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“Somewhere, something incredible is waiting to be known.”
-

ii

Carl Sagan

ABSTRACT	
  
Nanotechnologies have been proposed for a variety of subsurface
applications, including formation characterization, enhanced oil recovery, and in
situ contaminant remediation.

Upon introduction into the subsurface

environment, nanoparticles will encounter a wide range of physical and chemical
conditions, both natural and engineered, which may affect their mobility. Thus, an
understanding of the influence of secondary constituents on nanoparticle transport
behavior is an essential component in the development of mathematical models
for nanoparticle mobility in the subsurface.
This dissertation presents an experimentally-validated mathematical
framework that can simulate the influence of aqueous co-constituents, including
brine and stabilizing copolymer molecules, on nanoparticle mobility in porous
media for a variety of core, coating, and porous media types. In this framework,
nanoparticle retention is described by a first-order attachment-detachment model,
where kinetic attachment and detachment parameters are related to quantifiable
physicochemical characteristics of the system. Here, the modeling framework is
explored in the context of five examples: 1) an evaluation of the influence of
residual poly (acrylic acid)-octylamine copolymer coating molecules on quantum
dot nanoparticle transport; 2) a modeling investigation into the occurrence of
hyper-exponential retention profiles in sand column experiments; 3) a description
of nano-scale magnetite transport subject to transient brine chemistry; 4)
validation of an experimentally parameterized mathematical model by predicting
a larger-scale experimental result; 5) application of the developed modeling
iii

framework to a series of cross-well nanoparticle transport simulations in a fieldscale domain.
The key outcome of this work is the development of a mathematical
framework that successfully accounts for the influence of co-constituents on
nanoparticle transport, and integrates those influences into a single mathematical
simulator. The examples presented demonstrate the importance of accounting for
the presence of secondary constituents at a variety of scales and show that the
developed mathematical simulator is able to account for those influences on
nanoparticle transport. Specifically, the developed mathematical simulator is
successfully able to simulate the influence of secondary constituents on the
blocking of nanoparticle deposition sites, transport and release behavior, transport
in heterogeneous media, and account for all of these processes simultaneously.
Future work should utilize the simulator developed here to further understand the
effects of pH and subsurface uncertainty on nanoparticle transport in the
environment.
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Chapter	
  1.

INTRODUCTION	
  

Engineered nanomaterials have become a promising technology in a variety of
applications in the last two decades. By definition, nanomaterials are classified as
materials that have a primary dimension between 1 and 100 nm. [4] According to
many forecasts, the nanotechnology industry is expected to grow substantially in
the coming decades, thereby increasing the potential for environmental releases of
engineered

nanoparticles.[5]

The

proposed

budget

for

the

National

Nanotechnology Initiative in 2014 was almost $1.8 billion, which has been
sustained since 2012 despite significant federal government budget cuts.[6]
Despite the significant interest in nanotechnology applications, relatively little is
known about nanoparticle transport, fate, or toxicology in the environment.[7]
Various types of nanoparticles have exhibited toxicity to organisms at many
different trophic levels, although the majority of toxicity studies conducted to date
have used dose levels much higher than those which would likely be experienced
1

in a true environmental exposure.[5, 8-11] In addition to the concern regarding
the potential environmental effects of nanoparticles, some research has also
explored potential environmental application for nanoparticles. Some of these
potential environmental uses include: contrast agents, both optical[12] and
magnetic,[13] oxidation of environmental contaminants,[14, 15] and partitioning
to an oil/water interface.[16] These demonstrated applications also suggest that
nanoparticles could be employed for subsurface characterization, specifically with
respect to oil reservoir applications[17-22] and environmental remediation.[14,
23]
Prediction of both the environmental effects and the performance of
potential environmental applications will require knowledge of the transport of
nanoparticles subject to relevant environmental conditions.

An improved

understanding of both the environmental risks associated with nanoparticle
release and the potential performance of environmental nanotechnologies will
require the ability to accurately predict the mobility of nanomaterials in
subsurface media. Many published studies have demonstrated that nanomaterial
surface chemistry, which controls the coagulation and deposition behavior of
suspended nanomaterials, is highly sensitive to environmentally relevant changes
in ionic strength, pH, and stabilizing co-constituents. Adding to the complexity,
the environmental behavior of nanomaterials will be highly material and system
specific, and not determined by particle size alone.[24] Therefore, to accurately
model nanomaterial fate and transport in the subsurface environment, both
physical and chemical properties that affect their transport must be appropriately
2

considered, something that is rarely done in even the most sophisticated
nanomaterial transport models. In addition, mathematical models must be
developed in conjunction with experimental findings to ensure appropriate model
validation and calibration.
This project focuses on the development and application of a mathematical
framework to model subsurface nanoparticle mobility that accounts for transient
physical and chemical characteristics that affect transport behavior. Development
of such a framework will require simultaneous consideration of the nanoparticle
constituent as well as other chemical constituents that affect nanoparticle
deposition. Following a background literature review (Chapter 2), the developed
modeling framework is presented and described in the context of five examples,
separated by chapter:
1) Development of a multi-constituent site blocking model and subsequent
evaluation of the influence of residual poly (acrylic acid)-octylamine
copolymer coating molecules on quantum dot nanoparticle transport
(Chapter 3);
2) A multi-faceted modeling investigation into the occurrence of hyperexponential retention profiles in sand column experiments by using singleand multi-dimensional modeling efforts (Chapter 4);
3) Development of a coupled variable density flow simulator with attachment
and release to describe nano-scale magnetite transport subject to transient
brine chemistry (Chapter 5);

