachment. Particles that are only electrostatically
stabilized would be expected to be vulnerable to deposition
at ionic strengths in the tens to hundreds of mM range. Data
collected by the quartz crystal microbalance (QCMD-D) in
a flow through cell are analyzed similarly to determine the
CDC and � (16).

Using R determined in column studies and the column
properties (e.g., dc, ε, ηo), the filtration or travel length required
to remove 99% of the particles, i.e., where CL/C0 ) 0.01 is
calculated using eq 5 (18, 20). The choice of CL/C0 is arbitrary,
but is the same for each particle evaluated.

LT )-ln(CL ⁄ C0)(
2dc

3(1- ε)Rη0
) (5)

Particle-Collector Interaction Energy Calculation. Par-
ticle-collector electrostatic interaction energies are calculated
using classical DLVO theory (21) for sphere-flat plate
interaction, i.e., assuming the particles are uniform spheres
and small relative to the sand grains. For Ca2+ (added as
CaCl2), a symmetric electrolyte condition was assumed for
simplicity. The maximum error from this assumption is 10%,
even at very high salt concentrations (22). Details of the
equations and parameters used in these calculations are
provided in Supporting Information. The surface potential
(related to the surface charge) for the sand is adjusted for
each Na+ concentration (23) and for each Ca2+ concentration,
assuming a constant surface charge density and using the
Graham equation (21).

Materials and Methods
Chemicals. All water was deionized by reverse osmosis and
further purified by a MilliPore MilliQ Plus system and filtered
with a 0.45 µm nominal pore size polycarbonate filter. The
water was not deoxygenated. All chemicals were reagent grade
(99+% pure) and used without further purification, unless
noted. Sodium chloride, calcium chloride (anhydrous),
sodium bicarbonate, and sodium nitrite were supplied by
Fisher Scientific (Pittsburgh, PA).

Surface Modifiers. Three surface modifiers were used
including a high MW triblock copolymer (125 kg/mol), a
biopolyelectrolyte (polyaspartate), and a surfactant. The
triblock copolymer p(MAA)48-p(MMA)17-p(SS)650 was syn-
thesized using atom transfer radical polymerization (ATRP)
as previously described (3). The biopolyelectrolyte, a low
MW polyaspartate (2-3 kg/mol), was supplied by Toda Kogyo
(Onoda, Japan) in the form of preattached layers adsorbed
to their NZVI (see below). A low MW (MW ) 348.5 g/mol)
anionic surfactant, sodium dodecyl benzyl sulfonate (SDBS),
was purchased from Acros (Pittsburgh, PA).

Nanoiron. Bare reactive nanoiron particles (RNIP) were
supplied by Toda Kogyo Corp. (Onoda, Japan). The unmodi-
fied particles were shipped and stored in water at pH 10.6
and approximately at 300 g/L. The synthesis and properties
of these particles are described elsewhere (3, 24). RNIP
modified with polyaspartate (MRNIP) was also supplied by
Toda Kogyo Corp. (Onoda, Japan) in water at pH 10.3.

Porous Matrix. Silica sand with a 300 µm average diameter
(d50) was used as a model porous matrix (Agsco Corp.,
Hasbrouck Heights, NJ). The sand grains were spheroidal
with a specific gravity of 2.65 g/cm3 and pH of 6.8-7.2 when
added to deionized water. The grain size distribution and
other physical properties are provided in Supporting Infor-
mation (Figure S1).
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Preparation and Characterization of the Surface Modi-
fied Nanoiron. The triblock copolymer and SDBS surfactant
were physisorbed to the RNIP as described in Saleh et al. (5).
Briefly, a RNIP slurry was added to a solution of surface
modifier to yield a solution that was 3 g/L RNIP and 2 g/L
of the modifier, and then sonicated for 30 min using an
ultrasonic probe (550 sonic dismembrator, Fisher Scientific,
Howell, NJ) on power level 3 (33% of maximum power). After
sonication, the slurry was equilibrated by end-over-end
mixing for 72 h. Just before characterization or use in transport
studies, the particles were sonicated for 15 min and fraction-
ated by gravity settling for 5 min. The particle concentration
after sedimentation was determined by measuring the iron
concentration of an aliquot of the suspension by atomic
adsorption spectrometer (AAS) after acid digestion as de-
scribed in Saleh et al. (5). The stable (unsedimented) particle
fraction was then diluted to 30 mg/L using 1 mM NaHCO3

