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Controlled emplacement of polyelectrolyte-modified nanoscale zerovalent iron (NZVI)
particles at high particle concentration (1–10 g/L) is needed for effective in situ subsurface
remediation using NZVI. Deep bed filtration theory cannot be used to estimate the transport
and deposition of concentrated polyelectrolyte-modified NZVI dispersions (N0.03 g/L) because
particles agglomerate during transport which violates a fundamental assumption of the theory.
Here we develop two empirical correlations for estimating the deposition and transport of
concentrated polyelectrolyte-modified NZVI dispersions in saturated porous media when NZVI
agglomeration in porous media is assumed to reach steady state quickly. The first correlation
determines the apparent stable agglomerate size formed during NZVI transport in porous
media for a fixed hydrogeochemical condition. The second correlation estimates the
attachment efficiency (sticking coefficient) of the stable agglomerates. Both correlations are
described using dimensionless numbers derived from parameters affecting deposition and
agglomeration in porous media. The exponents for the dimensionless numbers are determined
from statistical analysis of breakthrough data for polyelectrolyte-modified NZVI dispersions
collected in laboratory scale column experiments for a range of ionic strength (1, 10, and
50 mM Na+ and 0.25, 1, and 1.25 mM Ca2+), approach velocity (0.8 to 55×10−4 m/s), average
collector sizes (d50=99 μm, 300 μm, and 880 μm), and polyelectrolyte surface modifier
properties. Attachment efficiency depended on approach velocity and was inversely related to
collector size, which is contrary to that predicted from classic filtration models. High ionic
strength, the presence of divalent cations, lower extended adsorbed polyelectrolyte layer
thickness, decreased approach velocity, and a larger collector size promoted NZVI agglomer-
ation and deposition and thus limited its mobility in porous media. These effects are captured
quantitatively in the two correlations developed. The application and limitations of using the
correlations for preliminary design of in situ NZVI emplacement strategies is discussed.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Nanoscale zerovalent iron (NZVI) rapidly dechlorinates
chlorinated organics or immobilizes heavy metals found in

contaminated groundwater (Liu et al., 2005, 2007; Lowry,
2007; Phenrat et al., 2009b, 2010a; Zhang, 2003). Initial field
demonstrations assessing the performance of this technology
are promising (Elliott and Zhang, 2001; Henn and Waddill,
2006; Karn et al., 2009). Bare NZVI, however, agglomerates
rapidly, making subsurface delivery difficult (Phenrat et al.,
2007). Several techniques have been used to decrease
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agglomeration. The NZVI surface can bemodified by adsorbed
polymer after NZVI synthesis (Kim et al., 2009; Phenrat et al.,
2009a; 2008; Saleh et al., 2008; Sirk et al., 2009). This
enhances both NZVI dispersion stability (Phenrat et al., 2008;
Saleh et al., 2005) and deliverability in porous media(Phenrat
et al., 2009a; Saleh et al., 2008, 2007; Sirk et al., 2009) due to
electrosteric repulsions afforded by adsorbed polymer that
counter magnetic and van derWaals attractions that promote
agglomeration and deposition. Improved stability against
agglomeration and enhanced transport in porous media can
also result from polymeric surface modification during NZVI
synthesis (He et al., 2009; Kanel et al., 2008). Submicron
porous silica or carbon has also been used as a support for
NZVI. This supported NZVI had enhanced transport compared
to unsupported NZVI (Schrick et al., 2004; Zhan et al., 2009,
2008). These different NZVI modification approaches yield
NZVI having different physicochemical properties and there-
fore different interaction forces governing their agglomera-
tion and transport in porous media. In this study, we focus on
polymer modified NZVI where surface modification occurred
post NZVI synthesis (Hydutsky et al., 2007; Johnson et al.,
2009; Phenrat et al., 2009a, 2008; Saleh et al., 2005; Tiraferri
et al., 2008; Vecchia et al., 2009).

Success of in situ remediation using polymer modified
NZVI depends on the ability to deliver NZVI dispersion at high
particle concentration (1 to 20 g/L) to contaminated areas.
Although several research groups have studied transport and
deposition of particles at high particle concentration in
porous media (Bradford and Bettahar, 2006; Bradford and
Torkzaban, 2008; He et al., 2009; Higashitani and Iimura,
1998; Kanel et al., 2008; Phenrat et al., 2009a; Saleh et al.,
2007; Zhan et al., 2008) to the authors' knowledge, a
quantitative, fundamental understanding that allows estimation
of transport distances for concentrated (1–20 g/L) polymer
modified NZVI slurries in the subsurface is not available. For
concentrated polymer modified NZVI dispersions, both particle–
particle interaction (agglomeration) and particle–collector inter-
action (deposition) affect their transport in porous media
(Phenrat et al., 2009a). Agglomeration and deposition of
polyelectrolyte-modified NZVI in porous media may be con-
trolled by theNZVI particle surface and its bulk properties, by the
subsurface geochemistry, and by hydrodynamics (injection
velocity). Important particle properties may include particle
size distribution, Fe0 content, and adsorbed polymer layer
properties. Recent works demonstrated that magnetic attraction
between NZVI particles, which is a function of Fe0 content (Hong
et al., 2009; Phenrat et al., 2009a) and particle size distribution
(Phenrat et al., 2009a) significantly influences the mobility of
polyelectrolyte-modified NZVI in porous media at NZVI particle
concentrations ranging from1 to 6 g/L. Asmentioned previously,
adsorbed polyelectrolyte layers on NZVI provide electrosteric
repulsions which decrease agglomeration (Phenrat et al., 2008;
Saleh et al., 2005; Tiraferri et al., 2008) and particle deposition
(Kanel et al., 2008; Phenrat et al., 2009a, 2007; Saleh et al., 2008;
Sirk et al., 2009), both of which ultimately affect NZVI
emplacement in the subsurface.More importantly,NZVI particles
with diameters greater than about 20 nm with adsorbed
polyelectrolytes agglomerate in a shallow secondary minimum
energy well (Phenrat et al., 2008) and can be more easily
disaggregated(Chinet al., 2000) thanparticles agglomerated into
a primary energy minimum. Thus, the delivery of polymer

modified NZVI depends on the fluid shear, which is a function of
the pore water velocity, as it can break NZVI agglomerates
formed and increase transport (Phenrat et al., 2009a).

Fundamentally important geochemical/physical proper-
ties of subsurface media are solution chemistry (i.e. ionic
strength and valency of ionic species), collector size, and
seepage velocity. The influence of these parameters on the
deposition and mobility of polyelectrolyte-modified NZVI at
low particle concentrations (30 mg/L) where agglomeration
effect is minimal has been reported (Saleh, 2007; Saleh et al.,
2008). As will be shown, these parameters will also affect
NZVI transport at high particle concentrations where aggre-
gation occurs.

Quantifying the effects of these hydrogeochemical para-
meters and polymer modified NZVI properties on the
transport of concentrated surface modified NZVI dispersions
is needed to develop a modeling tool that can be used to
design injection strategies for controlled emplacement of
NZVI. Incorporating individual particle–particle and particle–
collector interaction forces using either traditional Derja-
guin–Landau–Verwey–Overbeek (DLVO) theory which
involves van der Waals attraction and electrostatic double
repulsions or non DLVO which includes also electrosteric
repulsions into the convective diffusion equation or into
trajectory analysis for concentrated NZVI dispersions is
computationally intractable due to the large number of
particles. Further, DLVO theory cannot capture all of the
processes involved, e.g. disagglomeration or detachment.
Attempts to incorporate DLVO theory into the convective
diffusion equation or trajectory analysis for predicting particle
transport at low particle concentrations, which eliminates
agglomeration and ripening effects observed at high particle
concentration, has had limited success (Elimelech, 1992; Pelley
and Tufenkji, 2008; Tufenkji and Elimelech, 2004b).

