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Engineered nanomaterials have been proposed for a range of subsurface applications including groundwa-

ter remediation, treatment of contaminated soils, and characterization of flow. The ability to accurately

predict nanoparticle (NP) mobility in the environment is critical for assessing NP performance and design-

ing subsurface applications. The objective of this study was to evaluate the ability of a numerical simulator

that accounts for the influence of varying electrolyte and NP concentrations to predict experimental obser-

vations of polymer-coated magnetite nanoparticle (nMag) transport and retention in a heterogeneous,

multi-dimensional flow cell (0.64 m length × 0.38 m height × 1.4 cm internal thickness, referred to as “2.5-

dimensional” or “2.5D” due to the internal thickness width). A series of column experiments was performed

to independently determine model input parameters, including the maximum NP retention capacity and at-

tachment rate. Localized injection of nMag into the heterogeneous flow cell demonstrated preferential

flow around a lower permeability lens and the downward migration of higher density nMag suspensions.

Numerical simulations successfully captured the observed flow path of the nMag pulse injections, and pro-

vided close fits to spatially distributed aqueous and solid-phase nMag measurements obtained within the

heterogeneous flow field. Experimental and modeling results demonstrated that relatively small contrasts in

fluid density (e.g., 0.01 g mL−1) can result in flow instabilities and downward migration of nMag. This work

provides the first direct comparison between model simulations and experimental observations of NP

transport and retention in a 2.5D heterogeneous flow domain and demonstrates the importance of ac-

counting for relevant physical and chemical properties in order to accurately describe NP fate and

transport.

Introduction

Engineered nanomaterials have shown promise for a range of
environmental applications, including remediation of

groundwater contaminants,1–4 removal of heavy metals from
water,5 and treatment of contaminated soils.6 Additionally,
the use of nanoparticles (NPs) as contrast agents has been
proposed for subsurface characterization of oilfield
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Environmental significance

The ability to accurately predict nanoparticle transport and retention in porous media under environmentally relevant conditions is critical for the design
and assessment of potential field-scale environmental applications of engineered nanomaterials. This work provides the first direct comparison of parame-
terized model predictions to experimental measurements of spatially distributed nanoparticle transport and retention in a heterogeneous, multi-
dimensional domain. Results demonstrated that small fluid density contrasts (e.g., 0.01 g mL−1) can play an important role in nanoparticle mobility in
heterogeneous porous media, and therefore, should be accounted for when attempting to simulate nanoparticle transport in subsurface environments.
While this study focused on magnetite nanoparticles, the nanoparticle transport model can be applied to a range of conditions, including nanoparticle de-
livery scenarios in salinity-impacted aquifer formations.
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reservoirs,7–9 a technique that could also be applied to char-
acterize flow in heterogeneous aquifer formations. Each of
these potential applications relies on the delivery of aqueous
solutions of engineered NPs to a targeted subsurface location
or region, whether the objective is to treat a contaminated
aquifer (e.g., nanoscale zero-valent iron, nZVI),3 to interact
with oil/water interfaces,4 or to function as contrast agents
for subsurface characterization7–9 (e.g., superparamagnetic
iron oxide NPs). Thus, the ability to accurately predict NP
transport and retention in porous media under environmen-
tally relevant conditions is critical for the design and assess-
ment of field-scale nanoparticle technologies.

Nanoparticle mobility in porous media is governed by
NP–NP and NP–surface interactions, which are impacted
by solution chemistry (e.g., ionic strength, pH, co-constitu-
ents)10 as well as solid phase surface properties.11,12 In
general, increasing ionic strength results in greater NP ag-
gregation and deposition, as a result of electrical double
layer suppression and decreased electrostatic repulsion be-
tween NPs and solid surfaces.13 This type of attachment
behavior has been observed for many types of NPs includ-
ing iron,14 metal oxides,15,16 carbon-based,17,18 silver,19 ti-
tanium dioxide,20 and quantum dots.21 However, recent
advances in surface coating techniques now enable stabi-
lized NP suspensions at high ionic strength, IS (e.g., IS >

1 M), and greatly reduced NP attachment even in fine-
grained porous media (e.g., crushed sandstone).22–24 The
subsurface environment encountered by NP introduces ad-
ditional complexity, including heterogeneity resulting from
layers or lenses of lower permeability and transient ionic
strength conditions that can lead to altered flow and
transport behavior.25 Phenrat et al. evaluated the transport
of olefin-maleic acid copolymer-modified nZVI in a two-
dimensional flow cell containing layers of fine, medium,
and coarse sand (d50 = 99, 330, and 880 μm, respectively)
with a background electrolyte of 1 mM NaHCO3.

12 The au-
thors observed preferential flow of nZVI into regions of
higher permeability media and deposition in regions of
low velocity (low fluid shear), demonstrating the influence
of porous media heterogeneity on NP transport.