for the mobility studies at pH ) 7.7 ( 0.1. This particle
concentration was chosen to be high enough for a consistent
analytical response but low enough to provide clean bed
filtration conditions. While not a practical field injection
concentration (typically ∼10 g/L), the low concentration is
used to assess the attachment to sand grains and avoids
complications due to rapid particle aggregation (25) and filter
ripening effects.

Bare and modified NZVI were characterized for size using
dynamic light scattering on a 30 mg/L solution. The reported
hydrodynamic diameter was based on the intensity averaged
distributions. The apparent �-potential was determined as
a function of ionic strength for both Na+ and Ca2+ for 10
mg/L suspensions of particles using a Zetasizer NanoZS
(Malvern Instruments, Worcestershire, UK). Details of these
methods are described elsewhere (3, 5, 25). The reported
apparent �-potential is calculated from the electrophoretic
mobility (EPM) using the Schmolukowski equation. We report
these values as apparent �-potential rather than a true �
potential because they are calculated in the classical way

using Schmolukowsi’s equation even though polyelectrolyte
coated particles have a distributed layer of charge rather
than a distinct layer of charge (26). Despite this, the apparent
�-potential conveys the magnitude of the total charge in the
interfacial region at the particle surface.

Mobility Experiments. Columns were stainless steel (1.1
cm ID × 61.3 cm length) with an empty bed volume of 57.4
mL. All tubing was masterflex nylon or Teflon. A peristaltic
pump was used to feed background electrolyte solution and
particle slurry into the column (Figure S2). Column effluent
was collected using an Eldex fraction collector every 0.05
pore volume (PV). The column was packed wet and the
column porosity (0.33(0.01) was determined using a sodium
nitrite tracer with UV detection as described in Saleh et al.
(5). Hydraulic conductivity (0.057 cm/s) was determined by
the falling head technique.

Column experiments were conducted as follows. Each
packed column was flushed with a 1 mM sodium bicarbonate
solution (pH ) 7.1 ( 0.1) containing either NaCl or CaCl2
of matching ionic strength evaluated for at least 10 pore
volumes (PV) to remove background turbidity and to provide

FIGURE 1. Measured apparent �-potential as a function of ionic
strength: (a) Na+, (b) Ca2+; pH ) 7.7 ( 0.4, particle
concentration ) 15 mg/L. Error bars represent one standard
deviation of triplicate measurements.

FIGURE 2. Sticking coefficients determined from column
experiments as a function of ionic strength for (a) triblock
copolymer-modified RNIP, (b) polyaspartate-modified RNIP
(MRNIP), and (c) SDBS (anionic surfactant)-modified RNIP in
NaCl (black circles) and CaCl2 (open circles). Lines are
least-squared best fit lines using eq 4. Corresponding CDC and
� values are provided in Table 1.
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a uniform collector surface charge. A particle suspension
(pH ) 7.7 ( 0.1) at the ionic strength being evaluated was
sonicated for 30 min prior to feeding into the column and
was continuously sonicated during injection at a pore water
velocity of 3.2 × 10-4 m/s. One PV of particle suspension was
injected, followed by flushing with a background electrolyte
of matching ionic strength for more than 4 PVs until complete
breakthrough of the mobile fraction of particles. Effluent
samples collected in the fraction collector were analyzed by
spectrophotometry at 508 nm to determine the particle
concentration. The spectrometer (Varian Cary 300) was
calibrated at 508 nm for each particle type at each electrolyte
concentration (25). All absorbance calibration data are
corrected for background absorbance (which was 0.0006 AU
at 508 nm) and a linear response is assumed except for SDBS
in Ca2+ where nonlinear fitting was used instead. Calibration
data at each ionic strength are provided in Supporting
Information (Table S1, Figure S3).