3

4) Validation of an experimentally-parameterized mathematical model by
predicting nano-magnetite transport in a meter-scale heterogeneous twodimensional flow cell (Chapter 6);
5) Application of the developed modeling framework to a series of cross-well
nanoparticle transport simulations in a simulated field-scale domain,
Stanford VI (Chapter 7).
This project primarily considers nanoparticle transport in the context of its use
in an oil reservoir environment for subsurface characterization. The reason
for this is two-fold. First, preliminary research has demonstrated the promise
for

using

environmental

nanotechnology

in

subsurface

reservoir

characterization. However, this promise is met with the challenges of
predicting the mobility of nanoparticle suspensions through the extreme
pressure, temperature, and chemical conditions of a reservoir environment.
Mathematical models that are traditionally used to predict nanoparticle
transport in idealized porous media generally fail to provide accurate results
when applied to physically and chemically heterogeneous porous media, such
as those which would be experienced in subsurface reservoir. Second, it is
anticipated that the developed framework and associated models could be
used to predict nanoparticle transport in other subsurface systems, including
potential contamination scenarios in a natural aquifer.

With increased

capability to accurately predict nanoparticle transport in transient subsurface
media, researchers, regulators, and potential beneficiaries of environmental

4

nanotechnology will be able to more effectively evaluate nanomaterial
behavior in the environment with respect to their own interest.
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Chapter	
  2.

BACKGROUND	
  AND	
  LITERATURE	
  REVIEW	
  

This doctoral research project is focused on developing mathematical
models for nanoparticle transport in physically and chemically heterogeneous
porous media.

To that end, the literature review presented in the following

sections outlines many of the current experimental and modeling efforts regarding
the transport of nanoparticles in porous media. This review is not meant to be
exhaustive, as the literature regarding colloid and nanoparticle behavior in porous
media is vast; however, two existing knowledge gaps that are addressed in this
doctoral research project and corresponding contributions are described in Section
2.3.
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2.1 Experimental	
   Observations	
   of	
   Nanoparticle	
   Behavior	
   in	
  
Transient	
  Environmental	
  Conditions	
  
A fundamental aspect of this study is the coupling of experimental results and
mathematical models to quantitatively describe nanoparticle behavior in a variety
of media and chemical conditions. Because of this, it is essential to understand
experimental observations of nanoparticle behavior in aqueous environmental
conditions to date. To that end, this section presents both batch and transport
results for a variety of nanoparticle core types and chemical conditions.
2.1.1 Behavior	
   of	
   Colloids/NPs	
   in	
   batch	
   systems	
   with	
   transient	
  
solution	
  chemistry	
  	
  
The stability behavior of nanoparticles has been tested in a variety of
aqueous chemistry conditions. This is of interest for two reasons. First, stable
nanoparticle suspensions are required to promote transport, as formation of larger
particle aggregates promotes particle settling and straining in porous media.[25]
Second, since suspension stability is largely determined by the attractive and
repulsive forces between particles, and similar forces will exist between particles
and surfaces, there is a strong correlation between aggregation behavior and
deposition behavior in porous media.[26] This section will introduce a review of
the effects of transient salt and other co-constituent concentrations on nanoparticle
suspension stability.
2.1.1.1 Effects	
  of	
  Transients	
  in	
  Salinity	
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The majority of studies regarding the
effects of variable electrolyte chemistry on
particle-particle

interactions

have

reported

increases in attractive forces with increases in
solution ionic strength, resulting in nanoparticle
aggregation. These results have been reported
across

a

compositions,

broad

spectrum

including

of

particle

fullerenes,[27-29]

Figure 2.1. Compiled aggregation study results, plot
taken from Petosa et al [1].

nano-TiO2,[30-33] nano-Ag [34-38], and various other metallic and metallicoxide nanoparticles [39-42]. Many studies have also reported the existence of
two distinct regimes of nanoparticle aggregation (coagulation), termed “fast” and
“slow” or “favorable” and “unfavorable.” This observation is consistent with
fundamental understanding of colloidal suspension behavior in which there may
exist either a net repulsive or attractive energy between particles [25, 43]. The
regimes are defined based on an inverse stability ratio, 1/W, with 1/W=k/kfast.
Here, k and kfast are the first order aggregation rate [1/T] at a specific solution
ionic strength and the maximum attainable first order aggregation rate at a very
high ionic strength, and thus, a high attractive energy between particles. These
parameters are generally determined experimentally, through analysis of change
in particle size with time. The two regimes are separated by a critical coagulation
concentration (CCC), which is dependent on the particle surface chemistry [25].
The CCC is an important characteristic of nanoparticle dispersions because, in
general, ionic strength values above the CCC will promote rapid particle

8

aggregation due to a net attractive energy between particles. This will in turn
cause particle aggregate settling, behavior which will hinder environmental
mobility. For example, Petosa, Jaisi [1] compiled ionic strength versus
aggregation attachment efficiency results from various studies with C60 fullerene
nanoparticle suspensions (see Figure 1). These results illustrate the existence of
“favorable” and “unfavorable” regimes, regardless of electrolyte type. The main
difference between results for different suspensions is the location of the
transition from unfavorable to favorable (the CCC), as well as the rate at which
the attachment energy increases with increasing ionic strength. Chen, Smith [29]
demonstrated the ability to predict these results using the Dejaguin-LandauVerwey-Overbeek (DLVO) theory for colloid stability. Details of this theory are
outlined in section 2.2.2.2.

Similar results have been observed for various

nanoparticle compositions, sizes, and surface chemistry characteristics.
2.1.1.2 Effects	
   of	
   Secondary	
   Co-‐Constituents	
   and	
   particle	
   coatings	
   on	
  
stability	
  
To promote stability of a nanoparticle suspension, nanoparticles are often
coated with compounds to enhance their electrostatic repulsion (e.g. citrate-coated
nano-silver particles [38]) or to introduce another mechanism for particle
repulsion, such as steric interactions using adsorbed or grafted polymer chains
(e.g. water soluble quantum dot suspensions [44, 45]).