Mathematical models used to predict NP mobility in po-
rous media are often based on modifications of clean-bed
colloid filtration theory (CFT),26 in which colloid transport
and deposition are governed by the advection–dispersion re-
action (ADR) equation with a first order decay reaction rate
to describe the attachment of colloidal particles to porous
media. Tufenkji and Elimelech demonstrated that while CFT
may be valid for highly idealized deposition conditions (i.e.,
glass bead porous media and spherical latex microparticles),
physicochemical non-idealities, which would be experienced
in any natural system, can contribute to significant devia-
tions from CFT.27 Li et al. (2008) proposed the inclusion of a
maximum retention capacity term (Smax), which was shown
to more accurately model the transport and deposition of
nC60 in glass beads and washed Ottawa sand compared to
traditional CFT.28,29 Another process that is often considered

in NP transport modeling in porous media is physical parti-
cle filtration, or straining, which accounts for the entrapment
of particles in pore throats. For colloid transport, straining is
often considered to be significant when the ratio of particle
diameter (dp) to mean grain diameter (dg or d50) is greater
than 0.0017, 0.002, or 0.008.30–32 More recent work has dem-
onstrated straining of polymer-coated nZVI at even lower dp/
d50 ratios of 2.24 × 10−4–1.23 × 10−3 and iron oxide NPs at dp/
d50 ratios of 5.5 × 10−5–1.8 × 10−4.33,34 The authors of these
studies hypothesized that the observed straining at ratios
lower than previously reported values32 may have resulted
from the formation of nanoparticle aggregates (400–550 nm)
that enhanced the extent of straining.

A number of studies have employed numerical simula-
tors, based on the concepts discussed above, to success-
fully reproduce experimental observations of NP transport
and retention in porous media.28,29,35–38 However, the ma-
jority of these investigations have focused on the fitting of
data from one-dimensional column transport experiments
performed under idealized conditions (e.g., employing
homogeneous packing of glass beads or acid-washed
sands, high pore-water velocities, and uniform solution
composition). More recent mathematical modeling studies
have also considered NP mobility under transient ionic
strength conditions.19,39–41 For example, Becker and col-
leagues modified an existing variable density groundwater
flow simulator to incorporate the coupled effects of tran-
sient ionic strength on iron oxide NP transport, deposi-
tion, and release in a homogeneously packed column.39 In
their study, the numerical simulator was able to accurately
reproduce experimental observations of attached NP re-
lease and breakthrough following delivery of distilled, de-
ionized water (IS ≈ 0.0 M).

While useful for assessing the impacts of individual ex-
perimental parameters on NP transport, the column studies
highlighted above are not representative of conditions
expected for the field application of NP technologies in nat-
ural subsurface environments (i.e., multi-dimensional,
chemically and physically heterogeneous systems). Thus, a
significant gap in much of the existing NP mobility litera-
ture is the upscaling of batch and column studies to multi-
dimensional, heterogeneous flow domains and the associ-
ated parameterization and validation of mathematical
models for the accurate prediction of NP transport behavior
at larger scales (i.e., >1 m). To date, the few published
studies of NP transport at larger scales have generally failed
to couple modeling and experiments, focusing either on
data collection/experimental observation or on hypothetical
modeling scenarios. A limited number modeling studies
have investigated the mobility of NPs at larger scales
through application of models parameterized with the re-
sults of laboratory column experiments.42–44 In those stud-
ies, using mathematical models based on CFT,28 hypotheti-
cal scenarios of fullerene NP transport were explored in
meter-scale homogeneous and heterogeneous domains sub-
ject to various boundary conditions. Other published work
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has investigated nZVI transport in two-dimensional flow
cells (0.3–0.7 m length)12,45 and larger field-scale tests (3–10
m length),46,47 but did not incorporate mathematical
modeling work. In one study that did couple experimental
observations with mathematical modeling, Kanel and col-
leagues48 evaluated two-dimensional transport of nZVI in a
homogeneous flow cell packed with glass beads and were
able to accurately simulate the NP plume path using
SEAWAT, a numerical simulator developed by the United
States Geological Survey.49 Two more recent studies applied
2D and 3D mathematical modeling to experimental obser-
vations of nZVI transport in laboratory50 and field-scale sys-
tems51 and found good agreement between model fits and
experimental data. While the previous work highlighted
above provides useful insight into the behavior of NPs in
multi-dimensional domains, NP transport models have not
yet been validated through quantitative comparison of sim-
ulations to spatially distributed transport and retention
data collected in larger-scale, multi-dimensional, heteroge-
neous experimental systems (i.e., through comparisons of
model predictions, based upon independently measured pa-
rameters, to experimental observations, rather than through
model fitting to experimental data).

The objective of this study was to evaluate the perfor-
mance of a laboratory-parameterized, multi-dimensional NP
transport model by comparing model simulations with exper-
imental measurements of NP transport and retention in a
heterogeneous flow cell (0.64 m length × 0.38 m height × 1.4
cm internal thickness, which will be referred to as “2.5-
dimensional” or “2.5D,” because of the internal thickness
width). The heterogeneity evaluated in this study refers to
spatial variations in porous media grain size, leading to
heterogeneous flow fields and spatial and temporal variations
in attachment properties. The multi-dimensional NP trans-
port model employed here is based on SEAWAT (ver. 4)
code,49 originally developed to model seawater intrusion in
coastal formations. This simulator, which accounts for vari-
able aqueous phase density and viscosity, was modified to de-
scribe NP transport subject to a limiting attachment capacity
(Smax) implemented through a site-blocking function, Ψi,

28,29

as previously described.39 Polymer-coated magnetite NPs
(nMag) were selected for the flow cell experiment due to their
stability at high salinity (no aggregation after 1 month at 90
°C in brine solution, 8 wt% NaCl + 2 wt% CaCl2)

22 and rela-
tively low propensity for attachment to porous media (e.g.,
crushed sandstone with 5% clay content) demonstrated in
previous work.22–24 An initial set of column studies was
performed to independently assess nMag mobility and to ob-
tain model input parameters for each porous medium. nMag
suspensions (ca. 2500 mg L−1 as Fe3O4) were introduced
through injection well side ports into a flow cell containing
lenses of lower permeability porous medium. Aqueous phase
side-port (internal) and effluent samples, as well as solid con-
centration data (collected at the conclusion of the experi-
ment), were compared to numerical simulations to assess
model performance.