QCMD Experiments. . A quartz crystal microbalance with
dissipation monitoring (QCMD-D, Q-Sense D300, Västra
Frölunda, Sweden) and a QAFC-301 axial flow chamber were
used to measure the deposition rate of modified RNIP onto
a silica-coated sensor crystal. The QCMD-D technique is
described in detail elsewhere (5, 27). Briefly, particle-free
water of the same ionic strength and composition as that
being evaluated was flowed across the silica surface until the
drift in the third overtone frequency was less than ( 0.5 Hz.
The particles were injected using a peristaltic pump (Rainin,
Oakland, CA) at a flow rate of 0.1 mL/min. The oscillation
decay rate was monitored for 15-40 min. Slopes of the
frequency change with time (Hz/min) were used to indicate
the deposition rates at each Na+ and Ca2+ concentration
since the adsorbed mass tends to be directly proportional to
the frequency change.

Results and Discussion
Effect of Modifiers on Particle Size and Surface Charge.
The measured hydrodynamic diameter and apparent �-po-
tential of bare and triblock copolymer-modified RNIP in 1
mM NaHCO3 was reported in Saleh et al. (3). The relevant
characterizations of those, MRNIP, and SDBS-modified RNIP
are described here. Surface modification of nanoiron in-
creased the negative surface potential of RNIP and moderately
increased the particle hydrodynamic diameter. Bare RNIP
had an average diameter of 146 ( 4 nm and an apparent
�-potential of-30( 3 mV. The triblock copolymer increased
the measured �-potential the most (-50 ( 1.2 mV) and
increased the average diameter to 212 ( 21 nm because of
the adsorbed polymer layer (3). SDBS modified RNIP (-38.3
( 0.9 mV, dp ) 190 ( 15 nm) and MRNIP (-38.6 ( 1.1 mV)
had similar apparent �-potentials, but MRNIP particles were
smaller (66 ( 3 nm) than RNIP modified by physisorption
of SDBS or the triblock copolymer. The MRNIP synthesis
method is proprietary so the reason for the smaller particle
size is uncertain, but it is likely due to the timing of the
modification, i.e., for MRNIP the polyaspartate is added
during or shortly after RNIP synthesis while the other
modifiers are added several weeks up to a month after
synthesis, allowing bare RNIP to aggregate irreversibly prior
to surface modification.

Apparent �-Potential As a Function of Ionic Strength
and Cation Type. . Surface charge (�-potential) will affect
the deposition and mobility of modified RNIP. The apparent
�-potential for each modified RNIP was measured as a
function of ionic strength for Na+ and for Ca2+. As expected,
the magnitude of the apparent �-potential of bare and
modified RNIP decreased with increasing [Na+] and [Ca2+]
(Figure 1 a and b). Divalent Ca2+ was more effective at
screening charge than Na+ as expected. For Na+, all modifiers
increased the magnitude of the apparent �-potential relative
to bare RNIP. At 1 mM NaHCO3, the triblock copolymer
afforded the greatest increase in surface potential (-50( 1.2
mV) followed by MRNIP and SDBS. This order is consistent
with the number and expected distribution of charged
functional groups on each modifier. The triblock copolymer
with an average degree of polymerization of 650 and complete
sulfonation (3) has a large number of charged sulfonate
groups that are expected to be distributed throughout an
extended polymer layer on the RNIP surface. Polyaspartate
with an average degree of polymerization of 15-23 has
carboxylic groups that are expected to be distributed more
or less in a thin layer close to the RNIP surface (28). SDBS
has only one charged group per molecule, and counterion
binding to the adsorbed surfactant headgroups will tend to
neutralize a significant fraction of those charges.