Additionally, once

released into a porous media environment, nanoparticle suspensions may
encounter a number of naturally occurring molecules which could affect
interaction energy between particles and hence, suspension stability. For these
9

reasons, it will be highly important to account for the effects that of coconstituents on nanoparticle dispersion stability.
Numerous studies have evaluated the effects that certain compounds have
on suspension stability of dispersed nanoparticles of various core types. Since
suspension stability is largely determined by the surface chemistry of the particles
themselves, efforts to improve stability of a suspension are generally focused on
modifying the surface chemistry of the system. Liufu, Xiao [46] demonstrated
that adsorption of poly-acrylic acid (PAA) onto the surface of TiO2 nanoparticles
promoted suspension stability due to an increase in electrostatic repulsion
between particles. Domingos, Tufenkji [47] found that inclusion of a natural
fulvic acid in conjunction with bare TiO2 nanoparticles enhanced nanoparticle
dispersion stability when conditions were favorable for fulvic acid adsorption to
the nanoparticle surface.

The increased suspension stability observed was

attributed to increased steric repulsion between the fulvic acid molecules adsorbed
on the particle surface. These two studies demonstrate that, with particles of
similar composition, increased suspension stability can be achieved by
introduction of either synthetic or naturally-occurring amphiphilic compounds,
either by increased electrostatic repulsion or steric repulsion. Similar results have
been demonstrated for various particle compositions and stabilizing agent types;
e.g. polyacrylic acid coated alumina particles [41], humic acid and zinc sulfide
nanoparticles [42], humic acid and magnetite nanoparticles [48], and zero valent
iron nanoparticles with guar gum [49] and other commercially available anionic
poly electrolytes [50].
10

These results demonstrate that nanoparticle-nanoparticle interactions will
be strongly influenced by the presence of co-constituents. Whether they are
engineered to promote nanoparticle stability, occur as a byproduct of another
reaction or process, or result from environmental exposure, these compounds will
undoubtedly affect the environmental behavior of nanomaterials. Based on these
observations, it is imperative that further understanding of these interactions be
developed. Section 2.1.3.2 presents some studies which demonstrate the effects
which co-constituents can have on nanoparticle deposition and mobility in porous
media.
2.1.2 Analysis	
  of	
  NP	
  Deposition	
  using	
  Quartz	
  Crystal	
  Microbalance	
  
Quartz crystal microbalance devices are routinely used to precisely
measure small changes (ca. 0.1 ng) in mass deposited onto a quartz crystal
through measurements of its vibration frequency [51, 52]. Researchers have used
this method to study interactions between various types of particles and surfaces
in a variety of applications. Many groups have used the method to study
interactions between colloidal- and nano-scale particles and representative porous
media surfaces under a range of flow and solution conditions [1]. Fatisson et al.
used this method to show that deposition behavior of TiO2 nanoparticles onto
silica surfaces was in qualitative agreement with DLVO theory (see section
2.2.2.2) over a range of pH and ionic strength [53]. Fatisson et al. also showed
similar results for stabilizing agent coated and bare nano-zero valent iron particles
and compared behavior between the two using QCM [54]. In general, many
groups have demonstrated the utility of QCM to determine deposition rates of
11

particles to experimentally idealized surfaces. However, to date, QCM studies
have only identified the general deposition trends among particular environments
tested; they have not related their results to nor derived rate parameters for the
potential behavior of nanoparticles in environmentally relevant porous media. In
collaboration with the Pennell and Fortner Labs, this project will utilize QCM
results and column results simultaneously to explore nano-magnetite (nMag)
deposition behavior and design empirical correlations that quantify the effects of
stabilizing agents and ionic strength on nMag transport parameters. Details are
presented in sections 3.2 and 4.2.
2.1.3 Transport	
   of	
   Colloids/NPs	
   in	
   porous	
   media	
   –	
   Interaction	
   energy	
  
particle/surface,	
  surface	
  charge	
  heterogeneity	
  
The subsurface mobility of nanoparticles will be primarily governed by
the interactions between the nanoparticles and surfaces present in the porous
media. In general, the system’s chemical and physical characteristics can have
strong effects on the magnitude of the interaction energies between the
nanoparticles and the liquid/solid and liquid/liquid interfaces present in a
saturated porous media. The following sections present examples pertaining to
how variable chemical and physical parameters of the subsurface environment
may affect nanoparticle deposition, release and reentrainment, and thus, mobility.
2.1.3.1 Effects	
  of	
  salinity	
  transients	
  on	
  transport	
  
The effects of changes in background electrolyte chemistry on transport
have been documented for a variety of particle types, including fullerene
12

nanoparticles [3], iron nanoparticles [55, 56], titanium dioxide nanoparticles [31,
57-59], silver nanoparticles [60, 61], quantum dot nanoparticles [62, 63], and
various other metal and metal-oxide nanoparticles [64-66]. Virtually all studies
report increasing solid phase nanoparticle deposition with increasing solution
ionic strength. Fundamentally, an increase in attractive interaction energy
between the nanoparticles and the solid phase is caused by suppression of the
electrical double layer surrounding the particles [25, 67].