Experimental materials and methods
Nanoparticles

Magnetite NPs were synthesized using the procedure de-
scribed by Ureña-Benavides et al.24 Citrate-stabilized NP clus-
ters were first coated with tetraethyl orthosilicate (TEOS)
(Sigma-Aldrich, St. Louis, MO) to improve surface reactivity52

prior to amine-functionalization with 3-aminopropyl tri-
ethoxysilane (APTES) (Sigma-Aldrich, St. Louis, MO). Follow-
ing TEOS-coating, nMag was separated magnetically and
rinsed twice with deionized (DI) water. PolyĲ2-acrylamido-2-
methylpropanesulfonate-co-acrylic acid), or polyĲAMPS-co-AA),
which was synthesized from potassium persulfate (Acros Or-
ganics, Geel, Belgium), sodium metabisulfite (Alfa Aesar,
Ward Hill, MA), 2-acrylamido-2-methyl-1-propanesulfonic acid
(Sigma-Aldrich, St. Louis, MO), and acrylic acid (Alfa Aesar,
Ward Hill, MA), was then grafted onto the NPs at an AMPS :
AA ratio of 3 : 1. To remove excess polymer after the AMPS :
AA-grafting step, the NPs were centrifuged three times (10 mi-
nutes at 11 000 rpm) and redispersed. The organic content of
the polymer-coated nMag was 37 ± 5 wt%, measured using a
Mettler-Toledo (Columbus, OH) SDTA851e thermogravimetric
analyzer (TGA). Magnetic susceptibility measurements were
performed to confirm the type of iron oxide in the synthe-
sized NPs (i.e., Fe3O4, magnetite, rather than Fe2O3, hema-
tite). The zeta potential of the final polymer-coated nMag was
−47 ± 1 mV. Within the 30 minutes prior to injection, the
nMag stock suspension was bath-sonicated for 5 minutes, di-
luted to achieve a concentration of 2500 mg L−1 (as Fe3O4) in
brine (8 wt% NaCl, 2 wt% CaCl2) prepared in degassed DI wa-
ter, and adjusted to pH 7 using 1 M NaOH. The brine back-
ground solution was chosen to simulate the high salinity that
would be encountered in deep subsurface reservoirs for the
application of NPs as contrast agents.23 A schematic of the
synthesis process and transmission electron microscopy
(TEM) image of the polymer-coated nMag are included in the
ESI† Fig. S1 and S2.

Porous media

The 40–50 mesh and 80–100 mesh-size fractions of quartz sil-
ica sand were obtained by sieving 2-lb. increments of F-50 Ot-
tawa Sand (U.S. Silica, Berkeley Springs, WV) for 10 minute
cycles with an RX-29 Ro-Tap sieve shaker (W.S. Tyler Inc.,
Mentor, OH) until ≥95% weight was retained on the desired
mesh screen. These fractions will herein be referred to as
coarse (40–50 mesh) and fine (80–100 mesh) sand. The fine
sand fraction was washed to remove metal oxide impurities53

by soaking in 1 M HNO3, rinsed with DI water, and placed in
an ultrasonic bath containing 0.007 M Na2HPO4 for at least
10 h, followed by rinsing with DI water until pH 7 was
reached and then oven-dried at 200 °C for 12 h. The d50
values of coarse and fine Ottawa sand were 335 μm and 165
μm, respectively. The permeabilities of wet-packed coarse
and fine sand were determined to be 48.8 Darcy (D) (4.81 ×
10−11 m2) and 4.3 D (4.27 × 10−12 m2), respectively, based on
a constant head permeameter test conducted in accordance
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with the American Society for Testing and Materials (ASTM)
Method D2434-68.54