In only 0.1 mM Ca2+, the apparent �-potential for SDBS-
modified RNIP and MRNIP are not distinctly different from
that of bare RNIP (Figure 1b), indicating that Ca2+ at 0.1 mM
effectively screens the charged groups afforded by these
modifiers. However, at 0.1 mM Ca2+, the apparent �-potential
of triblock copolymer modified RNIP remains high (-47.9 (
1.1 mV). For [Ca2+] g 2 mM, the zeta potential for bare and
all modified particles is indistinguishable. Based on the
apparent �-potentials, electrostatic repulsions afforded by
SDBS-modified RNIP and MRNIP may be expected to be
ineffective in groundwater containing even low concentra-
tions (0.1 mM) of Ca2+, and ineffective for triblock copolymer
coated RNIP at Ca2+ > 2 mM.

Effect of [Na+] and [Ca2+] on NZVI Mobility in Water-
Saturated Sand Columns. The mobility of bare RNIP through
the water-saturated sand column was negligible at all ionic
strengths evaluated. Breakthrough curves for each surface-
modified RNIP as a function of [Na+] or [Ca2+] are available
in Supporting Information (Figure S4a-c and Figure S5a-c).
For all modifiers, increasing the salt concentration decreased
mobility, presumably due to increased attachment to sand
grains (deposition). Ca2+ had a greater effect than Na+, as
expected, but there were significant differences in the ability
of each type of modifier to enhance the mobility of NZVI.
The PMAA-PMMA-PSS triblock copolymers provided the
greatest resistance to increases in salt concentration, followed
by polyaspartate (MRNIP) and SDBS. For the triblock
copolymer- and SDBS-modified RNIP particle breakthrough
begins near 1 PV and is largely complete after 2 PVs have
passed through the column. For MRNIP in the presence of
Na+, however, breakthrough was delayed and occurred after
1.25-1.75 PV, but was complete at the end of 2 PVs, indicating
some retardation process was occurring. Reasons for this
are unclear, but may be because MRNIP is smaller than the

TABLE 1. Critical Deposition Concentration (CDC) and � Determined from Column Studies

Na+ Ca2+

modifier CDC (mM) slope � CDC (mM) slope �

triblock copolymer 4040 ( 290a 1.44 ( 0.15 4540 ( 3670 0.46 ( 0.1
MRNIP 770 ( 80 1.06 ( 0.08 4.3 ( 0.6 1.42 ( 0.25
SDBS 350 ( 40 1.04 ( 0.13 3.5 ( 0.36 1.45 ( 0.24

a Reported errors are one standard deviation for the data fits.
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other two particles and undergoing orthokinetic flocculation
within the column. The breakthrough data (CL/C0) are used
to determine R (eq 3) for each ionic strength evaluated.

Log R vs log Cs (for Ca2+ or Na+) for each modified RNIP
are shown in Figure 2a-c. The CDC and � values determined
from the best fit of these data using eq 4 are provided in
Table 1. In agreement with the apparent �-potential mea-
surements, the triblock copolymer provides the lowest R
values for a given ionic strength for both Na+ and Ca2+,
suggesting that electrostatic double layer and/or electrosteric
repulsions diminish particle deposition to sand grains. The
CDC for the triblock copolymer-modified RNIP is significantly
larger than that for either the MRNIP or SDBS-modified RNIP,
but all modifiers have similar sensitivity to changes in ionic
strength, i.e., � (Table 1). One exception is that the triblock
copolymer is less sensitive to changes in Ca2+ concentration
relative to the other modifiers. The data fit for the triblock
copolymer using eq 4 is also not as good as for SDBS and
polyaspartate (MRNIP). The standard deviation for the
calculated CDC of the triblock copolymer-modified RNIP
was significantly greater than for the SDBS-modified RNIP
and MRNIP (Table 1). Since eq 4 was developed for particles
having only electrostatic double layer repulsions, the poor
fit is probably a result of the electrosteric repulsions afforded
by the extended triblock copolymer layers, but not the other
modifiers that do not tend to form highly extended layers
and therefore conform more closely to the conditions
assumed by DLVO theory.