Consequently, this work uses an empirical approach to
correlate the important parameters governing the agglomer-
ation and deposition (attachment efficiency) of polyelectro-
lyte-modified NZVI at high particle concentration. Empirical
correlations have been successfully developed and used to
estimate the deposition of electrostatically stabilized (bare)
colloids (Bai and Tien, 1999; Elimelech, 1992) and colloids
and nanoparticles coated by natural organic matter and
polyelectrolytes (Phenrat et al., 2010b) at low particle
concentrations. This work represents an important extension
to these previous methods in that they are applicable to
concentrated dispersions of polyelectrolyte-modified
particles.

The objectives of this research are 1) to quantify the effects
of particle properties and hydrogeochemical and physical
conditions of porous media on the transport of concentrated
polymer modified NZVI (6 g/L) in porous media and 2) to
develop empirical equations using physical parameters
representing agglomeration and deposition to estimate NZVI
transport and emplacement in porous media. The equations
incorporate particle–particle interactions, particle–collector
interactions, and hydrodynamic effects in porous media
during NZVI transport. Empirical correlations are developed
to determine the apparent stable agglomerate size formed
during transport in porousmedia for a fixed hydrogeochemical
condition, and to determine the attachment efficiency of those
agglomerates. Statistical analysis of breakthrough curves
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collected in bench-scale columnexperiments forNZVImodified
by carboxymethyl cellulose withmolecular weights of 700 k g/
mol (CMC700K), polyaspartate with molecular weights of
2.5 k g/mol (PAP2.5K), poly(styrene sulfonate) with molecular
weights of 70 k g/mol (PSS70K) over a range of environmen-
tally relevant ionic strengths (1, 10, and50 mMNa+and0.25, 1,
and 1.25 mM Ca2+), approach velocity (0.8 to 5.5×10−4 m/s),
and for different average collector sizes (99 μm, 300 μm, and
880 μm) were used to determine the empirical relationships.
The physical meanings of the empirical relationships are
discussed.

2. Materials and methods

2.1. Polyelectrolyte-modified NZVI particles

Reactive nanoscale iron particles (RNIP), commercially
available reactive Fe0/Fe3O4 core/shell NZVI particles, were
obtained from Toda Kogyo, Japan. This type of particle is
specifically manufactured for in situ groundwater remedia-
tion. The physical and chemical properties of bare RNIP were
reported previously (Liu et al., 2005; Phenrat et al., 2009b,
2007; Saleh et al., 2005; Sirk et al., 2009). RNIP consists of a
polydisperse suspension of irregularly shaped particles,
with primary particles ranging in size from 5 nm to 40 nm
with a median radius of ~20 nm. Prior to use, RNIP had been
stored as an aqueous slurry (pH 10.6) at approximately
300 g/L under anaerobic conditions in a glove box for
6 months.

Poly(styrenesulfonate) with a molecular weight of 70 kg/
mol (PSS70K) and carboxymethyl cellulose with a molecular
weight of 700 kg/mol (CMC700K) were from Aldrich (St.
Louis, MO). Polyaspartate with an average molecular weight
of 2–3 kg/mol (PAP2.5K) was from Lanxess (Pittsburgh, PA).
All of the polyelectrolytes are negatively chargedwith sodium
as a counterion. PSS70K, PAP2.5K, and CMC700K stock
solutions were prepared as previously described (Saleh
et al., 2008). Two different physisorption protocols were
used to prepare polyelectrolyte-modified NZVI particles to
obtain different adsorbed layer properties. The first protocol
was physisorption at low salt concentration, 1 mMNaHCO3 as
previously described (Phenrat et al., 2009a, 2008). Briefly, an
aqueous NZVI stock dispersion (10 mL at 120 g/L) was
prepared in 1 mM NaHCO3 (prepared from deoxygenated DI
water) using an ultrasonic probe (550 sonic dismembrator,
Fisher Scientific, Howell, NJ) at power level 3 for 30 min to
break aggregates that formed during storage. This sonicated
stock dispersion was then diluted with 1 mM NaHCO3 to
~20 g/L. Physisorption of PSS70K, CMC700K, and PAP2.5K to
RNIP was done in sealed 70 mL serum bottles (with argon
headspace) containing 6 g/L RNIP and 2 g/L polyelectrolyte.
The pH of the mixtures was from 9.5 to 10.5 due to the
oxidation of Fe0 in the particles and subsequent production of
OH− (Liu and Lowry, 2006). The isoelectric point of bare RNIP
is pH 6.3. Therefore, bare RNIP is negatively charged. The
samples were mixed at 25 °C for 48 h using an end-over-end
rotator at 30 rpm. Afterward, they were centrifuged at
27,500 rpm for 80 min (Sorvall® Ultracentrifuge OTD65B)
to separate the particles from the supernatant. The polyelec-
trolyte-modified RNIP dispersion was then re-suspended in
1 mM NaHCO3. This process was repeated two times to

remove excess free polymer from solution, followed by
ultrasonication for 10 min prior to particle characterization
and transport studies as described next. The second modifi-
cation protocol was similar to the first protocol except that
the physisorption was done at high salt concentration,
200 mM NaCl. The aim of this protocol was to increase the
adsorbed PSS70K mass and to obtain a more extended
adsorbed layer thickness and more stable PSS70K-RNIP
dispersion. The resulting PSS70K-RNIP dispersion prepared
by this protocol is denoted as PSS70K-RNIP-200 mM.

2.2. Particle characterization: Polyelectrolyte surface excess, Fe0

content, adsorbed polyelectrolyte layer properties, and particle
size distribution

2.2.1. Surface excess measurement
The adsorbed mass of polyelectrolyte on RNIP was

calculated from the difference between the initial and
equilibrium polyelectrolyte concentrations after addition of
uncoated RNIP to the polymer suspension. The equilibrium
concentrations of non-adsorbed PSS70K in the supernatant of
PSS70K-modified RNIP were measured by absorbance at
225 nm (extinction coefficient=0.04 L mg−1 cm−1) using a
UV–Vis spectrophotometer (Varian, Palo Alto, CA). The
equilibrium concentration of non-adsorbed PAP and CMC
were measured using a total organic carbon analyzer (OI
Analytical). The surface excess of polyelectrolyte on RNIP was
calculated as adsorbed mass per unit surface area of the
particles (mg/m2). The RNIP N2-BET specific surface area is
15 m2/g.

2.2.2. Fe0 content and total NZVI concentration
The Fe0 content of RNIP was determined by acid digestion

and H2 evolution as previously described (Liu et al., 2007;
Phenrat et al., 2008). Briefly, H2 produced from the oxidation
of Fe0 in RNIP by H+ is used to quantify the Fe0 content of the
particles (Eq. (1)) (Phenrat et al., 2007). Separately from the
Fe0 measurement, the total iron (Fe0+Fe-oxides) was
determined by atomic absorption spectrometry (AA) after
acid digestion in concentrated HCl (trace metal grade). The
RNIP concentration was then calculated assuming a Fe0

(core)/Fe3O4(shell) morphology, while γ is defined as the
mass ratio of Fe0 in the NZVI core to Fe of the Fe3O4 shell,
(Eqs. (2) and (3)). The factor 1.38 in Eq. (3) is to convert the
mass of iron (Fe) to magnetite (Fe3O4).