Column experiments

The experimental apparatus used for the column studies
consisted of a syringe pump (Harvard Apparatus, Inc.,
Holliston, MA), a borosilicate glass column (10 cm length ×
2.5 cm inner diameter, Kontes, Vineland, NJ) equipped with
PTFE end plates fitted with a 40-mesh nylon screen and 70
μm filter to retain the sand and distribute injected fluids,
and a fraction collector (Spectrum Chromatography, Hous-
ton, TX). For each experiment, columns were dry-packed in 1
cm increments with either coarse or fine sand, which yielded
porosity values of 0.37 and 0.38, respectively. After packing,
the columns were purged with CO2 gas for 20 minutes and
then saturated with 10 pore volumes (PVs) of brine (8 wt%
NaCl, 2 wt% CaCl2) in degassed DI water in the upflow direc-
tion using an ISO-100 Isocratic Pump (Chrom Tech, Apple
Valley, MN). The CO2 purging step was performed to replace
ambient air with CO2, which readily dissolved during the ini-
tial saturation process, ensuring that residual gas did not ex-
ist in soil pores. To characterize water flow and hydrody-
namic dispersion in each column, non-reactive tracer tests
were carried out by injecting 3.5 PVs of 2 M NaBr (equivalent
to IS of the brine solution), followed by 3.5 PVs of brine. After
the tracer test, a 3.5 PV pulse of nMag (nominal concentra-
tion of 2500 mg L−1) in brine was injected in the upflow di-
rection, followed by 3.5 PVs of brine. To obtain model param-
eters as a function of flow rate, the fine sand column was run
at two different flow rates (0.26 mL min−1 or 1.78 mL min−1),
which correspond to seepage velocities of 2 m per day and 12
m per day, respectively. Due to the relatively high mobility of
nMag in the course sand at 2 m per day (97% mass break-
through), only the slow flow rate was used to parameterize
the model for the coarse sand (Table 1).

Heterogeneous flow cell

A 2.5D flow cell (0.64 m length × 0.38 m height × 1.4 cm
internal thickness) was constructed from two pieces of glass
separated by a stainless steel frame. The flow cell was packed
under water-saturated conditions with the coarse sand as the
background medium and a lens (approx. 3.5 cm height ×
12.5 cm length) of the fine sand to evaluate nMag mobility

under heterogeneous conditions. End chambers (1.27 cm ×
1.27 cm) were screened over the height of the flow cell. Influ-
ent and effluent wells were constructed from 0.64 cm outer
diameter stainless steel tubing that was inserted into the
screened end chambers. A schematic diagram of the packed
flow cell, which had a PV of approximately 1.4 L, is shown in
Fig. 1. The top half of the flow cell was used for preliminary
experiments that are not discussed here. Injection and sam-
pling side-ports were comprised of borosilicate glass tubes
with PTFE-lined septa that were glued into ports in the front
glass panel using RTV silicone glue (Dow Corning Corpora-
tion, Auburn, MI). At each injection port, stainless steel
screens were placed inside the flow cell to promote uniform
flow into the media. A constant head reservoir was used to
deliver background electrolyte solutions through the flow cell
at a pore-water velocity of approximately 2 m per day, which
is representative of the upper limit of reservoir pore-water ve-
locities under natural gradient conditions.55 The flow cell
was initially saturated with 2 mM CaCl2 + 0.05 mM NaHCO3

and non-reactive tracer tests (3.05 mM NaBr + 5 mg L−1 fluo-
rescein) were carried out through the influent end chamber
and sequentially through each injection port. Following the
non-reactive tracer tests, the background electrolyte was
switched to brine (8 wt% NaCl + 2 wt% CaCl2) in incremental
steps (2.5 PVs each of 25%, 50%, 75%, and 100% brine) to
ensure complete saturation of the domain. Two NP injection
experiments were performed separately through injection
ports A4 and D4, which were located adjacent to the fine
sand lens and the course sand background control (no lens),
respectively. For each experiment, 200 mL of an nMag sus-
pension in brine (nominal concentration of 2500 mg L−1 as
Fe3O4) was injected using a peristaltic pump at 0.75 mL
min−1, with head-driven background flow of brine at 2 m per
day. Samples (0.25 mL) were collected from downstream sam-
pling ports every 20 minutes during and after the nMag injec-
tion at a rate of approximately 0.5 mL min−1, until the mobile
nMag pulse passed through the effluent chamber. The total
volume of samples collected from downstream ports was
19.75 mL for the A4 injection and 20 mL for the D4 injection,
which represented 1.2% and 1.7%, respectively, of the total
aqueous solution (background flow + injected nanoparticle
suspension) over the course of each experiment. The sam-
pling procedure was therefore assumed to have negligible im-
pact on the overall flow field. Details of the injection

Table 1 Column conditions, fitted model parameters (katt and Smax), and associated empirical parameters for nMag transport under varying flow rates
and porous media types

Porous
Mediaa

Permeability
(m2)

Grain size,
dc

b (m)
nMag conc.
(mg L−1)

nMag
diameterc

(nm)
vp (m
per day)

nMag mass
breakthrough
(%)

katt
d

(h−1)
ηe

(unitless)
η0

f

(unitless)
αg

(unitless)
Smax

h

(μg g−1)

Coarse sand 4.81 × 10−11 3.35 × 10−4 2529 202 ± 4.2 2 96.6 1.11 5.12 × 10−3 0.119 4.30 × 10−2 67
Fine sand 4.27 × 10−12 1.65 × 10−4 2890 193 ± 6.0 2 91.8 1.56 3.33 × 10−3 0.192 1.74 × 10−2 124
Fine sand 4.27 × 10−12 1.65 × 10−4 2366 209 ± 3.4 12 89.9 19.37 6.11 × 10−3 0.0462 1.32 × 10−1 106

a Coarse sand = 40–50 mesh Ottawa sand, fine sand = 80–100 mesh Ottawa sand. b Mean grain size. c Z-Average size measured by DLS, value
represents average between triplicate samples at start and end of injection ± standard deviation (n = 6). d Fitted first order attachment rate, eqn
(7). e Collector efficiency. f Single collector efficiency, eqn (8). g Attachment efficiency. h Retention capacity, equation (S1).
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conditions are presented in ESI† Table S1. Upon completion
of flow cell experiments, the cell was disassembled and sand
samples were collected to quantify the distribution of
retained nMag.