Grolimund et al.

published several studies related to the influence of electrolyte concentration and
type on the deposition and release of natural colloidal particles in natural soils
[26, 68, 69]. They found strong evidence of two regimes for colloidal particle
deposition and release, termed “favorable” and “unfavorable.” Analogous to the
description for particle-particle interactions, the favorable regime for deposition is
characterized by a net attractive energy between particles and surfaces, while the
unfavorable regime is characterized by a net repulsive energy [26, 43]. This tworegime concept will be used in this research to derive empirical relationships
governing the influence of electrolyte concentration on nanoparticle deposition
and release in reservoir media (see section 4.2).
In their study of nC60 fullerene nanoparticle transport in Ottawa sand columns,
Wang, Li [70] showed that increasing solution ionic strength, whether created by
increasing electrolyte concentration or increasing cation valence, was associated
with significantly more aggregation of nC60 particles as well as significantly
reduced transport, independent of sand grain size. The decreased stability and
transport potential were directly correlated to less negative nanoparticle zeta
13

potential values, a surrogate measurement for surface potential. Similar results
have been reported by many groups, regardless of nanoparticle composition.
Greater solid phase deposition has also been reported in the presence of divalent
cations (e.g. Ca2+) than monovalent cations (e.g. Na+). This is often attributed to
divalent cation bridging between attachment sites and nanoparticles, e.g. [71].
2.1.3.2 Effects	
   of	
   surface	
   coatings	
   and	
   secondary	
   constituents	
   on	
  
transport	
  
Similar to the effects observed under varying ionic strength, the presence
of natural and synthetic stabilizing constituents has also been shown to alter
nanoparticle transport and deposition behavior in porous media in a variety of
scenarios. Despite various experimental studies which demonstrate the influence
of surface coatings on nanoparticle suspension behavior (Section 2.1.1.2), few
studies have considered the influence of such surface coatings on nanoparticle
transport and deposition in porous media [33, 72, 73]. Fewer still have considered
the effect of coating molecule residuals in solution on transport. Wang, Zhu [73]
demonstrated that quantum dot nanoparticle transport varies significantly with
molecular coating type; a mathematical modeling investigation in [2], Becker [74]
suggested that residual coatings in solution can significantly affect the transport
potential of quantum dots.
In addition to coating molecules and their residuals, nanoparticle transport
behavior can also be modified by the engineered inclusion of stabilizing
compounds in nanoparticle suspensions. The majority of studies regarding the
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influence of such engineered amphiphilic and polyelectrolytic compounds on
nanoparticle transport have focused on nano-zero valent iron (nZVI) remediation
strategies [75-77]. The main obstacle to delivering reactive nZVI to contaminated
source zones is its limited mobility in porous media [78]. Because of this, much
of the literature pertaining to nZVI addresses the need to improve its mobility and
potential engineered solutions. Schrick, Hydutsky [78] published the first article
suggesting the potential use of a copolymer for enhanced transport, in this case as
a delivery vehicle for nZVI in environmental remediation applications. Since
2004, many groups have approached the problem by analyzing the effect of
synthetically-applied and naturally-occurring amphiphilic compounds. Saleh, Sirk
[79] found that three different surface modifications, a triblock polymer-,
surfactant-, and commercially available polymer-modified nZVI, all increased
transport of the particles in clean sand columns, in comparison to bare nZVI
particles.

Hydutsky, Mack [80] also found that inclusion of 0.5 - 5 g/L of

polyacrylic acid (PAA) in the eluent during saturated sand column experiments
greatly decreased the sticking coefficient (α; i.e. the probability that a particle will
stick to a collector surface when close to it) of micro-scale iron particles and that
increasing PAA concentration decreased the observed α. Tiraferri and Sethi [49]
reported that presence of 0.5 g/L guar gum in nZVI suspensions (154 mg/L)
greatly enhanced transport in sand column experiments. Similar results were also
reported in the presence of carboxymethyl cellulose [54, 81] and natural organic
matter [82].

Despite these results, such behavior has not been considered in

mathematical modeling to predict nanoparticle transport in the subsurface. It is
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imperative that these effects, which result from either engineered suspensions or
as a consequence of exposure to naturally-occurring compounds, are considered
in any mathematical modeling efforts to predict nanoparticle transport in porous
media.
2.1.3.3 Effects	
  of	
  porous	
  media	
  heterogeneity	
  on	
  transport	
  
To date, few studies have been published regarding the influence of
porous media heterogeneity and preferential flow patterns on nanomaterial
transport in the subsurface. A few experimental studies have considered the
influence of porous media grain size and interstitial pore-water velocity on
nanoparticle transport and deposition in porous media, but all of these studies
were conducted using C60 nanoparticles in homogeneously packed beds subject to
variable flow velocities [83-85]. To the author’s knowledge, no published
experimental study to date has considered nanoparticle transport in heterogeneous
beds which exhibit preferential flow patterns. Two modeling studies have been
published which utilized results from the one-dimensional experiments and
developed pore-water velocity-attachment relationships for nanoparticle transport
to simulate nanoparticle transport in heterogeneous environments, but these
studies lack experimental validation outside of the homogeneous packed beds
mentioned previously [86, 87]. In general, these studies have found that,
consistent with clean-bed filtration theory (CFT, discussed in section 2.2.1),
porous media with a smaller grain size has more surface area for nanoparticle
attachment which leads to less mobility. In addition, increased interstitial porewater velocity generally results in less-deposition and greater transport, due to the
16

influence of velocity on the transport of particles from the bulk fluid flow to the
porous media surfaces. However, this behavior is also highly dependent on
particle and porous media grain sizes, as shown by [88]. This study will aim to
expand upon this knowledge by considering the influence of permeability
heterogeneity and preferential flow on the transport of a number of particle types.
This will be accomplished through utilization of a mathematical modeling
framework which will be validated by nanoparticle transport experiments
conducted in heterogeneous flow cells.
2.1.3.4 Effects	
  of	
  presence	
  of	
  non-‐aqueous	
  phase	
  liquid	
  on	
  transport	
  