Fe0 + 2Hþ→Fe2 + + H2↑ ð1Þ

Fe½ �total = Fe½ �Fe3O4
+ Fe½ �Fe0 ð2Þ

RNIP½ � = 1:38 1−γð Þ Fe½ �total + γ Fe½ �total ð3Þ

2.2.3. Adsorbed polyelectrolyte layer properties
The adsorbed polyelectrolyte layer was characterized

using electrophoretic mobility (EM) measurements and
Ohshima's soft particle theory as previously described
(Ohshima, 1994, 1995; Ohshima et al., 1992; Phenrat et al.,
2008). Briefly, the EM was measured in 10 mg/L solutions of
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the washed, polyelectrolyte-modified and bare RNIP at NaCl
concentrations ranging from 6 to 61 mM and at CaCl2
concentrations ranging from 0.25 to 5 mM (pH 8.0±0.1).
The EM in NaCl and CaCl2 were measured to characterize the
adsorbed layer properties of polyelectrolyte-modified RNIP in
the presence of Na+ and Ca2+, respectively, as background
electrolyte. The EMwas measured in triplicate (25 °C) using a
Malvern Zetasizer (Southborough, MA). The mean and
standard deviation (σ) of the measured EM (ue) for each
polyelectrolyte-modified particle were calculated. The pro-
cedure for extracting the characteristics of the polyelectro-
lyte layer from EM data involves fitting Ohshima's model to
the experimental EM vs. concentration of an electrolyte
(NaCl or CaCl2) to obtain the best fit charge density (N in
mol/m3), softness parameter (λ in m−1), and adsorbed layer
thickness (d in m) (Ohshima, 1994; Phenrat et al., 2008,
2010b).

2.2.4. Particle size distribution
Dynamic light scattering (Malvern Zetasizer, Southbor-

ough, MA) was used to measure the primary particle size
distribution of polyelectrolyte-modified RNIP. The measure-
ments were done at low ionic strength, 1 mM Na+ back-
ground electrolyte and low particle concentration, 5 mg/L to
minimize aggregation and to obtain the primary particle size
distribution. All measurements were made at 25 °C in
duplicate. The CONTIN algorithm was used to convert
intensity autocorrelation functions to intensity-weighted
particle hydrodynamic diameter distributions, assuming the
Stokes–Einstein relationship for spherical particles.

It should be noted that particle size distribution is
measured at 5 mg/L (as opposed to 6 g/L used in the column
experiment). The objective of this measurement is to obtain
the intrinsic, primary particle size distribution prior to
agglomeration as this governs van der Waals attraction and
magnetic attractions which promote NZVI agglomeration in
porous media. Since it is not possible to measure agglomerate
size under flow conditions in the porous media, we
constructed an empirical correlation to estimate the apparent
average agglomerate size formed during transport in porous
media based on this intrinsic primary particle size distribu-
tion at a specified hydrogeochemical condition.

2.3. Transport experiments

Bench-scale transport studies were performed in Stainless
steel, 25.5 cm long (1.27-cm o.d. and 1.09-cm i.d.) columns
with 0.16 cm end fittings. Columns were packed wet (Saleh
et al., 2007) with one of three different angular silica sand,
Unimin#140 (fine), #50 (medium), and #16 (coarse) with
average collector sizes (d50) of 99 μm, 300 μm, 880 μm,
respectively (Unimin, New Canaan CT). The porosity of
packed porous media is 0.46, 0.45, and 0.35 for Unimin#140,
#50, and #16, respectively. The transport studies were
conducted at a particle concentration of 6 g/L (C0) for
PSS70K, PAP2.5K, CMC700K-RNIP, and PSS70K-RNIP-
200 mM. The transport studies were conducted at several
environmentally relevant ionic strengths (1, 10, and 50 mM
Na+ and 0.25, 1.00, and 1.25 mM Ca2+), and injection
relevant approach velocity (0.8×10−4 to 5.5×10−4 m/s). It
should be noted that the approach velocity used in this study

is higher than natural groundwater flow (~3.5×10–6 m/s).
However, this study investigates injection of NZVI for
remediation. Such injections occur at approach velocities used
in this study. For example, Johnson et al. 2010 report injection
velocities ranging from 3 to 21×10−4 m/s using injection and
extraction wells (2.5 m apart)(Johnson et al., 2010). The NZVI
injection rate for a pilot scale test conducted by Glazier et al.
2003 was 0.6 gpm(Glazier et al., 2003). Assuming radial flow
and the same aquifer hydraulic properties as Johnson's study
(Johnson et al., 2010), the approach velocity ranges from 0.9 to
6.3×10−4 m/s.

Column experiments were conducted as previously
described(Phenrat et al., 2009a). Briefly, columns were
flushed with the type and concentration of background
electrolyte used in the transport study to remove background
turbidity and to provide a uniform collector surface charge.
One PV of particle dispersion was injected in an up-flow
configuration, followed by flushing for 3 PVs of the back-
ground electrolyte to achieve complete breakthrough of the
mobile fraction of particles. During the injection, the NZVI
dispersionwas sonicated using an ultrasonic probe (550 sonic
dismembrator, Fisher Scientific, Howell, NJ) at power level 3.
The objective of the sonication during the injection is to
ensure constant influent concentration (C0) and primary
particle size in the influent (i.e. no agglomeration and
sedimentation prior to entering the column). Effluent
samples collected in the fraction collector were analyzed to
determine the eluted polyelectrolyte-modified RNIP concen-
tration (CPV) by atomic absorption spectrometry (AA) after
acid digestion in concentrated HCl (trace metal grade). The
breakthrough curve of each polyelectrolyte-modified RNIP for
each transport condition was obtained by plotting CPV/Co as a
function of PV. According to filtration theory (Elimelech et al.,
1995), CPV/Co at the plateau of the breakthrough curve (CPT/
Co) is used to calculate the experimental attachment
efficiency, αCF (Eq. (4)).

αCF = −ln
CPT

C0

� �
4ac

3 1−εð Þη0L
ð4Þ

Here, L is the column length (25.5 cm), ac is the average
radius of a collector (d50), ε is porosity of the clean bedmedia.
The single-collector collision frequency, η0, is calculated using
Tufenkji and Elimelech's correlation (Tufenkji and Elimelech,
2004a).

η0 = 2:4A1 = 3
S N−0:081

R N−0:715
Pe N0:052

vdW + 0:55ASN
1:675
R N0:125

A

+ 0:22N−0:24
R N1:11

G N0:053
vdW

ð5Þ

AS is a porosity-dependent parameter,NR is an aspect ratio,
NPe is the Peclet number,Nvdw is the vanderWaals number,NA

is the attraction number, and NG is the gravity number. The
first, the second, and the third terms represent the transport of
particles to a collector via diffusion, interception, and gravity,
respectively (Tufenkji and Elimelech, 2004a). It should be
noted that αCF (Eq. (4)) and η0 (Eq. (5)) are calculated using
assumptions of classical filtration theory (Elimelech et al.,
1995; Saleh et al., 2008) and therefore neglects agglomera-
tion. This is inappropriate for describing the transport of
polyelectrolyte-modified RNIP at high concentration where
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agglomeration does occur (Phenrat et al., 2009a). Thus, the
objective of this study is to develop a correlation to estimate
an apparent stable agglomerate size formed during the
transport so that filtration theory can be applied to the
problem of NZVI transport at high particle concentration.