DeterminingR for modified RNIP at very low ionic strength
requires exceptionally long columns, while determining R at
high ionic strengths requires impractically small columns
where end effects interfere with data interpretation. Thus,
QCMD-D experiments were performed at many more ionic
strengths to measure the deposition rate for each modified
RNIP to verify the trends in CDC and � obtained from column
experiments. R was determined from the slope of the
frequency change vs time normalized to the maximum slope

of the frequency change for each ionic strength evaluated.
Trends observed using QCMD-D were similar to those with
the column experiments. The triblock copolymer showed
the lowest deposition rates for each ionic strength and the
poorest fits using eq 4 suggesting an electrosteric component
to the interactions, and MRNIP and SDBS-modified RNIP
showed similar deposition rates (Supporting Information
Figure S6a and b). While not a direct validation, this
qualitatively supports the trends for deposition observed in
the column studies.

Evidence of Electrosteric Repulsion at Higher Salt
Concentration. DLVO theory was used to approximate the
particle-sand grain interaction energy at each ionic strength
assuming van der Waals attractive forces and electrostatic
repulsion. The surface potential that dictates the magnitude
of the electrostatic repulsion was taken to be equal to the
apparent �-potential. For simplicity, electrosteric repulsions
between modified RNIP and bare, negatively charged sand
grain surfaces are not considered but would enhance the
repulsion beyond that predicted by DLVO theory. For NaCl,
a symmetric 1:1 electrolyte, all modified RNIP had a large
energy barrier to deposition (height of energy barrier >20 kT
(18)) at low ionic (<10 mM) strength (Figure 3a). This implies
the potential for high mobility at low ionic strength because
only a small fraction of the particles can overcome the energy
barrier and deposit onto sand grains. At 10 mM NaCl,
polyaspartate (MRNIP) and the triblock copolymer still

FIGURE 3. Calculated DLVO (electrostatic repulsion and van der
Waal’s attraction only) peak barrier height for
particle-collector interaction as a function of ionic strength:
(a) Na+; (b) Ca2+. Effective particle diameter is assumed to be
40 nm for all particle types.

FIGURE 4. (a) Schematic representation of interactions between
polyelectrolyte modified NZVI and a collector surface.
Interaction energies include DLVO forces electrostatic
repulsions and van der Waal’s attraction, and non-DLVO forces
including osmotic and elastic repulsive forces (Vosm and Velas)
which arise from the charged polyelectrolyte adsorbed to the
particle. (b) Hypothetical interaction energy profile showing the
particle-collector interaction energy profile vs separation
distance with and without the non-DLVO forces electrosteric
repulsive forces (28).
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provide a significant electrostatic barrier to deposition, but
by 100 mM NaCl the EDL repulsions afforded by any of the
modifiers is effectively zero. For Ca2+ (Figure 3b), complete
electrostatic double layer screening occurs at a lower salt
concentration, as expected for a divalent cation and none of
the modifiers provide any significant electrostatic energy
barrier even at [Ca2+] as low as 1 mM. An energy barrier less
than 20 kT is predicted for all modifiers at [Na+] g 40 mM
and Ca2+g∼0.5 mM, suggesting that electrostatic repulsion
will less effectively hinder deposition in sand columns above
these salt concentrations.

Column studies indicate a CDC that is substantially higher
for the triblock copolymer (∼4 M for Na+ and Ca2+), and
slightlyhigherforpolyaspartate(MRNIP)andSDBS(∼350-770
mM for Na+ and ∼4.3 mM for Ca2+) compared to those
calculated from DLVO. Since electrostatic double layer
repulsion is eliminated at these high ionic strengths, the
observed mobility in the absence of any electrostatic repul-
sions is an indirect indication of the existence of a strong
repulsive electrosteric force that enables the triblock co-
polymer-modified particles to be mobile at very high ionic
strength (Figure S4 (a-c) and Figure S5 (a-c)). Electrosteric
repulsions are known to remain strong even at higher ionic
strengths where electrostatic double layer repulsions are
insignificant (12, 13). An electrosteric repulsive force is
expected for large MW polyelectrolytes such as the triblock
copolymer. Polyaspartate (MW ) 2-3 kg/mol) and SDBS
(MW)350 g/mol) are usually considered too small to provide
significant electrosteric repulsions, however, they may also
be providing some electrosteric repulsions as the CDC
determined in columns for these modifiers is also somewhat
greater than that predicted by DLVO.