A few studies to date have considered the effects of a non-aqueous phase
liquid (NAPL) on nanoparticle transport targeting for remediation efforts.
Generally, this behavior is assumed to be primarily a function of surface coating
ligands and the coating’s affinity to adsorb to the liquid-liquid interface [79, 89].
Kutuzov, He [90] showed that TOPO-stabilized quantum dot nanoparticles
exhibited diffusion-controlled adsorption to a toluene/water interface in early
time, and interaction energy controlled adsorption to the interface following
significant nanoparticle adsorption. This behavior was best represented by a
Langmuir-Szyszkowski isotherm, a combination of the Gibbs and Langmuir
isotherms, which relates bulk aqueous concentration to interfacial tension [91]:
𝛾 = 𝛾! − 𝑅 ∙ 𝑇 ∙ 𝛤! ∙ ln 1 +
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𝑐!!
𝑎!

(2.1)

Here, γ is the interfacial tension at the given surfactant concentration [F L-1], cs0,
γ0 is the interfacial tension of the pure component [F L-1], Γ∞ is the maximum
adsorption density of the surfactant at the oil/water interface [M L-2], aL is the
Langmuir adsorption parameter [M L-3], R is the ideal gas constant, and T is the
temperature.

Later in the proposal, this model is proposed to simulate

nanoparticle interactions with an immobile NAPL phase which may be present in
the subsurface, especially in cases of oil reservoir characterization.
2.1.3.5 Nanoparticle	
  transport	
  in	
  reservoir	
  media	
  
Nanotechnologies have also been proposed to be used in down-hole
applications, including as alternatives to surfactant-stabilized emulsions and
foams, and for enhanced characterization of reservoir properties [13, 92-94]. To
this end, some research has preliminarily evaluated the potential for nanoparticles
to readily transport in representative reservoir media [18, 95]. Rodriguez et al.
observed significant mobility of high concentrations (up to ~20 wt%) of
commercial surface-coated silica nanoparticles (d=~10 nm or ~25nm) in both
Texas Cream Limestone and Berea Sandstone core floods [95].

Yu et al.

similarly found that citrate-stabilized paramagnetic iron oxide nanoparticles at
high concentrations (up to ~10 wt%) exhibited little deposition in similar types of
core floods [18]. However, systematic studies of the influences of physical and
chemical heterogeneity on nanoparticle transport in the reservoir are lacking.
This project seeks to address that issue by applying calibrated mathematical
models to potential reservoir utilization scenarios.
application will be introduced in section 4.3.
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The specific proposed

2.2

Mathematical	
  Modeling	
  of	
  NP	
  Mobility	
  in	
  the	
  Subsurface	
  
The literature on mathematical modeling of nanoparticle transport in

porous media is meager.

Many papers have mathematically described the

phenomenological effects of deposition and reentrainment of nanoparticles and
other colloidal particles on porous media, but few have made the connection from
laboratory produced nanoparticle transport data to these phenomenological
models. Section 2.2 will outline many of the mathematical approaches that have
been applied to nanoparticle transport in porous media.
2.2.1 Physical	
  PDE	
  Models	
  
Many mathematical modeling approaches which are used to simulate
nanomaterial transport in the subsurface assume clean-bed colloid filtration
theory, which is described in section 2.2.1.1. Some of these models assume
modifications of filtration theory, including mechanisms for a limited area of
attachment as well as physical straining. These modifications will be briefly
outlined in section 2.2.1.2. Finally, the two main numerical approximations to
solving the governing equations for nanoparticle transport in the subsurface are
described briefly in section 2.2.1.3.
2.2.1.1 Clean-‐Bed	
  Filtration	
  Theory	
  
Classical colloid filtration theory (CFT) was first described by Yao et al.
[96]. In CFT, colloid transport and deposition is governed by a traditional
advection-dispersion-reaction (ADR) equation with a first order decay reaction
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rate to describe the attachment of colloidal particles to the porous media, shown in
equations (2.2) and (2.3).
𝜕𝐶 𝜌! 𝜕𝑆
𝜕!𝐶
𝜕𝐶
+
= 𝐷! ! − 𝑣!
𝜕𝑡
𝜃 𝜕𝑡
𝜕𝑥
𝜕𝑥

(2.2)

𝜌! 𝜕𝑆
= 𝑘!"" 𝐶
𝜃 𝜕𝑡

(2.3)

Here, C is the aqueous nanoparticle concentration [M L-3], S is the concentration
of nanoparticles attached to the solid phase [M M-1], ρb is the bulk density of the
sand [M L-3], θ is the moisture content of the porous media which is equal to
porosity in the case of saturated media [-], Dh is the hydrodynamic dispersion
coefficient [L2 T-1], and vp is the average interstitial pore water velocity [L T-1].
Yao et al. conceptualized colloid deposition in porous media as a two-step
process, consisting of particle transport to the vicinity of the solid medium or
grain surface, followed by attachment or sticking. The particle transport step is
controlled by physical factors, such as flow velocity, grain size, particle size, and
porosity and represents the sum of interception, sedimentation, and Brownian
diffusion processes, all described by a single coefficient, η0, called the single
collector efficiency. Particle attachment is governed by the interaction forces
between particles and grain surfaces, which include van der Waals attraction and
electrical double layer repulsion forces, described by a single coefficient, α, called
the attachment efficiency.

The attachment efficiency represents the probability

that a particle which contacts a collector will stick upon contact. If α=1, that is
consistent with favorable conditions for colloid deposition, as described in section
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2.1.3. Following previous work [97], Yao et al. assumed the expression for the
first order attachment rate (katt) is given as (2.4).

