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Sand-packed columns were used to study the transport
of micro- and nanoiron particle suspensions modified with
anionic polyelectrolytes. With microscale carbonyl iron
powder (CIP), the profiles of initial and eluted particle
diameters were compared with simulations based on classical
filtration theory (CFT), using both the Tufenkji-Elimelech
(TE) and Rajagopalan-Tien (RT) models. With particle size
distributions that peaked in the submicron range, there
was reasonable agreement between both models and the
eluted distributions. With distributions that peaked in
the 1.5 µm range, however, the eluted distributions were
narrower and shifted to a smaller particle size than predicted
by CFT. Apparent sticking coefficients depended on
column length and flow rate, and the profile of retained
iron in the columns did not follow the log-linear form expected
from CFT. These observations could be rationalized in
terms of the secondary energy minimum model recently
proposed by Tufenkji and Elimelech (Langmuir 2005, 21, 841).
For microiron, sticking coefficients correlated well with
particle zeta potentials and polyacrylate (PAA) concentration.
With nanoscale iron particles, there was no apparent
correlation between filtration length and total electrolyte
concentration. However, mixtures of PAA with poly(4-
styrenesulfonate) and bentonite clay significantly enhanced
nanoiron transport, possibly by affecting the aggregation
of the particles.

Introduction
Industrial and agricultural processes have created contami-
nated soil and groundwater sites that contain dense non-
aqueous phase liquids (DNAPLs), metal ions such as Cr(VI),
and other persistent hazardous compounds. DNAPLs, as
hydrophobic contaminants, exist in the subsurface environ-
ment in a variety of forms, including liquid ganglia and
adsorbed phases in pores that equilibrate very slowly with
the groundwater (1,2). In these cases, pump-and-treat
remediation methods have had limited effectiveness, and in
situ remediation technologies, in particular chemical oxida-
tion and reduction, are now being intensively studied (3).
Among the available reductants, zerovalent iron has been
shown to be particularly effective and versatile, transforming
halogenated hydrocarbons such as trichloroethylene (TCE),
as well as a range of toxic metal ions, into less toxic or mobile

substances (4-10). Because these reactions occur at the
surface of iron particles, larger particles (e.g., iron filings)
have lower reactivity than smaller, higher surface area iron
particles. For this reason, an increasing number of laboratory
and field studies of in situ remediation have been carried out
using iron nano and microparticles (11-20).

Delivering zerovalent iron particles to contamination
sources in soil and groundwater is an interesting challenge
for in situ remediation. The particles are typically injected
as an aqueous slurry (14, 16, 19), and they must travel
distances of meters through soil or aquifers to reach the
contamination source zones. Although nanoparticles have
higher reactivity with DNAPLs and metal ions, their transport
properties are poorer than those of microparticles. Particles
below about 200 nm in diameter undergo collisions with soil
grains much more frequently than larger particles because
they are subject to Brownian motion (21). Also, at a given
mass concentration, the number density of nanoparticles is
orders of magnitude higher than that of microparticles;
therefore, and they are subject to aggregation. Large ag-
gregates of nanoparticles are readily filtered and cause
clogging of pores in soils (22).

Several strategies have been studied for improving the
transport properties of iron nano- and microparticles in soils.
Cantrell and co-workers used shear-thinning polymer ad-
ditives to alter the fluid viscosity in soil pores and thereby
decrease the frequency with which iron microparticles collide
with soil grains (23). More recently, several groups have
studied hydrophilic polymers and anionic carbons as coatings
for iron nanoparticles (24-27). Oil-based microemulsions also
stabilize nanoparticle suspensions and enhance their trans-
port in saturated soil (28).

The transport of particles in the subsurface is often studied
and modeled by using data from laboratory column tests.
Quantitatively, one expects particles to travel over greater
distances in the field, where the dispersion pathways are
three-dimensional and involve a hierarchy of pore sizes (29).
Bench-scale column tests can nevertheless provide a ranking
of the effectiveness of different delivery vehicles, as well as
useful kinetic information about particle filtration. One of
the difficulties in modeling and optimizing the transport of
iron nano- and microparticles in column tests, however, is
the heterogeneity of both the particles and the collector (soil)
grains. Clean-bed filtration models typically consider a
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FIGURE 1. Particle diameter distributions for CIP samples. Lines
represent fits to eq 1.
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uniform collector and particle size, and model the interaction
between them to obtain a single kinetic parameter, the
sticking coefficient (R) (30, 31). A more sophisticated filtration
model recently developed by Tufenkji and Elimelech con-
siders a range of particle-collector interaction energies (32).
So far, this model has been tested with uniform polystyrene
particles, but not with more heterogeneous samples that
resemble the broad distributions used in field studies of
micro- and nanoiron transport and remediation.