Analytical methods

The nMag concentration in stock suspensions was deter-
mined using microwave-assisted digestion (CEM Corporation,
Matthews, NC) in concentrated nitric acid, diluted 4× in DI
water and analyzed for total iron using an Optima 7300 DV
inductively coupled plasma – optical emission spectroscopy
(ICP-OES, Perkin Elmer, Waltham, MA). nMag concentration
in aqueous column effluent and flow cell samples was deter-
mined using a Shimadzu UV-1800 spectrometer, operated at
a wavelength of 600 nm (Shimadzu Corporation, Kyoto, Ja-
pan). Accuracy of the UV method was confirmed through
analysis of nine duplicate effluent samples using the acid-
digestion and ICP-OES method described above. For the anal-
ysis of retained nMag, solid samples collected at the comple-
tion of the flow cell experiment were oven-dried at 90 °C, and
approximately 1 g of sand from each segment was
microwave-digested in concentrated nitric acid, diluted 4× in
DI water, and analyzed by ICP-OES. The nMag hydrodynamic
diameter was measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS Analyzer (Malvern Instruments
Ltd., Southborough, MA), operated in back-scattering mode
at an angle of 173°. Additional analytical details are provided
in the SI, including bromide tracer test, density measure-
ment, scanning electron microscopy (SEM) sample prepara-
tion and analysis.

Mathematical model development

The coupled influence of transient brine chemistry and high
concentration NP suspensions within a subsurface environ-
ment creates the potential for non-uniform and variable den-
sity flow conditions. Thus, a variable density aqueous phase

flow equation49 was employed herein, following Becker
et al.:39

(1)

where Ss,0 is the specific storage coefficient of the porous me-
dium [L−1], h0 is the potentiometric head of the reference
fluid (DI water) [L], K0 is the hydraulic conductivity tensor [L
T−1], ρ is fluid density [M L−3], μ is fluid viscosity [M T−1 L−1],
ρ0 and μ0 are a reference density and viscosity, respectively,
at which fluid and aquifer properties are known, θw is the vol-
umetric water content [−], h is pressure head [L], z is eleva-
tion head [L], C is aqueous concentration [M L−3], and ρsqs′ is
a volumetric flux source term [M L−3 T−1] with source fluid
density ρs. To account for the influence of brine concentra-
tion on fluid density, the spatio-temporal brine concentration
profile was resolved using a traditional component mass bal-
ance equation:

(2)

Here Ci is the aqueous concentration of constituent i [M
L−3], Di is the hydrodynamic dispersion tensor for constituent
i [L2 T], vp is the pore-water velocity [L T−1], qs is a volumetric
flow rate per unit volume of aquifer representing sources
and/or sinks which include constituent i [T−1], Ci,s is the con-
centration of the source/sink fluid, and Ri

n is the n-th reaction
that transforms constituent i. In the case of brine transport,
the cation exchange capacity of the sand was considered neg-
ligible, such that Ri

n = 0. A linearized equation of state (3) was
then used to represent density, incorporating a volumetric ex-
pansion coefficient, βc, for salt concentration (4):

Fig. 1 Schematic of 2.5D flow cell. Injection ports are shown as filled circles and sampling ports are represented as open circles. For this study,
two experiments were performed from injection ports A4 and D4 (top half of flow cell was used for a separate experiment not included here). The
entire flow cell domain was used in all simulations to appropriately model the experimental system flow field.
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ρ = ρ0 exp[βC(C − C0)] ≈ ρ0 + ρ0βC(C − C0) (3)

(4)

Solution of eqn (1) through (4) was implemented using
the SEAWAT Version 4 software package, an open-source fi-
nite difference groundwater flow and transport code devel-
oped by the USGS.49 SEAWAT is a modification of the
MODFLOW-MT3DMS suite56,57 and has been used to simu-
late variable density groundwater flow and transport due to
transient concentration (i.e. salt), heat, or pressure, particu-
larly in estuarial environments.58,59 The SEAWAT simulator
can track multiple constituents simultaneously, a feature that
was utilized in this study to account for the influence of tran-
sient brine and NP concentrations on variable density flow
behavior.

Nanoparticle transport was incorporated in the model
using a balance eqn (2), with Ri

n representing the interaction
between NPs and the solid surface (NP deposition and de-
tachment). Consistent with recent laboratory and modeling
investigations of NP transport in natural porous media,60 NP
deposition was modeled as a first-order kinetic process,
where deposition is limited by a system-specific retention ca-
pacity. In the experiments conducted in this study, ionic
strength was constant, so it was assumed that nMag detach-
ment from the solid phase was negligible. Additionally, to re-
duce the number of model input parameters, thereby reduc-
ing non-uniqueness issues in parameter fitting, a single type
of attachment site was assumed, resulting in:39

(5)

(6)

where katt,i is the attachment rate of NP constituent i [T−1], ρb
is the bulk density of the sand [M L3], Si is the attached
phase concentration of constituent i [M M−1], Ψi is the
Langmuir-type blocking function for NP attachment, and
Smax,i is the maximum retention capacity for constituent i [M/
M]. Based on traditional colloid filtration theory,26 the first
order attachment rate, katt,i (T