3. Results and discussions

3.1. Particle characterization

The intrinsic particle size distributions of all polyelectro-
lyte-modified RNIP except PSS70K 200 mM are bimodal. The
average hydrodynamic radius (RH) values (volume-average
size) of the smaller mode for PSS70K, PAP2.5K, and
CMC700K-modified RNIP are 54, 25, 29 nm, respectively
(Fig. 1 and Table 1), consistent with the primary size of RNIP
particles (5–40 nm). The average RH values (volume-average
size) of the larger mode of PSS70K, PAP2.5K, and CMC700K-
modified RNIP are 232, 236, and 157 nm, respectively (Fig. 1
and Table 1), corresponding to larger sintered (unbreakable)
aggregates formed during particle synthesis or storage. These
sintered aggregates, however, are not themajor population of
the particles in the dispersion (Table 1). RNIP modified by
PSS70K-200 mM is essentially monomodal with an average
RH of 260 nm. Nevertheless, it has an indistinct peak shoulder
around 50 nm. The shift towards larger particles for the case
where adsorption was done at 200 mM NaCl is due to the
formation of larger aggregates during the PSS adsorption
process. At the higher ionic strength, the NZVI aggregates
rapidly before adsorption of PSS causing formation of larger
aggregates than for adsorption at lower ionic strength.
However, based on visual observation, the dispersion of
RNIP modified by PSS70K-200 mM is more colloidally stable,
evenwith the large particle size, than other polymermodified
RNIP in this study. This can be explained by the extended
adsorbed polymer layer thickness facilitated by surface
modification at 200 mM as discussed next. It should be
noted the particle size distribution reported here is an
intrinsic size prior to agglomeration in porous media. This

intrinsic size together with other hydrogeochemical para-
meters governs agglomerate sizes formed in porous media
during the transport. An empirical approach to estimate an
apparent agglomerate size will be discussed later.

The maximum surface excess concentration, Γmax, of each
surface modified RNIP is ~2.5 mg/m2, except for PAP2.5K
where Γmax is 4.2 mg/m2 (Table 1). The trend is similar to our
recent study (Phenrat et al., 2009b, 2008) in that the
adsorbed mass of PSS70K is similar to CMC700K but less
than PAP2.5K. The adsorbed layer thicknesses in Na+

background electrolyte estimated by Ohshima's soft particle
analysis are 45, 31, and 34 nm for PSS70K, PAP2.5K, and
CMC700K modified RNIP, respectively (Table 1). This is
consistent with a previous study (Phenrat et al., 2009b,
2008) in that the adsorbed layer thickness of PSS70K is more
extended than PAP2.5K≈CMC700K. The adsorbed layer
thicknesses (also using Na+ as background electrolyte) of
PSS70K 200 mM-RNIP is 71 nm, larger than the RNIP
modified by the same polyelectrolyte at the lower ionic
strength (PSS70 K in 1 mM Na+). The Γmax values of both
surface modified RNIP are similar, i.e. ~2.5 mg/L, however,
suggesting that adsorption at the higher salt concentration
facilitates adsorption of PSS in a more extended configuration
(Vermöhlen et al., 2000). This can decrease its tendency to
aggregate (Phenrat et al., 2008) and attach to surfaces relative
to PSS adsorbed in a less extended configuration (Phenrat
et al., 2010b).

The adsorbed layer thicknesses for each polyelectrolyte
measured in Ca2+ as a background electrolyte are smaller by a
factor of 1.7 to 2.1 than those measured in Na+ for the same
modifier (Table 1). The shorter extended layer is due to Ca2+

which is more effective than Na+ in screening the charge on
the particle and the polyelectrolyte, thereby allowing the
adsorbed layers of polyelectrolyte (Hariharan et al., 1998;
Saleh et al., 2008) to pack more closely on the NZVI. As will be
shown in the next section, the ability of Ca2+ to shrink the
adsorbed layer thickness severely limits the mobility of
polyelectrolyte-modified NZVI in porous media.

3.2. Transport of polyelectrolyte-modified NZVI at high particle
concentration

Representative breakthrough curves for the transport of
polyelectrolyte-modified NZVI at various hydrogeochemical
conditions are shown in Fig. 2. Tables 2 and 3 summarize C/Co

and the experimental collision efficiency calculated from
filtration theory (αCF) for each surface modified RNIP. The
transport conditions selected in this study were designed to
obtain data to develop empirical correlations to modify the CF
model to include steady state particle agglomeration during
transport. The development of the modified empirical
correlations is presented in the last section of this paper.
However, the breakthrough data qualitatively illustrates the
importance of governing parameters including approach
velocity, solution chemistry, collector size, and adsorbed
layer properties on the transport of polyelectrolyte-modified
NZVI. In addition, the breakthrough data interpreted based on
filtration theory indicates that it cannot adequately describe
the transport of polyelectrolyte-modified NZVI at high
particle concentration as discussed next.

PSS70K-200mM 

PSS70K

CMC700K
PAP2.5K 

Fig. 1. Volume-averaged particle size distributions for RNIP modified with
PSS70K, PSS70K 200 mM, CMC700K, and PAP2.5K. One population repre-
sents primary particles while the second population represents sintered
(unbreakable) aggregates.
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3.3. Effect of approach velocity, ionic strength, type of cation,
collector size, and adsorbed polyelectrolyte layer properties on
collision efficiency (αCF) using filtration theory

3.3.1. Approach velocity
For a modified NZVI dispersion at high particle concen-

tration and fixed collector size and ionic strength, the higher
the approach velocity, the lower the observed attachment
efficiency, i.e. higher transportability. The circles in Fig. 3a
show the inverse relationship between αCF and approach
velocity (us) for PSS70K modified RNIP in 10 mMNa+ (filled)
and 50 mM Na+(open) as a background electrolyte and an
average collector size (dg) of 300 μm. It should be noted that
this trend contradicts CF theory which contends that
attachment efficiency is independent of approach velocity
(Bai and Tien, 1999; Elimelech, 1992).

However, this finding can be explained assuming a
conceptual model of agglomeration and subsequent deposi-
tion as recently proposed (Phenrat et al., 2009a). At higher
approach velocity, fluid shear promotes disagglomeration of
polyelectrolyte-modified NZVI and the size of stable aggre-
gates formed in the flow field are smaller than those at the
low approach velocity. The smaller sized agglomerates
deposit under a shallower secondary minimum well and are

more easily disagglomerated than larger agglomerates. The
higher seepage velocity also results in higher drag force that
promotes greater detachment of the deposited agglomerates
(Phenrat et al., 2009a). A similar effect of velocity on
detachment of other kinds of colloids in porous media is
reported even without particle agglomeration (Johnson et al.,

Table 1
Physical properties of various polyelectrolyte-modified RNIP.

Particle Mode Average intrinsic RH (nm):
XP%

Γ
(mg/m2)

d
(nm)
in Na+

N
(mol/m3)
in Na+

Fe0

(%)

1 peak 2nd peak

PSS70K-RNIP Vol. 54:24 232:76 2.5±0.1 45±2 1.0±0.1 6.1±0.4
No. 40:96 180:4

PSS70K-RNIP—200 mM Vol. 260:100 – 2.5±0.4 71±17 1.5±0.3 9.2±0.8
No. 53:100 –

PAP2.5K-RNIP Vol. 25:61 236:39 4.2±0.3 31±3 1.1±0.2 10.2±0.6
No. 14:100 –

CMC700K-RNIP Vol. 29:47 175:53 2.5±0.1 34±1 0.1±0.05 11.0±0.3
No. 20:100 –

XP is a volume fraction of particles (either by Vol. or by No.) corresponding to an identified peak.

Fig. 2. Representative breakthrough curves for the transport of polyelectro-
lyte-modified NZVI at various hydrogeochemical conditions.

Table 2
C/C0, αCF, NaCl concentration, collector size (dc) and dagg for the various
polyelectrolyte-modified RNIP transported at approach velocity us through a
column filled with collector size dg with Na+ as background electrolyte.