𝑘!"" =

3 1 − 𝜃 𝑣!
𝛼𝜂!
2𝑑!

(2.4)

Empirical correlations have been developed for both η0 and α, (see section 2.2.2).
By assuming steady state, Yao et al. derived an analytical solution for α, shown in
(2.5).

𝛼=−

2𝑑!
𝐶
ln
3 1 − 𝜃 𝜂! 𝐿
𝐶!

(2.5)

This and other related correlations have been used often in the literature to
interpret nanoparticle transport results in many types of porous media, despite
many results which are inconsistent with the assumptions of clean-bed filtration
theory [30, 65, 98, 99]. In addition, [100] showed that while CFT may be valid for
highly idealized deposition conditions (e.g., in this case, glass bead porous media
and spherical latex microparticles), physicochemical non-idealities, which would
be experienced in any natural system, can contribute to significant deviations
from CFT. This observation has led to numerous modifications of the CFT, most
of which developed following experimental observations of behavior that was
inconsistent with the traditional model.

The most relevant of these will be

described in the following section.
2.2.1.2 Filtration	
  Theory	
  Modifications	
  
Wang 2008 [3] proposed a modification of CFT which included a limiting
retention capacity term (Smax), which may be experienced in natural porous media
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under unfavorable deposition conditions. The model is shown in equations (2.6)
and (2.7). In Wang et al.’s case, this model was demonstrated to more accurately
model transport and deposition of nC60 particles in glass beads and washed
Ottawa sand.
𝜌! 𝜕𝑆
𝜌!
= 𝑘!"" Ψ𝐶 − 𝑘!"# 𝑆
𝜃 𝜕𝑡
𝜃
Ψ=

𝑆!"# − 𝑆
𝑆!!"

(2.6)
(2.7)

Here, kdet represents a first order detachment rate from the solid phase [T-1], and
Ψ represents a Langmuir-type blocking function which represents the fraction of
available sites remaining. As the available area for particle attachment (i.e. Smax)
is filled with deposited nanoparticles, Ψ approaches zero, resulting in a lower
percentage of collisions resulting in attachment to the solid phase. In addition,
[101] found that the variation of Smax with varying flow conditions in nC60
transport experiments exhibited a “shadow effect” consistent with theory
developed by Ko and Elimelech [102]. More recently, this has become a wellaccepted model for simulation of nanoparticle transport in media which exhibits
physicochemical non-idealities [101, 103, 104].
Another process that is often considered in the modeling of nanoparticle
transport in porous media is physical particle filtration, or straining, which is
characterized by particles being trapped in pore throats [60, 105]. The straining
equation takes a similar form to the modified filtration theory equation in (2.6):
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𝜌! 𝜕𝑆
= 𝑘!"# 𝛹!"# 𝐶
𝜃 𝜕𝑡
𝛹!"#

𝑑!" + 𝑧
=
𝑑!"

(2.8)

!!

(2.9)

Here, d50 is the mean grain size of the porous media [L], z is depth, or
travel distance into the packed column [L], and β is a particle- and system-specific

fitting parameter. Ψstr is a depth dependent straining function which was derived
based on observations of straining results conforming to a power law relationship
(Bradford et al. 2003). The nanoparticles and porous media systems considered in
this research, however, will consist of particles which are more than two orders of
magnitude smaller than the pore throats; thus, particle straining will be considered
negligible in this work. More recently, [103] produced the first study attempting
to model colloid (latex microparticle) transport in porous media columns under
varying ionic strength conditions where they were able to fit deposition and
reentrainment experiments which were subject to varying background electrolyte
concentrations. This study is further examined in section 2.2.3.
2.2.1.3 Mathematical	
  strategies	
  for	
  solving	
  
Many mathematical modeling studies of the subsurface mobility of
nanoparticles have implemented traditional Eulerian finite difference or finite
element schemes to numerically approximate the governing transport and
deposition equations, e.g. [101]. However, because the properties of individual
particles may be transient in time, Lagrangian particle tracking schemes have also
been implemented. These allow correlations between transient particle properties
and mobility e.g. [106, 107]. This research will consider macro- to field-scale
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problems, for which Lagrangian techniques would be computationally
cumbersome, therefore Eulerian approaches to these problems will be primarily
considered.
2.2.2 Empirical	
  Parameter	
  Correlations	
  
Many studies regarding colloid and nanoparticle mobility in the
subsurface have attempted to relate particle and system characteristics to the
collector and collision efficiency values in equation (2.4), η0 and α, respectively.
This section will provide a brief review of studies which have attempted to
empirically predict both the collector and collision efficiency values.
2.2.2.1 Collector	
  Efficiency	
  Estimation	
  
Significant research has been directed towards the prediction of particle
transport to deposition surfaces in porous media. [108] developed the first
theoretical collector efficiency relationship to estimate colloidal mass transfer to
the collector surface via diffusion, sedimentation, and interception via trajectory
analysis. [88] expanded upon the ideas of Yao and Rajagopalan and developed an
empirical correlation using experimental transport data for latex microsphere
particles in a glass bead porous medium:
!!.!"# !.!"#
𝜂! = 2.4𝐴!!.!! 𝑁!!!.!"# 𝑁!"
𝑁!"#

+ 0.55𝐴! 𝑁!!.!"# 𝑁!!.!"#

(2.10)

!.!"#
+ 0.22𝑁!!!.!" 𝑁!!.!! 𝑁!"#

where As is the Happel correction factor, NR is the interception number, NPe is the
Peclet number, NvdW is the London-van der Waals attractive forces number, NA is
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the attraction number, and NG is the gravitational number. The three terms in
(2.10) represent the contributions to collector efficiency by Brownian diffusion,
interception, and sedimentation, respectively. [109] developed a similar
correlation using numerical Lattice-Boltzmann simulations run in random porous
media packing configurations.