−1), can be represented as:

(7)

where dc is the a representative collector (i.e., grain) size (L).
Eqn (7) was used to compute NP attachment efficiency, αi,
based upon fitted values of katt,i for each experiment. Details
on the parameter fitting algorithm have been previously de-

scribed.61 Theoretical collector efficiency, η0,i, values were es-
timated with a correlation presented by Tufenkji and
Elimelech:62

η0 = 2.4A0.33S 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 (8)

Here, As is the Happel correction factor, NR is the intercep-
tion number, NPe is the Peclet number, NvdW is the London-
van der Waals attractive forces number, NA is the attraction
number, and NG is the gravitational number.62 The three
terms in eqn (8) represent the contributions to collector effi-
ciency by Brownian diffusion, interception, and sedimenta-
tion, respectively. The inclusion of eqn (7) and (8) in the
model used in this study facilitates prediction of katt,i varia-
tions with velocity for each porous medium, which is particu-
larly important in heterogeneous domains.

Implementation of the NP transport model in the SEAWAT
framework was accomplished by adapting the non-
equilibrium sorption reaction module:39,42

(9)

where β and Kd are specified parameters. To account for the
functional dependence of β and Kd on NP attachment and re-
lease, as given by eqn (5) and (6), the SEAWAT simulator was
modified to allow for the temporal and spatial dependence of
these reaction parameters, where:

β = θwk
n
attψ

n (10)

(11)

The development of this model and application to 1D col-
umn transport data have previously been described,39,63 but
the current study demonstrates the first application of this
model to predict 2.5D NP transport in a heterogeneous flow
cell using parameters obtained from 1D column experiments.
Longitudinal and transverse hydrodynamic dispersion values
for the flow cell were estimated by model fitting to non-
reactive (fluorescein + bromide) tracer tests conducted in the
domain prior to nMag injection. Domain discretization and
boundary conditions are described in the ESI.†

Results & discussion
Column results

Three column experiments were carried out to evaluate nMag
mobility and to obtain model input parameters as a function
of porous media type and flow rate. Experimental observa-
tions are presented in Fig. S3† as normalized effluent break-
through curves (BTCs), plotted as a function of
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dimensionless time (PVs). For both media, the nMag BTCs
exhibit an asymmetrical shape and plateau at a normalized
concentration of 1.0, features consistent with a retention-
capacity-modified filtration process.29 This behavior is also
consistent with results obtained from prior studies of NP
transport in porous media.19,28,29,64 Slightly greater nMag
mass breakthrough was observed for the coarse sand com-
pared to the fine sand (97% vs. 92%, respectively, Table 1).
The lower retention of nMag in the coarse sand column is
consistent with the smaller specific surface area (SSA) of the
coarse sand relative to the fine sand (SSA = 0.0125 and 0.0188
m2 g−1, respectively). In contrast to previous NP transport
studies that have shown reduced NP retention and increased
mobility with increasing flow rate,65,66 similar nMag mobility
(92% versus 90% mass breakthrough) was observed for the
fine grain sand at the fast (1.78 mL min−1) and slow (0.26 mL
min−1) flow rates in this study, respectively.

To parameterize the NP transport simulator, the retention
model represented by eqn (2), (5), and (6) was fit to each BTC
to estimate the katt and Smax parameters (Table 1), using a
nonlinear least squares optimization algorithm (MATLAB,
The Mathworks, Natick, MA). Incorporation of fitted attach-
ment parameters and associated velocities and grain sizes
into eqn (7) and (8) then facilitated calculation of the corre-
sponding attachment efficiency values (α). For the two slow
flow (0.26 mL min−1) column experiments, estimated attach-
ment efficiencies were of similar magnitude, with values of
1.7 × 10−2 and 4.3 × 10−2. This result is consistent with tradi-
tional theories for particle deposition67 which assume that at-
tachment efficiency is a function of surface and solution
chemistry, independent of grain size.

Model-fitted Smax values increased with decreasing grain
size, a trend that has been previously observed for nC60 trans-
port in different size fractions of Ottawa sand.28 To incorpo-
rate the influence of variable grain size and flow rate (present
in the heterogeneous flow cell) on Smax in the mathematical
model, the approach of Li et al.28 was employed, where Smax

values are fit to a power function of the normalized diffusive
mass flux of nMag to the surface. Fig. S4† presents a plot of
parameter data and the best fit Smax power function (equa-
tions provided in ESI†).

Flow field and non-reactive tracer simulations

Observations from the non-reactive tracer experiments were
used in conjunction with model simulations to characterize
the flow field within the heterogeneous cell and to confirm
the appropriateness of the permeability values employed for
the emplaced media. Based on visualization of the tracer test
(fluorescein + bromide) conducted in the domain prior to
nMag injection, longitudinal dispersivity was set as 0.1 cm
and transverse dispersivity was set as 0.01 cm, which were
the same values used by Kanel et al. (2008).48 For the test
conducted by delivering tracer in the influent chamber, quali-
tative comparisons of model simulations to the observed
tracer front migration indicated that the simulations appro-

priately matched plume transport behavior around the lower
permeability regions of the sandpack (Fig. S5†). Furthermore,
quantitative comparisons of effluent concentration data to
model simulations indicated that the general breakthrough
and tailing shape was well-matched by the simulation results,
suggesting appropriate selection of system dispersivity values
(Fig. S6†). The discrepancy between the modeled and ob-
served breakthrough times was likely due to (unquantified)
variations in the background flow rate in the head-driven ex-
perimental system when the influent bottle was changed
from tracer to background electrolyte.