Modified C/C0 αCF NaCl
(M)

dc
(μm)

us
(10−4 m/s)

dagg (μm)

PSS70K_ 0.06 0.264 0.01 300 1.07 5.67±0.02
PSS70K 0.25 0.272 0.01 300 2.69 4.37±0.84
PSS70K 0.82 0.065 0.01 300 5.37 1.96±0.42
PSS70K_ 0.61 0.130 0.01 300 4.03 3.58±0.39
PSS70K 0.08 1.389 0.01 880 2.09 8.11±0.25
PSS70K 0.46 0.091 0.01 99 2.74 2.24±0.08
PAP2.5K 0.63 0.044 0.01 300 2.69 3.84±0.50
CMC700K 0.04 0.339 0.01 300 2.69 6.35±0.16
PSS70K 0.13 0.391 0.05 300 2.69 3.52±0.02
PSS70K 0.37 0.324 0.05 300 5.37 2.64±0.29
PSS70K 0.84 0.057 0.001 300 5.37 3.70±0.00
PSS70K_ 0.87 0.135 0.001 880 4.18 4.86±0.54
PSS70K 0.70 0.020 0.001 99 5.49 2.7±0.00
PAP2.5K 0.65 0.221 0.001 880 4.18 8.99±0.59
PAP2.5K 0.74 0.048 0.001 300 5.37 6.02±0.74
PAP2.5K 0.52 0.042 0.001 99 5.49 4.74±0.48
PAP2.5K 0.31 0.019 0.01 99 2.74 3.29±0.15
PAP2.5K_ 0.39 0.346 0.01 880 2.70 6.69±0.23
CMC700K 0.05 1.020 0.01 880 2.09 8.72±1.31
CMC700K 0.00 0.113 0.01 880 2.74 5.27±0.14
CMC700K 0.74 0.054 0.001 99 5.37 4.59±0.59
CMC700K 0.64 0.260 0.001 300 4.18 7.24±0.93
CMC700K 0.36 0.31 0.001 880 5.49 4.39±0.12
PSS70K_ 0.04 0.317 0.05 99 1.07 3.82±0.12
PSS70K 0.02 0.976 0.05 300 0.84 5.12±0.06
PSS70K 0.03 0.067 0.05 880 1.10 2.53±0.05
PAP2.5K 0.15 0.017 0.05 99 1.10 2.20±0.12
PAP2.5K 0.18 0.260 0.05 99 0.84 4.19±0.06
PAP2.5K 0.30 0.058 0.05 880 1.07 2.82±0.12
PSS70K_200mm 0.51 0.425 0.01 300 2.09 4.83±0.04
PSS70K_200mm 0.49 0.184 0.01 880 2.69 3.80±0.00
PSS70K_200mm 0.25 0.067 0.01 300 2.74 3.00±0.00
PSS70K_200mm 0.76 0.314 0.001 99 4.18 6.27±0.02
PSS70K_200mm 0.65 0.190 0.001 880 5.37 5.68±0.29
PSS70K_200mm 0.42 0.065 0.001 300 5.49 4.52±0.00
PSS70K_200mm 0.13 0.552 0.05 99 0.84 4.03±0.03
PSS70K_200mm 0.09 0.287 0.05 880 1.07 3.38±0.00
PSS70K_200mm 0.01 0.124 0.05 300 1.10 2.99±0.00
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2006; Torkzaban et al., 2007). The effect of approach velocity
onαCF discussed above could also be a result of the kinetics of
agglomeration and deposition. At high approach velocity, the
residence time in the column is small, resulting in limited
time for agglomeration and attachment. The theoretical time
scale needed to attain steady state particle agglomeration at
high particle concentration (6 g/L) is in the order of seconds
(see supporting information of (Phenrat et al., 2009a)) which
is much smaller than the residence time in the column for any
approach velocity used in this study (7.7 to 38 min). The
lowerαCF at higher approach velocity could, therefore, be due
to insufficient time for attachment to the collector surface.
This remains to be verified experimentally. In summary,
assuming agglomeration and subsequent deposition, the
higher seepage velocity promotes NZVI disagglomeration
and detachment, both of which result in the lower observed
attachment efficiency and higher transportability of polymer
modified NZVI in porous media.

3.3.2. Ionic strength and cation species
For a fixed collector size and background cation type,

increasing ionic strength increases attachment efficiency and
decreases transport, consistent with expectations from
colloid science and CF theory (Saleh et al., 2008). For the
same approach velocity, αCF at 50 mM Na+ (Fig. 3a open
circles) is higher than at 10 mM Na+ (Fig. 3a close circles).
Similarly, Fig. 3c illustrates the effect of ionic strength and
type of cations (Na+ versus Ca2+) on the transport of RNIP
modified by PSS70K. Ionic species in the dispersion screen the
electrostatic charge of the adsorbed polyelectrolytes and
shrink the extended adsorbed layer thickness (Hariharan
et al., 1998), making particle–collector interaction more

favorable for irreversible deposition in a primary minimum
(Elimelech et al., 1995) or less reversible deposition in a
secondary minimum (deeper secondary minimum energy
well) (Franchi and O'Melia, 2003). Divalent cation (Ca2+) is
more effective than monovalent cation (Na+) in screening
the charge and shrinking the adsorbed layer thickness
(Hariharan et al., 1998) as evident in a shorter layer thickness

Table 3
C/C0, αCF, CaCl2 concentration, and dagg for the various polyelectrolyte-
modified RNIP transported at approach velocity us through collector size dc
with Ca2+ as background electrolyte.

Modified C/C0 αCF CaCl2 dc (μm) us
(10−4 m/s)

dagg (μm)

PSS70K 0.03 0.702 0.001 300 2.69 6.90±0.25
PAP2.5K 0.02 0.390 0.001 300 2.69 7.0 s±0.00
PSS70K 0.21 0.509 0.001 300 5.37 5.25±0.00
PSS70K 0.90 0.034 0.00025 300 5.37 2.30±0.25
PSS70K 0.75 0.280 0.00025 880 4.18 4.34±0.22
PSS70K 0.58 0.030 0.00025 99 5.49 2.42±0.10
PAP2.5K 0.02 0.370 0.00125 300 2.69 7.62±0.02
PSS70K 0.90 0.021 0.00125 300 2.69 1.31±0.36
PSS70K 0.26 0.154 0.00125 99 2.74 2.36±0.00
PSS70K 0.49 0.394 0.00125 880 2.09 4.00±0.00
PAP2.5K 0.00 0.107 0.00125 99 2.74 5.11±0.08
PAP2.5K 0.16 0.676 0.00125 880 2.09 6.18±0.10
PAP2.5K 0.61 0.250 0.00025 880 4.18 5.89±0.28
PAP2.5K 0.66 0.027 0.00025 99 5.49 2.51±0.18
PAP2.5K 0.74 0.047 0.00025 300 5.37 4.70±0.10
PSS70K
200 mm

0.01 2.805 0.00125 880 2.09 10.70±0.00

PSS70K
200 mm

0.00 1.403 0.00125 300 2.69 9.14±0.00

PSS70K
200 mm

0.76 0.322 0.00025 880 4.18 5.11±0.17

PSS70K
200 mm

0.74 0.130 0.00025 300 5.37 3.02±0.18

PSS70K
200 mm

0.84 0.014 0.00025 99 5.49 0.99±0.00

Fig. 3. (a) Relationship between αCF and approach velocity (us) for PSS70K
modified RNIP in 50 mM Na+ (open circles) as background electrolyte and in
10 mMNa+ (filled circles) as background electrolyte with an average collector
size(dc)=300 μm. (b) Relationship between estimated dagg and approach
velocity (us) for (open circles) PSS70K modified RNIP in 10 mM Na+ as
background electrolyte and (filled circles) in 50 mM Na+ as background
electrolyte and the average collector size (dc) of 300 μm. (c) αCF values of
PSS70K-RNIP in 10 mM Na+, 50 mM Na+, and 1.25 mM Ca2+ for an average
collector size=300 μm and the approach velocity (us) of 2.7×10−4 m/s.
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in Ca2+ than in Na+. Thus, the transport of PSS70K RNIP
dispersion in 1.25 mMCa2+ is significantly worse than in Na+

at either 10 mM or 50 mM, in good agreement with the
deposition of polyelectrolyte-modified RNIP at low particle
concentrations (Saleh et al., 2008).