A schematic of the particle-collector (sphere-flat plate)
interaction forces with and without the steric repulsive force
afforded by polyelectrolytes (29) provides insight into why
electrosteric repulsions affect particle mobility (Figure 4).
For similar polyelectrolytes as used here, elastic and osmotic
(electrosteric) repulsive forces from the incompressible
polyelectrolyte layer are greater than the van der Waal’s
attractive interaction energy and a primary minimum is not
predicted (Figure 4, dark line) (28). However, a secondary
minimum is predicted and implies the potential for reversible
aggregation or deposition of the particles (30). The depth of
the secondary minimum potential energy well, that deter-
mines the reversibility, is difficult to predict from theory,
however, as it depends on the conformation of the adsorbed
polyelectrolyte layer which typically depends on ionic
strength and composition. The magnitude of the well will
also depend on the presence of other forces acting on the
particles such as magnetic attractive forces (28).

Implications for Field Application of Surface Modified
NZVI. Field application of NZVI by direct push wells requires
that the NZVI transport away from the application point,
typically on the order of 10 m or more (31). Safety concerns
surrounding the uncontrolled release of nanomaterials into
an aquifer are further motivation to determine the mobility
of NZVI under natural groundwater conditions. This study

highlights several implications for NZVI application. First,
unmodified (bare) RNIP is essentially immobile in porous
media. Surface modified RNIP can be mobile under typical
groundwater conditions, however, groundwater ionic strength
and composition will significantly affect the mobility of
modified NZVI in porous media. While it is impossible to
precisely predict the transport distance of NZVI in real
heterogeneous porous media, the R values determined in
this study at varying ionic strengths can be used to determine
the relative mobility of each type of modified RNIP, and to
estimate (order of magnitude) their transport distances in
an unconsolidated sandy aquifer where they are typically
applied. The calculated R and the filtration length, i.e.
transport distance, (L) required to remove 99% of the modified
RNIP for [Na+] ranging from 10 to 100 mM and [Ca2+] ranging
from 0.5 to 5 mM are provided in Table 2. In typical
groundwater containing 0.5-1 mM Ca2+ or Mg2+, low
molecular weight polymers such as polyaspartate and
surfactants such as SDBS are not expected to provide
significant mobility enhancement, but large molecular weight
polyelectrolytes that provide electrosteric repulsions to inhibit
attachment to sand grains should enhance mobility under
typical groundwater conditions. In the absence of divalent
cations and at low ionic strength such as cases with limited
mixing between injected water and groundwater, lower
molecular weight polymers or surfactants that afford pri-
marily electrostatic repulsions may provide adequate mobility
enhancement needed for placement. It is important to note,
however, that significantly higher concentrations of NZVI
are used in remediation (∼10 g/L) compared to this study.
Increased aggregation and deposition is expected at the
higher particle concentration that will affect mobility in the
subsurface. Further, seepage velocity plays a critical role in
the mobility of particles. Here we considered a porewater
velocity typical of injection conditions (v ) 3.2 ×10-4 m/s)
which is 1-2 orders of magnitude greater than typical
groundwater flows. Particles are likely to transport shorter
distances at lower porewater velocities.

The choice of surface modifier will depend on the site-
specific geochemistry and the desired mobility, i.e., radius
of influence, for the specific application. Because different
types of modifiers can provide different transport distances,
a strategy to provide uniform emplacement of modified NZVI
may be to use a suite of modifiers that will provide a range
of transport distances. While generalizations about transport
distances in real aquifers cannot be made with certainty
without better understanding of the effects of physical and
chemical heterogeneities of the aquifer material, these studies
suggest that high MW polyelectrolyte modified NZVI may
provide mobility of 10s up to ∼100 m in sandy unconsolidated
aquifers under typical groundwater geochemical conditions
(i.e., in presence of 10s of mM of Na+ and 0.5-1 mM Ca2+

or Mg2+), but significantly longer range transport is unlikely.
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