Additional tracer tests were carried out using the two in-
jection ports (port A4 and D4 locations shown in Fig. 1) by
injecting a small pulse (190 mL) of NaBr into the background
flow field. Model simulations of tracer flow paths and con-
centrations measured in two downstream ports (C3/C4 sam-
pled for A4 injection and F3/F4 sampled for D4 injection) are
compared in Fig. S7 and S8.† The BTCs obtained from the
two sampling ports (F3 and F4) downstream of the control
D4 injection were nearly identical and both reached a C/C0

value of 1.0 (Fig. S8†). For the tracer injection (A4) upstream
of the fine sand lens, the BTC of downstream sampling port
C3 plateaued at a C/C0 value of 1.0, while the BTC for sam-
pling port C4 only reached C/C0 = 0.78, likely due to the pref-
erential flow of the tracer plume around the fine lens and the
location of the sampling port C4 just below the lens (Fig.
S8†). The model was able to predict the breakthrough times
at the downstream ports, but the simulated C/C0 plateau
maximum values differed slightly compared to the observed
values for ports F3 and C4. The simulated C/C0 maximum
was slightly lower than the observed value in F3 (downstream
from the control injection) and higher than the observed
value for C4 (downstream from the fine sand lens injection).
These differences can be attributed to the relative positions
of the sampling ports and the extent of the tracer plume
spread (F3 located on the edge of the tracer plume and C4 di-
rectly below the fine sand lens, Fig. S7†), where concentration
values would vary greatly over a small (i.e., mm-scale) dis-
tance. Despite the discrepancies in breakthrough plateaus,
the timing and shapes of the port tracer breakthrough curves
were generally well-matched, providing confirmation of the
model permeability and dispersivity values.

Nanoparticle transport in flow cells

To investigate the transport of nMag in a heterogeneous sys-
tem, two NP injections were performed; the first in the back-
ground coarse sand, and the second immediately upgradient
from a lens of lower permeability media (fine sand). Fig. 2
presents the flow path of the NP plume injected upstream of
a fine sand lens, while images of the background control in-
jection (no lens) are presented in Fig. S9.† The retained nMag
can be seen as a light brown shade, while the mobile NP
pulse appears as a darker, reddish-brown color. The nMag
pulse preferentially flowed around the lower permeability fine
sand lens, but eventually penetrated into the lens. The
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downward sloping nMag flow path observed in both injec-
tions was due to the higher density of the NP suspension
compared to that of brine alone (i.e., 1.07 g mL−1 versus 1.06
g mL−1, respectively). Kanel et al. observed a similar down-
ward migration of zero-valent iron NPs in a two-dimensional
transport study, but in that case the effect was more pro-
nounced due to a density contrast of 0.036 g mL−1 between
the background electrolyte solution and NP suspension.48

A wave-like flow pattern was observed at the bottom of the
NP plume (Fig. 2), which is indicative of interface instability
created by the denser nMag suspension flowing above the
less dense brine solution.68 This perturbation of the injected
pulse results in dilute and concentrated regions of the nMag
plume, which can be identified by the different shades of
brown observed in Fig. 2 and S9.† These observations indi-
cate that even slight fluid density contrasts (i.e., 0.01 g mL−1)
can impact the transport of NP suspensions in a 2.5D system.
The potential influence of such contrasts in a larger scale,
subsurface injection scenario would likely depend upon the
degree of horizontal anisotropy of the formation.69 (The labo-

ratory flow cell used in the current study was locally
isotropic).

Using the katt and Smax values obtained from parameteriza-
tion of the column results (Table 1), model simulations of
the nMag flow cell injection experiments were conducted.
The predicted nMag flow paths were consistent with the ob-
served transport (Fig. 2 and S9†). The model was able to cap-
ture some of the interface instability (wave-like pattern) at
the bottom of the nMag pulse injected upstream of the fine
sand lens. In addition to these visual comparisons, Fig. 3 and
S10† present comparisons between model simulations and
measured BTCs in side-ports downgradient of the injection
ports. The simulated BTCs for the control injection exhibited
close agreement with the measured pulse breakthrough in
downstream ports E4 and F4 (very little breakthrough ob-
served for ports E3 and F3). However, the experimental BTCs
exhibited a downward sloping trend that was not captured by
the simulation, which can be attributed to the development
of interface instability (due to density differences between
the nanoparticle suspension and background brine solution)

Fig. 2 Observed and predicted nMag transport through 80–100 mesh Ottawa sand lens. Time elapsed since start of injection is shown in hours:
minutes.
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that resulted in a lower concentration region passing by the
sampling ports (Fig. S9 and S10†).