The effect of ionic strength and cation type on transport of
RNIP dispersions can also be a result of agglomeration and
subsequent deposition. The same factors that increase NZVI
deposition also increase its agglomeration, resulting in larger
stable agglomerate sizes. The higher the electrolyte concen-
tration, the larger the sizes of stable agglomerates formed,
and the deeper the secondary minimum well between
deposited agglomerates and a collector. These two effects
lead to the poor mobility as experimentally observed with
increasing ionic strength.

3.3.3. Collector size
For transport of a concentrated polyelectrolyte-modified

NZVI dispersion through porous media with fixed average
approach velocity, cation type, and ionic strength, αCF

increased with increasing collector size, dg (Fig. 4a). This
trend contradicts filtration theory (Elimelech et al., 1995)

which predicts that αCF should decrease with increasing
collector size due to a lower surface area for deposition on the
larger collectors.

This contradiction can be explained by considering the
effect of hydrodynamic forces on agglomeration and dis-
agglomeration and deposition and detachment as recently
proposed (Phenrat et al., 2009a). The local fluid shear in the
pores of porous media can affect both agglomeration and
disagglomeration. Assuming a constricted tube model for the
void space between collectors in the porous media, the
apparent shear rate (γs in s−1) for each pore diameter acting
on aggregates is given by(Bergendahl and Grasso, 2000):

γs =
32Q

πd3
effNpore

ð6Þ

where Q is the total volumetric flow rate in the porous media,
and Npore is the number of pores in the column cross section.
deff is the effective pore diameter.

Npore =
Acolumnε
π = 4ð Þd2eff

ð7Þ

deff =
dec
0:47

ð8Þ

dec =
dc

2:57
ð9Þ

Here dec is the equivalent diameter of the constriction, and
Acolumn is the cross sectional area of a column, and dc is the
average diameter of collectors. Eqs. (6) to (9) indicate that for
a fixed approach velocity, the smaller the average diameter of
collectors, the higher the apparent shear in pores. This shear
promotes disagglomeration. Therefore, for the same adsorbed
layer properties, ionic strength, and seepage velocity, the size
of stable aggregates formed in the pores of porous media
packed with small diameter collectors should be smaller than
for larger diameter collectors due to the higher magnitude of
local shear in the pores. The smaller sized agglomerates
formed for the smaller collector particle size travel farther
than the larger sized agglomerates formed for larger collector
particles.

In addition to affecting the size of the agglomerates
formed, fluid shear can affect deposition and detachment
(Johnson et al., 2006; Torkzaban et al., 2007). The hydrody-
namic drag torque acting on the deposited NZVI agglomerates
is locally lower for agglomerates deposited on larger sized
collectors compared to the smaller sized collectors while the
adhesive (attachment) torque originating from the secondary
minimum well (DLVO forces) is unaffected by fluid shear.
Therefore, for a fixed agglomerate size, the probability for
detachment is higher for smaller diameter collectors in
comparison to larger diameter collectors. In summary, for
transport of concentrated nanoparticle suspensions with
reversible agglomeration and deposition, at a fixed approach
velocity, smaller diameter collectors increase the average
shear force acting on deposited particles, promoting dis-
agglomeration and detachment which results in the higher
observed transportability in porous media.

Fig. 4. (a) αCF vs. collector size (dc) for different polyelectrolyte-modified
RNIP at various transport conditions. Open symbols are in 1 mM Na+

background electrolyte and porewater velocity=5.5×10−4 m/s. Closed
symbols are in 10 mM Na+ background electrolyte and approach veloci-
ty=2.7×10−4 m/s. Each trend line illustrates the measurement of the effect
of dc on αCF for a given polyelectrolyte-modified NZVI transported at high
particle concentration at a fixed ionic strength and seepage velocity.
(b) Relationship between estimated dagg and collector size (dc) under the
same conditions as (a).
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3.3.4. Modifier type and adsorbed layer properties
Ionic strength, modifier type, and the resulting properties

of the adsorbed polymer layer affected transport of polyelec-
trolyte-modified NZVI dispersion at high particle concentra-
tion (Fig. 4a). Each modifier has different sensitivity toward
changes of ionic strength, collector size, and seepage velocity
(Fig. 4a) because of their different surface excess and
adsorbed layer thickness (Table 1) and resulting variation in
particle–collector (deposition) and particle–particle (ag-
glomeration) interaction energies. The adsorbed polyelectro-
lyte layer thickness and surface excess result in electrosteric
repulsions that decrease agglomeration(Phenrat et al., 2008;
Saleh et al., 2005) and deposition (Johnson et al., 2009; Kim
et al., 2009; Phenrat et al., 2009a; Saleh et al., 2008). The
importance of the adsorbed layer properties is greatest at low
approach velocity and for the larger collector size because the
shear force and drag torque that promotes disagglomeration
and detachment are lowest for these conditions. For condi-
tions where shear and drag forces are lowest, i.e. larger dc and
lower approach velocity, αCF of PAP2.5K-RNIP is substantially
smaller than for CMC700K- and PSS70K-RNIP. This trend
agrees with the adsorbed layer properties of different
polyelectrolytes on RNIP (Table 1). CMC700K-RNIP has
similar adsorbed layer thickness (d) as PAP2.5K but has
much lower surface excess than PAP2.5K-RNIP and is
therefore expected to deposit to a greater extent. Similarly,
PSS70K-RNIP has slightly greater adsorbed layer thickness
than to PAP2.5K-RNIP but hasmuch lower surface excess than
PAP2.5K-RNIP resulting in greater attachment.

At conditions where fluid shear and drag are high, i.e. at
small dc and high approach velocity, the influences of
modifier type and adsorbed layer properties are lower. For
dc of 99 μm, 1 mMNa+, and us of 5.5×10−4 m/s, the transport
of CMC700K-, PAP2.5K-, and PSS70K-RNIP are similar
(Fig. 4a), presumably because the shear and drag torque are
the major forces countering agglomeration and deposition.
Consequently, the difference in electrosteric repulsions of
different types of surface modified RNIP is less important at
high velocity and smaller grain sizes.

3.4. Empirical correlations to predict attachment efficiency for
transport of polyelectrolyte-modified NZVI at high particle
concentration in porous media

The previous section qualitatively discussed the influence
of the most important hydrogeochemical and particle para-
meters on the transport of polyelectrolyte-modified NZVI at
high particle concentration assuming that CF theory is valid.
However, agglomeration due to strong magnetic attraction of
NZVI particles and high collision frequency expected for
concentrated NZVI dispersions suggests that CF theorymay in
fact not be reliable for quantitative estimation of attachment
efficiency, α, for NZVI dispersions. Evidence suggesting that
the CFmodel is inappropriate for transport of polyelectrolyte-
modified NZVI at high particle concentration includes of the
dependency of αCF on the seepage velocity and the inverse
correlation between collector size and αCF observed in this
study. Further, αCF values are greater than 1 in several cases
(Tables 2 and 3 and Fig. 4a) which are physically impossible
for the NZVI-collector interactions without agglomeration
during transport. Thus, we modify CF theory to allow for

steady state agglomeration and subsequent deposition of
agglomerates formed during transport, and present a model
for predicting α for NZVI transport in porous media. This last
sectionwill elaborate on the limitations of filtration theory for
predicting deposition of polyelectrolyte-modified NZVI at
high particle concentration and present the development of
an empirical correlation (referred to as agglomerate forma-
tion) to predict the steady state size of agglomerates formed
for a given transport condition and adsorbed layer properties,
and their subsequent attachment efficiency.