The goals of this study were (1) to examine the transport
of polymer-coated micro- and nanoiron particles in model
saturated porous media, (2) to compare the results to the
predictions of current transport theories, and (3) to use this
information to optimize the composition of polyelectrolyte
mixtures for enhanced particle transport. Using iron mi-
croparticles in sand packed columns, we compare the
predictions of first-order kinetic models with the profile of
retained particles in the columns and the size distributions
of the eluted particles. We also compare the qualitative
features of the retention profile and eluted size distribution
with a new model that considers a range of rate constants
for particle collection (32). These comparisons provide new
insight, for environmentally relevant distributions of iron
particle sizes into the relative importance of particle zeta
potential in the transport process. We also carried out a
factorial optimization of polyelectrolyte-modified iron nano-
particle (Toda RNIP) elution from sand columns, and contrast
the transport behavior of RNIP with microiron.

Results and Discussion
Particle Size Distributions. Figure 1 shows the diameter
distributions of carbonyl iron powder (CIP) samples BASF
CIP-HQ, -HF, and -OM, and Figure 2 shows electron
micrographs of Toda Reactive Nanoiron Powder (RNIP) and
CIP-HQ. Images similar to that shown in Figure 2c were
obtained for CIP-HF and OM. The CIP particles have a range
of diameters. The diameter (dp) distributions for these
particles were fitted to log-normal distributions (eq 1), and
the best fits are shown in Figure 1. The maxima in these
diameter distributions were similar for HQ and HF (0.77 and
0.93 µm, respectively), but larger for OM (1.56 µm). Within
the limit of detection by X-ray powder diffraction, all three
CIP samples consisted of pure R-Fe and did not contain

significant amounts of oxide (see the Supporting Informa-
tion). The RNIP particles, in contrast, were irregularly shaped
and had average dimensions of 50-100 nm. Larger cubic
particles with well-defined faces were

FIGURE 2. Nano- and microiron samples. (a), (b) TEM images of Toda RNIP, and (c) SEM image of CIP-HQ.

FIGURE 3. Initial (n) and eluted (9) particle size distributions for
CIP-OM and CIP-HQ elution. Best fits to eq 1 are shown. Lower
traces in each plot are the calculated eluted distributions from
classical filtration theory, using the RT and TE models, eqs 5 and
6. Mass normalization was used to scale the eluted distributions.

P(dp) ) 1

dpσ x2π
exp(-[lndp - µ]2/2σ2) (1)
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observed in some images (Figure 2b). X-ray powder diffraction
patterns (see the Supporting Information) showed the
presence of a significant quantity of magnetite (Fe3O4) in
these samples in addition to R-Fe, and the larger particles
in the TEM images of RNIP are believed to be magnetite.

Micro-Iron Particle Transport. CIP iron particles were
dispersed in aqueous PAA solutions, and their transport
through sand columns was measured by analyzing both the
eluted and retained fractions. In these experiments, we sought
to mimic the conditions of iron particle injection in field
tests (16) and full-scale remediation projects (19). In those
applications, the particles are typically pressure-injected or
gravity fed into the soil as 1-10 g/L aqueous suspensions,
and in many cases, the injection is followed by additional
surface water and/or recirculated groundwater. In our
experiments, a 2.0 mL plug of iron suspension (5.0 ( 0.5 g/L)
was introduced at the top of the column and was followed
by 200 mL water (approximately five pore volumes) to
quantitatively elute unretained particles. The diameter
distribution of the eluted particles was measured by SEM,
and in the case of CIP-HQ, the amount of retained iron was
analyzed as a function of column length. When the sum of
the eluted and retained fractions was background corrected
(by analyzing eluted blanks that contained only PAA and no
iron), mass balance results were typically accurate to 10-
15% (see the Supporting Information).

For each kind of CIP iron, eluted particle size distributions
were measured at three different flow rates (5, 10, and 18
mL/min, ) 0.042, 0.084, and 0.152 cm/s). Figure 3 shows
representative results for larger (CIP-OM) and smaller
diameter (CIP-HQ) initial distributions.