The effect of interface instability on nMag transport was
also observed in the port measurements collected during the
fine grain sand lens injection (Fig. 3), which exhibited a
wave-like front that increased in amplitude as the pulse trav-
eled downstream (i.e., compare measurements in ports B3
and B4, with those downstream, D5 and E4). Model simula-
tions captured the passing of these wave-like structures in
the D5 and E4 port concentrations (Fig. 3), but did not ade-
quately described the magnitude of this behavior. These in-
stabilities are highly sensitive to both the relative densities of
the two fluids and random variations in permeability within
the system, characteristics which are difficult to accurately
represent in the numerical model.25 Thus, the discrepancies
between the model results and the observed behavior can be
attributed to fine scale variations in the coarse sand perme-
ability which cannot be accurately resolved by the model.

To further explore the role of density in NP transport, a
sensitivity analysis was performed to examine the response of
nMag transport to changes in the density contrast (0.0, 0.01 g
mL−1, and 0.02 g mL−1) relative to the background solution
(brine, ρ = 1.06 g mL−1), shown in Fig. S11.† The simulations
considered both NP transport and solid-phase attachment.
The density contrast of 0 g mL−1 was simulated by neglecting
the influence of nMag concentration on injection fluid den-
sity. With increasing density contrast between the injected
plume and the background solution, the downward sloping

flow and interface instabilities increased (Fig. S11†). At a den-
sity contrast of 0.01 g mL−1 (the density difference between
2500 mg L−1 nMag and brine in this study), the plume mi-
grated vertically approximately 1.5 cm over a lateral distance
of 20 cm. For a density contrast of 0.02 g mL−1, this vertical
migration was 2.75 cm over the 20 cm horizontal distance.
The ability to predict the influence of contrast agent concen-
trations on NP transport can assist in the design and imple-
mentation of field-scale applications. Furthermore, these re-
sults suggest that compositional density effects should be
considered in systems where even minimal density differ-
ences are anticipated.

Nanoparticle retention

At the completion of the flow cell experiment, the system was
disassembled and solid phase samples were collected from
several regions of the flow cell to quantify the distribution of
retained nMag. Fig. 4 shows a comparison of the measured
and simulated nMag retention within the flow cell. The aver-
age nMag retention values in the coarse sand background
and fine sand lens, 83 ± 27 and 94 ± 32 μg Fe3O4 g−1 media
(Fig. 4b), respectively, compare favorably with the column-
measured Smax values of 67 and 124 μg Fe3O4 g−1 media, re-
spectively (Table 1). The highest nMag retention was mea-
sured in the regions immediately downstream of the injec-
tion ports, in the upgradient portion of the fine sand lens,
and immediately below the upgradient section of the fine
sand lens (Fig. 4b). Fig. 4d presents percent error deviations
between predicted and measured nMag retention. Inspection
of the figure reveals that model simulations are generally
consistent with the measured retention values in the back-
ground coarse sand and in the upgradient region of the fine
sand lens. However, higher retention was predicted in the
downgradient region of the fine sand lens compared to mea-
sured values, and also directly upgradient of the injection
port. Despite these inconsistencies, the model was able to
capture the observed retention trends and retained mass to
within approximately 0.2 orders of magnitude.

To further explore nMag retention, SEM images of coarse
and fine sand samples collected from the retained plume re-
gions are shown in Fig. S12.† Images of background sand
that was not in contact with nMag are also shown for com-
parison purposes. Using an EDS detector on the SEM and the
spectrum function, elevated iron concentrations were ob-
served in regions of attached NPs compared to NP-free sand
(e.g., 2.4 wt% vs. 0.75 wt% Fe, respectively, shown in Fig.
S13†).

Conclusions

Assessment of the potential performance of engineered NPs
for a range of proposed subsurface applications requires the
ability to predict NP mobility through porous media in the
environment. The coupled experimental measurements and
mathematical modeling studies presented here demonstrate
the transport behavior of nMag in a 2.5D heterogeneous flow

Fig. 3 Measured (open circles) compared to predicted (solid line)
nMag effluent concentrations for fine sand (80–100 mesh Ottawa
sand) lens injection. Port location is noted in top right of each figure.
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cell. An advanced polymer coating technique yielded stable
and mobile nMag suspensions under high salinity conditions
(2 wt% CaCl2, 8 wt% NaCl), which is essential for the success-
ful deployment of NPs. A multi-dimensional NP transport
model that accounts for attachment kinetics and the influ-
ence of varying electrolyte and NP concentrations on flow
density accurately reproduced the migration of the nMag

pulse, aqueous phase concentrations measured from sam-
pling ports, and solid-phase (retained NP) concentrations.
The presence of a lens containing lower permeability porous
media resulted in preferential flow around the lens initially,
but eventually the nMag plume penetrated the lens, which
slowed down the plume migration and led to a prolonged re-
lease of nMag from the lens, demonstrating the importance
of porous media heterogeneity on NP transport.

Although previous studies have explored the implications
of NP transport in a field-scale scenario using parameters de-
termined from column experiments, this work provides the
first direct comparison of parameterized model simulations
to spatially distributed experimental measurements of NP
transport and retention in a heterogeneous, 2.5D domain. Ex-
perimental observations and model simulations demon-
strated that fluid density contrasts (e.g., 0.01 g mL−1) can play
an important role in the mobility of NP suspensions in
heterogeneous porous media, and therefore, should be
accounted for when attempting to simulate or predict NP
transport in subsurface environments. While this study fo-
cused on magnetite, the NP transport model can be applied
to a range of environmental conditions, including NP delivery
scenarios in salinity-impacted aquifer formations.
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