3.4.1. Issues with the application of filtration theory for
predicting transport of polyelectrolyte-modified NZIV at high
particle concentration

CF models assume a uniform spherical collector size and
uniform spherical particle being transported to determine αCF

and η0 (Eqs. (4) and (5)). CF cannot be used to accurately
predict transport of polyelectrolyte-modified NZVI at high
particle concentration in porous media because agglomera-
tion during transport increases the size of particles transport-
ing. This alters the value of both η0 and αCF due to greater
interception and gravitational sedimentation for particles
with high density such as NZVI (~6 g/cm3). Further, αCF is
calculated from CPT/C0, i.e. based on mass basis (Eq. (4)), but
the removal of particles by a collector should be calculated
using from a particle population balance, i.e. from Np/Np0

where Np is the number of particles eluted and Np0 is the
initial number of particles entering the porous medium. CPV/
C0 is equivalent to Np/Np0 without agglomeration, but CPV/C0
will generally be greater than Np/Np0 when agglomeration
occurs, resulting in overestimation of attachment, i.e. αCF can
be more than 1 as observed in several cases in this study
(Tables 2 and 3 and Fig. 4a). In summary, agglomeration leads
to the overestimation of αCF (using Eq. (4)) and the
underestimation of η0 (using Eq. (5)).

3.4.2. Modified filtration model to include steady state
agglomeration: developing an empirical correlation to predict
agglomerate size (dagg)

The source of error for both η0 and αCF from experimental
breakthrough data is the unknown size of agglomerates
formed during transport, especially when agglomeration of
nanoparticles leads to the formation of micron-size clusters
when gravity and interception become important collision
modes. If the steady state size of agglomerates is formed
quickly (which is a good assumption for a NZVI dispersion at
high particle concentration; see supporting information of
Phenrat et al. 2009a) and can be predicted, attachment of
polyelectrolyte-modified NZVI at high particle concentration
can be estimated by the CF model using the stable
agglomerate size rather than the individual particle size
(Phenrat et al., 2009a). The stable agglomerate size cannot be
predicted from first principles, but can be estimated empir-
ically for a fixed hydrogeochemical condition, i.e. velocity,
ionic strength, collector size, and particle properties. Here we
describe the procedure used to estimate attachment and
transport parameters required for a preliminary design of the
transport distance of polymer modified NZVI at high
concentration in porous media (Section 4). This involved
using one correlation to predict the agglomerate size (dagg)
formed, and a second correlation to predict the attachment of
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those agglomerates. These correlations are developed from
the experimental breakthrough data discussed previously.

For a system that has reached a steady state agglomerate
size (dagg) the observed single-collector removal efficiency
(η′) of the agglomerate in a porous media is a result of the
transport and attachment of the agglomerate and is exper-
imentally determined from CPT/Co of a breakthrough curve
using Eq. (5)).

η′ = −ln
CPT

C0

� �
4aC

3 1−εð ÞL = η′
0α

′ ð10Þ

The observed single-collector removal efficiency can be
expressed as the product of the single-collector collision
frequency of the agglomerate (η0′) and the attachment
efficiency of the agglomerate (α′) (Eq. (10)). Please note
that the “prime” notation on η′, η0′ and α′ is used to
distinguish between filtration theory that assumes no
aggregation and the modified filtration theory presented in
this study which assumes rapid steady state agglomeration.
Both η0′ and α′ are a function of dagg and are determined by
iterating Eqs. (11) and (12) to yield the observed attachment
η′ in the column.

η′
0 =

67:39H 0:05A1 = 3
s

kBTð Þ−0:66d0:63
c u0:72

s

" #
d−0:796
agg +

0:985H 0:12As

u0:12
s d1:68

c

" #
d1:425agg

+
3:16 × 10−5H 0:05d0:24

c

kBTð Þ0:05u1:11
s

" #
d1:98agg

ð11Þ

α′ =
6:29 × 107H

0:39
u0:68
s η0:88

v M
0:10

W

ρ0:10polyΓ
0:10d0:20

M ζ2p + ζ2g
� �1:17

2
64

3
75d0:29agg ð12Þ

Here H is the Hamaker constant between a particle and a
collector, As is a porosity-dependent parameter, us is
approach velocity, dc is the diameter of a collector. Γ is the
surface excess of macromolecule on NZVI (in kg/m2), dM is
adsorbed layer thickness (in m), MW is molecular weight (in
kg/mol) and ρpoly is density (in kg/m3) of adsorbed polymer,
ηv is viscosity (in Pa S), ζp and ζg are zeta potentials of
particles and collectors, respectively (in V). Eq. (11) is derived
from Eq. (5) but uses dagg instead of initial particle size to
represent the transport of dagg to a collector via diffusion,
interception, and gravity. Eq. (11) is specific for the transport
of NZVI particles with the density of 6.5 g/cm2 in water. Using
a modified form of Tufenkji and Elimelech's correlation
(Tufenkji and Elimelech, 2004a) (Eq. (11)) to estimate η0′,
we assumed that NZVI agglomerates would behave as
spherical particles. Agglomerates formed under reaction
limited agglomeration (RLA), as is the case here for NZVI
with adsorbed polymer that provides electrosteric barrier to
aggregation tend to be dense and spherical. Thus, the use of
Tufenkji and Elimelech's correlation to predict transport of
NZVI agglomerates seems reasonable. Furhter, Tufenkji and
Elimelech's correlation is calibrated for spherical particle
from 0.1 to 10 μm, which is in the range of dagg observed here.
Eq. (12) represents the attachment efficiency of dagg on a
collector and is a modified form of the semi-empirical
correlation recently used for predicting the collision efficien-
cy of nano- and submicron particles coated with charged

polymer (Phenrat et al., 2010b). The original equation is
expanded to reveal the fundamental, physicochemical parti-
cle and media properties affecting deposition including
polymer surface excess (Γ), adsorbed layer thickness (dM),
polymer density (ρpoly), polymer molecular weight (MW),
particle surface charge (ζp), and Hamaker constant(H)), fluid
viscosity (ηv), electrolyte concentration (partially built in the
magnitude of ζp and ζg), approach velocity (us) and surface
charge of collectors (ζg). H affects van der Waals attraction
while us and ηv affect hydrodynamic force. Γ, dM, ρpoly, MW, ζp,
and ζ affect electrosteric repulsions (Phenrat et al., 2010b).
The primary difference between Eq. (12) presented here and
the original equation in Phenrat et al. (2010b) is that to
account for agglomeration we use the NZVI agglomerate size,
dagg rather than the intrinsic primary particle size. It is
assumed that aggregation of polymer modified NZVI affects
dagg but not the other parameters in Eq. (12).

Solving Eqs. (10)–(12) for dagg using CPT/Co of a break-
through curve (Table 2) together with particle properties
(Table 1) and transport conditions (Table 2), results in the
apparent diameter of NZVI agglomerates (dagg) for different
transport conditions and types of surface modifiers as
reported in Table 2. The calculated values of dagg demonstrate
trends with parameters affecting agglomeration in porous
media such as adsorbed particle layer properties, particle size,
size of porousmedia, and approach velocity, suggesting that it
is possible to develop an empirical correlation to predict dagg
from a set of relevant parameters. For example, for a
particular type of polymeric surface modifiers and a fixed
NaCl concentration, the estimated agglomerate size (dagg)
depends on the parameters governing shear force in porous
media, i.e. approach velocity (us) and collector size (dc).
Linear relationships between estimated dagg and us (Fig. 3b)
and dc (Fig. 4b) are observed. A greater us, results in a smaller
dagg. Similarly, a greater dc yielded a greater dagg. These are
because local shear in porous media (γs) increases with the
increase of us and the decrease of dc according to the
constricted tube model. A power law relationship between
γs and dagg for PSS70K-modified RNIP in the presence
of 10 mM Na, covering the range of upore from 0.8 to
5.5×10−4 m/s and dc from 99 to 880 μm (Fig. 5) supports
this assessment. This finding also agrees with Higashitani and
Iimura (Higashitani and Iimura, 1998) who reported that the

Fig. 5. Power law relationship between γs and estimated dagg for PSS70K-
modified RNIP in the presence of 10 mMNa, covering the range of us from 0.8
to 5.5×10−4 m/s and dc from 99 to 880 μm.
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average number of particles in stable fragments is inversely
proportional to shear rate of the fluid.