Both of these studies make the similar

assumptions to [96]: (1) the single collector efficiency is only determined by the
physical transport processes of the colloidal particle to the surface and not the
interaction energies between particles and surfaces, and (2) physical transport
processes are additive.
that

development

Note
of

a

correlation for single collector
efficiency is necessary to model
colloid or nanoparticle transport
in heterogeneous fields which
exhibit variable porous media
and flow characteristics.
2.2.2.2 DLVO	
  

and	
  

its	
  

modifications	
  
Dejaguin-LandauVerwey-Overbeek

theory

(DLVO) was developed in an
effort

to

estimate

particleFigure 2.2. Interaction energy prediction by DLVO theory for quantum dot
nanoparticles. (a) shows interaction energy profile variation with surface
coating where PEG-A is poly-ethylene glycol functionalized polymer,
COOH is carboxalic acid functionalized polymer, PAA-OA is polyacrylic
25
acid-octylamine copolymer, and LA is linoleic acid. (b) shows interaction
energy profile variation with solution ionic strengths for QD-PAA-OA. (c)
shows interaction energy profile variation with pH for QD-PAA-OA.
(Wang et al. 2013)

particle and particle-surface interaction energies [25]. Traditional DLVO theory
assumes that the overall interaction energy between particles and other surfaces is
a result of the sum of electrostatic forces and van der Waals attractive forces.
This theory often predicts an energy “barrier” to attachment, or a large amount of
repulsive energy which particles must overcome to attach to the surface in
question. The system is often considered “favorable” for particle aggregation or
deposition if no energy barrier is present, and “unfavorable” if such a barrier
exists [43]. Certain scenarios arise which allow for a secondary energy minimum,
or a distance between a particle and collector surface at which the energy may be
slightly attractive, resulting in potential for weak attachment to that surface [100].
Further modifications which account for steric interactions have also been applied
to DLVO theory to predict attachment of polymer coated particles [110, 111].
Ultimately, these interaction energies will be among the major forces in the
subsurface transport behavior of nanoparticles [43]. DLVO and its extensions
have been utilized to estimate attachment (sticking) efficiencies of colloidal
particles to a variety of surfaces. Relevant applications to nanoparticle transport
in subsurface media are presented below. 	
   Collision	
   Efficiency	
   Estimation
Significant efforts have also been directed to the development of empirical
and semi-empirical correlations for the collision efficiency (or sticking
efficiency). Generally, all approaches assume that α is directly correlated to the
interaction energy between particles and potential attachment surfaces, which
depends primarily on the chemistry of the system. An increase in the energy
barrier to particle attachment is associated with lower values of α, because fewer
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particles will have sufficient energy to cross the repulsive energy barrier to attach
in the primary energy minimum [43, 112]. In many predictions of α, the height of
the theoretical DLVO energy barrier is normalized by the kinetic energy of the
particles in the system, similar to the activation energy of a chemical reaction
[112, 113]. Following this assumption, Elimelech developed a semi-empirical
correlation for α as a function of Debye length, Hamaker constant [114], and the
electrokinetic parameters of the system (surface potentials of the colloidal particle
and attachment surface, as well as the permittivity of the medium in which the
particles are present, usually water), which were related by a single dimensionless
parameter, Ncol [112].

Follow on work by Bai and Tien considered more

dimensionless parameters related to the system [115, 116]. All of these studies
only consider the effects of the primary minimum and energy barrier on
deposition, and neglect effects of secondary minima. More recent approaches
include these affects by integrating the entire interaction energy profile of the
system, instead of considering only the height of the primary energy barrier [117,
118]. The correlation by Shen et al. will be used in this study to compare
experimentally determined values and theoretically calculated values of α. This
correlation is presented in section 4.2 of the manuscript.	
   Multi-‐Constituent	
  
Models	
  for	
  Other	
  Systems

Finally, some research efforts have also

been dedicated to predicting the influences of aqueous components on colloid
transport in porous media by considering mass balances for both the colloid and
the aqueous component.

Since the interaction energy between particles and

surfaces is strongly influenced by the ionic strength of the surrounding solution,
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as discussed previously, the majority of this work has been focused on modeling
the influence of transient salt concentrations on colloidal particle deposition and
release. For example, Tosco et al. developed, to the author’s knowledge, the first
model to simultaneously simulate spatially resolved ionic strength and colloid (in
this case, latex microsphere) deposition and release in porous media [103]. In this
work, first order deposition and release rates, as well as colloidal retention
capacity on the solid phase, were functions consistent with previously published
empirical correlations [26, 68, 102]. The model was able to reproduce colloidal
transport behavior with changing ionic strength. However, the authors used a
total of 14 fitting parameters, leading to uncertainty in the fitted parameter values
and potential for non-unique solutions. Bradford, Torkzaban [119] utilized a
similar modeling approach, but determined rate and capacity parameters for
colloid deposition and release from a semi-empirical approach based on DLVO
theory [118] and filtration theory [96]. Work was also completed by the author
previously to simulate nanoparticle deposition and release as a function of
residual stabilizing copolymer molecules [2, 74].