In all cases, the distribution of eluted particle diameters
could be approximated well by eq 1. The eluted particle size
distributions were normalized by constraining the mass of
eluted iron to match the mass-weighted integral of the log-
normal distribution. This normalization procedure is however
very sensitive to counting errors at the high end of the
distributions because the particle mass is proportional to
the third power of the diameter. In some cases, this procedure
gave the physically reasonable result that the eluted distri-
butions contained fewer particles of every size than the initial
distribution. In other cases, (see, e.g., Figure 3), the calculated
maximum in the eluted distribution exceeded the number
of particles of the same size in the initial distribution. While
the scale factors for these fits are, therefore, uncertain, the
maxima in the eluted distributions were more accurate and
were consistent between duplicate runs.

Figure 3 also shows fits of the eluted quantity of iron to
classical filtration theory (CFT). In CFT, which is essentially
a first-order kinetic model for particle collection, the number
density of particles in the mobile phase at the end of a column
at length L is given by eq 2, where

the product (Rλ)-1 is a filtration length (21). The sticking
coefficient R is the probability that a particle-collector
collision results in immobilization. In the “clean bed” limit,
in which adsorbed particles do not cover an appreciable
fraction of the surface of the porous medium, λ is obtained
from eq 3, in which η is the collector efficiency, dc is the
diameter of a collector grain, and

θ is the soil porosity. The collector efficiency is further
composed of three terms as shown in eq 4, which represent
the three basic mechanisms for the capture of colloidal
particles in

a packed bed: diffusion (ηD), which dominates for particles
below 200 nm in diameter, interception (ηI), and gravitational
sedimentation (ηG), which dominates for larger particles and
aggregates of particles. Two models have been widely used
to calculate these η values from experimental parameters
and thereby obtain the sticking coefficient R from the fraction
of particles eluted. The Rajagopalan-Tien (or RT) model (30)
does not include hydrodynamic and universal van der Waals
interactions which are included in the more recent model
of Tufenkji and Elimelech (TE) (31). We calculated eluted
particle distributions for CIP suspensions using both models
(see the Supporting Information for details) to compare the
results with experiment. In these calculations, the appropriate
form of eq 4 was used (for the TE or RT model), and eqs 2
and 3 were used to calculate N/N0 as a function of iron particle
size. The value of R was adjusted so that the calculated mass
of iron eluted (integrated over all particle sizes) matched the
observed amount.

Figure 3 shows calculations of the eluted CIP particle
distributions according to the RT and TE models. The data
for all CIP samples, along with R values derived from the RT
and TE models, are compiled in Table 1. An important
parameter to compare in this table is dp,max, the particle
diameter at the maximum in the distributions. Because the
experimental and calculated dp,max values are not sensitive
to mass normalization, they provide a useful way to compare
the eluted particle size distribution to the CFT calculations.

As expected for all three CIP samples, the fraction eluted
increases with increasing flow rate. However, two deviations
from the predictions of CFT are apparent in the data. First,
the derived R values are generally lower (for a given sample)
at the higher flow rate, i.e., at a higher fraction of eluted
particles. Second, the experimental dp,max is in the range 0.73-
0.93 µm for all eluted samples and the range is narrower
(0.73-0.88 µm) at lower flow rates. In contrast, for CIP-OM,
which initially contains larger particles, CFT predicts a
significantly larger value of dp,max (1.22-1.37 µm). It is also
apparent from Figure 3 that the eluted particle diameter
distributions predicted by the CFT models are both broader
than the observed distribution for CIP-OM.

Further insight into the deviation from CFT may
be obtained by examining the fraction of retained iron
as a function of column length. With a single particle
diameter, dp, CFT predicts an exponential profile of
retained particles according to eq 2. However, with
a distribution of particle sizes, the situation is more
complex. Because the largest and smallest particles in the
distribution are filtered more efficiently, the average
filtration length (Rλ)-1 increases slightly with increasing

TABLE 1. Experimental and Calculated dp,max Values and
Calculated Sticking Coefficients; Column Length: 51.7 cm,
[PAA] ) 1.0 mg/mL.

experimental
dp,max (µm)

TE
model

RT
model

CIP

flow
rate

(cm/s)
fraction
eluted initial eluted r

dp,max
(µm) r

dp,max
(µm)

HQ 0.152 0.88 0.77 0.88 0.004 0.78 0.002 0.78
HQ 0.042 0.33 0.77 0.73 0.021 0.74 0.024 0.75
HF 0.152 0.57 0.93 0.93 0.019 0.90 0.009 0.90
HF 0.042 0.34 0.93 0.73 0.017 0.88 0.020 0.90
OM 0.152 0.20 1.56 0.88 0.033 1.37 0.017 1.36
OM 0.084 0.047 1.56 0.88 0.057 1.22 0.041 1.25

ln( N
N0

) ) -RλL (2)

λ ) 3
2dc

(1 - θ)η (3)

η ) ηD + ηI + ηG (4)
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column length L. Rewriting eq 2 in exponential form, we
obtain eq 5.