However, fluid shear in porous media alone cannot
explain the variation of estimated dagg at different NaCl
concentrations and for different types of polymeric surface
modifiers, suggesting that solution chemistry and property of
surface modifiers play an important role. Using regression
analysis of the set of column data we propose an empirical
model to predict a dimensionless agglomerate size (dagg/dp)
as a function of the transport conditions, NaCl concentration,
shear rate in porous media (s−1), and properties of the
polymeric surface modifiers (Eq. (13)).

For NaCl

dagg
dp

= 4:24 × 10−15 μ1:28
o M 2:55

s M
0:10
W

η2:26
v N 0:3

avo d
1:2
M0γ

0:3
s NaCl½ �*0:2

ð13Þ

where μ0 is magnetic permeability in vacuum (1.25×10−6 N/
A2), and Navo is Avogadro's number (6.03×1023 mol−1). [NaCl]*
in this equation is in mol/m3. MS (in A/m) is NZVI saturation
magnetization (Phenrat et al., 2007). dM0 (in m) is adsorbed
polymer layer thickness determined from Ohshima's soft
particle analysis. MW is molecular weight of polymeric surface
modifier and ηv is fluid viscosity. The empirical units of the
constant in Eq. (13) is kg−0.88 m4.13 mol−0.3.

Eq. (13) allows the prediction of dagg formed in porous
media during the transport of polymer modified NZVI at high
particle concentration. Fig. 6a illustrates the accuracy of
Eq. (13) in predicting dagg while Fig. 6b illustrates the
accuracy of using Eq. (13) together with Eqs. (11) and (12)
in predicting η′ (i.e. comparing predicted η′pre with η
calculated from column experiments).

Some general conclusions can be made about the particle
properties and the hydrogeochemical parameters found to be
significant in assessing NZVI attachment, i.e. those included in
Eq. (13). 1) Higher fluid shear γs, yields a smaller dagg because
fluid shear breaks the agglomerates. 2) Larger NZVI primary
particles, dp, yield greater dagg because magnetic attraction
scales with dp to the sixth power. 3) A larger dM0 yields a
smaller dagg because dM0 is proportional to extent of
electrosteric repulsions which prohibits agglomeration. 4) A
greater saturation magnetization, Ms, yields a larger dagg
because Ms promotes magnetic attraction which drives
agglomeration. 5) A higher [NaCl]* yields a smaller dagg
because NaCl screens electrostatic attraction between parti-
cles and collapses the adsorbed polymer layer thickness, both
of which promote formation of “dense” agglomerates with
higher fractal dimension and a smaller apparent dagg. 6) A
polyelectrolyte with a higherMw yields a larger dagg because a
polymer with large Mw better resists charge screening by salt
than a polymer with a low Mw. Thus, large Mw decreases the
potential of forming dense agglomerates.

4. Application of the empirical correlations to predict the
transport of polymer modified NZVI at high particle
concentration

The set of correlations (Eq. (13) together with Eqs. (11)
and (12)) empirically determined from column experiments
in this study can serve as a tool for preliminary design of

emplacement strategies for polyelectrolyte-modified NZVI at
high particle concentration in porous media using estimates
of approach velocity, grain size, and ionic strength estimates
of the properties of NZVI particles (particle size and Fe0

content) and adsorbed polyelectrolyte layers (layer thickness
and surface excess). The application of this set of equations is
done by using Eq. (13) to estimate the apparent average size
of stable aggregates formed in the system, and then using
Eqs. (11) and (12) to determine the collision frequency (η0′)
and collision efficiency (α′) for NZVI agglomerates, respec-
tively. Then, the transport distance (L) for a desired C/C0 can
be calculated from Eq. (4) by substituting αCF and η0 with α′
and η0′, respectively. In addition, this set of correlations can be
used in the design of controlled emplacement strategies of
polyelectrolyte-modified NZVI for in situ remediation.

5. Limitations of the model

This study begins to develop a quantitative understanding
for preliminary design of transport and deposition of polymer
modified NZVI at high particle concentration used for subsur-
face remediation. The empirical models developed invoke
justifiable, but system-specific assumptions. The limitations of
the model due to these assumptions are discussed here.

This study developed correlations for predicting attach-
ment of polymer modified NZVI where surface modification
occurred post NZVI synthesis. The model should be applicable

Fig. 6. (a) a comparison between predicted dagg using Eq. (13) and estimated
dagg from column experiments. (b) A comparison between predicted η′ based
on the predicted dagg in (a) and experimental η′.
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for polymermodifiedNZVI or other types ofmodifiedNPs if the
forces controlling aggregation are the same as those presented
here, and if characterization of parameters needed for Eqs. (11)
to (13) can be obtained. The applicability of themodels present
heremight be of limited success for nano- ormicro-composites
of NZVI such as NZVI on carbon (Schrick et al., 2004; Zhan et al.,
2009) or silica supports (Zhan et al., 2008) because forces
affecting agglomeration and deposition for these nano- and
micro-composites might be governed by the bulk properties of
the supports rather than the properties of NZVI.

The models presented here are developed using regression
analysis. This requires a largedata set toquantify the contribution
of each relevant parameter. To the authors' knowledge, this study
involves the largest set of column experiments published for
NZVI so far, but still some relevant parameters including particle
concentration and the shape of the sand collector were not
evaluated. Particle concentration governs kinetics of particle
agglomeration/aggregation (Elimelech et al., 1995). Therefore,
intuitively particle concentration should affect attachment.
However, a recent study (Phenrat et al., 2009a) indicated that
the transport of polymer modified NZVI was similar for at 1 g/L
and 6 g/L particle concentration. Therefore, in this study we did
not include particle concentration as an independent parameter.
Nevertheless, applying the correlations presented here at other
particle concentrations must bear in mind that the correlations
were developed for 6 g/L of polymer modified NZVI. Similarly,
this studyused angular sand (Unimin sand) rather than sperhical
glass beads. A recent study reported indicates a significant effect
of collector shape on nanoparticle transport (Liu et al., 2009) so
the correlations developed in this study might be of limited
success for other collector shapes.

The set of hydrogeochemical conditions used in this study
covers an environmentally relevant range of collector size
(from 99 μm to 880 μm) and solution chemistry ((1 to 50 mM
Na+and 0.25 to 1.25 mM Ca2+), and approach velocity typical
for injection conditions. However, it did not include approach
velocity typical of groundwater. The application of the correla-
tions at an approach velocity outside the range evaluatedmight
yield inaccurate results. Additionally, this study found that the
attachment efficiency of polymermodifiedNZVI athighparticle
concentration for small collectors is lower than for larger
collectors. We suggest this is due to the increased shear in
smaller pores that larger ones. This may be true for one
dimensional flow and homogeneous porous media used here.
However, two dimensional flow and preferential flow paths in
natural porous media may also effect deposition.

Last but not least, this study evaluates initial attachment
efficiency of polymer modified NZVI at high particle concentra-
tion. Only one pore volume (PV) of NZVI dispersionwas injected
to a packed porous media. Therefore, we did not evaluate
ripening effects important for multi-PV transport. In field
application, porousmedia close to injection pointwill experience
multiple-PVs of NZVI even though one PV of NZVI is delivered to
cover the zone of influence. Therefore, collector ripening might
be important near the injectionwell. The correlation to predictα′
(Eq. (12)) does not take into account this ripening effect.
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