For a distribution of particles, this must be rewritten as eq
6, which is a sum over all values

of particle diameter dp. The number density of particles N
(particles/cm3) can be converted to the mass concentration
of iron in the mobile phase, M(L) (mass/cm3), by using eq
7, where V is the particle volume (V ) 4/3 πr3) and F is the
specific gravity of iron.

Finally, the retained fraction (mass of iron retained per unit
length) can be calculated from the gradient of M(L) according
to eq 8, where θ is the column porosity and A is the cross-
sectional area.

Figure 4 compares the experimental retained mass distribu-
tion of CIP-HQ iron with the distributions calculated from
eqs 7 and 8 using R values obtained from the TE and RT
models. The distribution of particle sizes introduces a slight
upward curvature into the calculated retained profile.
However, the experimental profiles are much more sharply
curved. This behavior is consistent with the more recent
model of Tufenkji and Elimelech which considers a range of
particle-collector interaction energies and rate constants (32).
In this model, larger particles are collected at a faster rate
because they are trapped by van der Waals forces in a
secondary energy minimum that is deep relative to the
thermal energy. Very similar curvature in retained profiles
was seen in their experiments with latex particles and
columns of glass collectors. This effect is consistent with
several observations in our data: the sharpening of eluted

particle size distributions (Figure 3), the shift to dp,max values
smaller than expected from CFT (Table 1), the increase in
apparent R values with decreasing flow rate (Table 1), and
the decrease in apparent R values with increasing column
length (see Figure 5 below). If particle elution data (Table 1)
are fit to a single value of R using one of the CFT models, the
nonexponential profile of retained iron (Figure 4) implies
that longer columns should give smaller “average” R values.

Effect of PAA Concentration on the Transport of
Microiron Particles. To gain insight into the effect of added
PAA on the sticking coefficient (R), the concentration of PAA
in the stock CIP iron suspensions was varied between 0.5
and 5.0 mg/mL. Sticking coefficients were calculated from
the fraction of iron eluted using the TE model, and the results
are shown in Figure 5. These results are compared with zeta
potential measurements of the same particles over a broader
range of PAA concentrations (0-100 mg/mL).

The addition of PAA to the suspensions imparts substantial
negative charge to the particles, most likely by chelation of
the polyacid to the iron oxide or hydroxide at the particle
surface (24). In pure water, the measured ú values were -15,
-19, and -20 ( 2 mV for CIP-HQ, OM, and HF, respectively.
At the PAA concentrations used in the sand column experi-
ments, ú values were in the range of -60 to -90 mV. The
primary effect of the large negative charge on the particle
surface is to cause electrostatic repulsion between the
particles and the negatively charged collector grains. For CIP-
HF, R decreases substantially as the PAA concentration is
increased from 1 to 5 mg/mL, and there is also a significant
change in the zeta potential. For CIP-HQ, the changes in
both quantities are more gradual. There is apparently a subtle
difference in the surface chemistry of these otherwise very
similar particles. CIP-HQ particles retain their negative charge
after exposure to concentrated PAA solutions (1000 mg/mL)
and rinsing with deionized water (ú ) -61), but with the
same treatment ú ) -28 and -32 mV for CIP-OM and HF,
respectively. At the concentrations of PAA used in the
transport experiments, there is a very large excess of polymer
relative to the number of surface sites on the low surface
area microiron particles. It is therefore possible that other
effects of the excess polyelectrolyte, such as blocking of strong
adsorption sites on the collector grains (33) or macromo-
lecular crowding (34), contribute to the decrease in R with
increasing PAA concentration. However, these effects should
not lead to differences in R values for CIP-HQ and CIP-HF,

FIGURE 4. Natural logarithm of the experimental and calculated retained iron profiles for CIP-HQ/1 mg/mL PAA. Left: Darcy velocity u
) 0.084 cm/s; right: u ) 0.042 cm/s.

N
N0

) e-RλL (5)

N(L) ) ∑
dp

N0(dp)e-Rλ(dp)L (6)

M(L) ) F ∑
dp

N0(dp)V(dp)e-Rλ(dp)L (7)

dMretained(L)

dL
) -

dM(L)
dL

× θ × A (8)
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which are quite significant at PAA concentrations of 1-2
mg/mL. The dominant effect of increasing polyanion con-
centration is therefore to increase the negative surface charge
of the microiron particles.

Effect of Polyelectrolytes on the Transport of Nanoiron
Suspensions. The transport of nanoiron is more complex
than that of microiron, primarily because of the tendency of
nanoparticles to aggregate and the strong dependence of
(Rλ)-1 on particle size in the nanoscale regime. Saleh et al.
have recently studied RNIP modified with anionic block
copolymers and found that particle zeta potential does not
correlate directly with filtration length (27). The dependence
of eluted fraction on particle concentration that they observed
also suggests that aggregation plays a role, and that aggregate
straining rather than filtration is an important component
of particle capture. These factors complicate the problem of
developing and testing a quantitative model for RNIP

transport. Despite this problem, it is important to optimize
the transport of iron nanoparticles because they have the
most utility for in situ remediation.

In our earlier study, we found that PAA enhanced
nanoparticle transport, and was especially effective in a clay-
rich soil (24). This result seems counterintuitive, given the
fine texture of clay soils and the strong dependence of
filtration length on collector diameter. It is important to recall,
however, that swelling clays are also anionic polyelectrolytes
and may thus affect particle zeta potential or block strong
adsorption sites on other collector surfaces. To explore these
effects, we conducted RNIP transport studies with mixtures
of polyelectrolytes: PAA, a low molecular weight coordinating
polyanion, poly(sodium 4-styrenesulfonate) (PSS), a high
molecular weight, noncoordinating polyanion, and bentonite
clay. Fifteen different electrolyte mixtures were chosen, based
on a three-parameter central composite design (CCD)

FIGURE 5. Left: Sticking coefficient, r(TE) vs PAA concentration for CIP-HQ, HF, and OM elution from 26.1 cm (open plot symbols) and
51.7 cm (solid plot symbols) columns. Flow rate ) 0.151 cm/s. Right: ú vs PAA concentration for CIP-HQ and HF.

FIGURE 6. Left: Three factor orthogonal central composite design (CCD) (35), showing percent of RNIP eluted. Each circle represents
a mixture of polyelectrolytes with a high, middle, or low concentration of one component, and the center point represents an average
value of all three concentrations. The eight factorial points at the corners of the cube represent mixtures with intermediate concentration
values. Right: Scatter plot of percent elution vs total polyelectrolyte composition. Column length (71 cm), flow rate (18 mL/min), and RNIP
concentration (10 mg/mL) were held constant.
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factorial array, as illustrated in Figure 6.
The fraction of RNIP eluted in these experiments de-

pended sensitively on the composition of the electrolyte
mixture. With 71 cm sand columns, this fraction ranged
between 6 and 40%, with the highest elution fraction at
relatively high PSS concentration (2.5 mg/mL) and lower
concentrations of PAA and clay (1.0 and 0.8 mg/mL,
respectively). Surprisingly, there was no apparent trend with
total poly(anion) concentration, contrary to the results
obtained with microiron (see Figure 5). This suggests that
the most important effects of the other added electrolytes
may be to control particle aggregation or other factors, rather
than simply to change the zeta potential and thereby affect
the particle-collector interaction potential. Ditsch et al., using
similar mixtures of PAA, PSS, and copolymers, have shown
that aggregation of oxide nanoparticles can be controlled by
properly controlling the molecular weight and order of
addition of the components (36). Recently, Lowry and co-
workers have quantified the aggregation of unmodified RNIP
particles as a function of particle concentration and time
(37). Given the strong sensitivity of the filtration length to
particle (or aggregate) size in the nanoscale regime, this can
clearly be an important parameter in the transport of RNIP.

The transport behavior of RNIP nanoiron suspensions is
qualitatively different from that of CIP suspensions in that
there was no clear correlation between filtration length and
total electrolyte concentration. These trends appear to merit
further study, particularly in understanding the role of clays
and polymeric electrolytes in controlling nanoparticle ag-
gregation. Phenomenologically, we have observed that the
filtration length of RNIP is sensitive to the composition of
the polyelectrolyte suspension. With ternary mixtures con-
taining PAA, PSS, and bentonite clay, the filtration length
can be extended by a factor of 3-4 relative to polyacrylate
alone. This finding may have useful consequences for
remediation studies like that described in ref 19, in which
iron nanoparticles must travel distances of meters through
saturated soils to reach contaminant source zones.
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