Similar to the previously

discussed works, the mathematical approach was based upon mass balances for
both the nanoparticle constituent and the copolymer constituent, which were
coupled based on empirical observations, in this case, through the Langmuirian
blocking function. All of these studies utilize an approach that will be undertaken
in this project, that is, coupling of mass balance equations for both the constituent
of interest (i.e. the nanoparticles) and constituents which may affect the transport
potential of that constituent.
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2.3

Summary	
  and	
  Significance	
  
Section 2.1 outlined the current understanding of the effects that

physicochemical heterogeneity can have on nanoparticle behavior in porous
media. Many research groups have demonstrated that nanoparticle mobility is
highly sensitive to gradients in salinity and the presence of certain chemical
constituents, as well as the physical heterogeneity of the porous matrix itself. To
accurately predict nanoparticle mobility in the subsurface, mathematical models
need to consider the coupling of these effects. Section 2.2 described various
mathematical approaches that have been used to model colloid and nanoparticle
transport in the subsurface. Overall, significant strides have been made in the
development of empirical and phenomenological models for subsurface transport
of colloids and nanoparticles. Additionally, some efforts have been made to relate
transport potential to various physicochemical characteristics.
Despite significant effort and attention devoted to the study of
nanoparticle transport and behavior in aquatic environments, certain knowledge
gaps still remain.

Specifically, with respect to mathematical modeling, the

following areas still require significant attention:
(1) Development of a quantitative understanding of the roles that
transient salinity, the presence of other chemical constituents,
variable mineralogy, and an oil/water interface have on
nanoparticle fate and transport in the subsurface environment.
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(2) Translation of experimental results to explore the impact of these
processes on potential field scale scenarios. Many studies have
applied mathematical models to fit observed results in laboratory
experiments, but few have utilized the modeling results to infer
potential field scale behavior of nanoparticles in the subsurface.
Accurate prediction of nanoparticle mobility in the subsurface is essential
to an understanding of potential risks that nanoparticles may pose to the
environment. Also, since nanomaterial solutions have been proposed as having
potential applications in subsurface characterization [120] and remediation efforts
[14], appropriate design of these solutions will require accurate knowledge of how
physical and chemical heterogeneities affect mobility. This project will provide
increased quantitative understanding of the influence of coupled physicochemical
factors on nanoparticle transport and deposition in porous media.
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Chapter	
  3.

A	
   MULTI-‐CONSTITUENT	
   SITE	
   BLOCKING	
  

MODEL	
   FOR	
   NANOPARTICLE	
   AND	
   STABILIZING	
   AGENT	
  
TRANSPORT	
  IN	
  POROUS	
  MEDIA	
  
This chapter is taken from a manuscript that was published in the journal
Environmental Science: Nano (doi: 10.1039/C4EN00176A).

This manuscript

represents initial efforts in this project to refine a one-dimensional mathematical
model that describes quantum dot transport and deposition in Ottawa Sands, and
the influence of residual coating polymer molecules in solution on QD deposition,
based upon the work by Becker [74]. This coupled experimental and modeling
effort represents the first example in this project of a multi-constituent
mathematical model to describe effects of a secondary constituent on nanoparticle
transport and deposition in porous media.

3.1

Abstract	
  

A quantitative understanding of the potential influence of engineered and natural
stabilizing agents on the transport behavior of engineered nanomaterials will be
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crucial to assessing their environmental fate.

Column transport experiments

conducted with CdSe/ZnS quantum dot nanocrystals (QD) stabilized with poly(acrylic-acid)-octylamine (PAA-OA) yielded retention profiles that exhibited
increased retention with distance from the inlet, a trend which could not be
reproduced by existing nanoparticle transport models.

To address this

shortcoming, a new Multi-Constituent Site-Blocking (MCB) model was
developed and implemented to simulate coupled transport and retention of
nanoparticles and stabilizing agents. Mass balance equations for solution
constituents are linked through a Langmuir-type blocking term that accounts for
the surface area occupied by each constituent.

The model successfully

reproduced experimental observations of delayed QD breakthrough and retention
profiles. These results support the hypothesis that stabilizing agents present in the
nanoparticle suspension inhibit deposition, facilitating enhanced nanoparticle
mobility in the columns. Inter-model comparisons and model sensitivity analyses
examine the dependence of nanoparticle mobility on the relative concentration
and adsorption properties of the stabilizing agents. Modeling results indicate that
both synergistic and competitive interactions between nanomaterials and
stabilizing agents should be accounted for in order to accurately predict
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nanoparticle

transport

behavior

in

subsurface

environments.

Figure 3.1. Graphical Abstract: A mathematical model is developed to describe a
competitive attachment/adsorption process between quantum dot nanoparticles and
residual polymer coating moelcules which were left over from the QD synthesis process.

3.2	
  Introduction	
  
Many nanotechnology applications employ surfactants or polymers to
promote the stability of nanoparticles in aqueous suspensions. [5, 34, 45, 121123] These stabilizing agents have been shown to enhance nanoparticle transport
in porous media.[61, 73, 103, 124-128] While the general influence of such
stabilizing agents has been well-documented, prediction of nanoparticle
suspension behavior in porous media remains challenging due to the complex
interactions between nanoparticles, co-constituents, and solid surfaces. For
example, in a series of careful packed sand column transport experiments
employing

polyacrylic

acid-octylamine

copolymer

(PAA-OA)–stabilized

CdSe/ZnS quantum dot nanocrystals (QD),[44, 45, 129, 130]

researchers

observed lower QD retention in the vicinity of the column inlet.[2] This behavior
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was inconsistent with expectations based upon traditional nanoparticle transport
theory.[2]

After ruling out alternative hypotheses, including the presence of

particle detachment or preferential flow paths, the authors attributed this
anomalous attachment behavior to the blocking of QD attachment sites by free
PAA-OA molecules in solution.

An additional QD-PAA-OA transport

experiment, conducted in a sand column pretreated with PAA-OA, yielded
complete elution of the nanoparticles, further supporting this hypothesis.
Despite

experimental

observations

of

co-constituent-enhanced

nanoparticle transport in porous media, traditional nanoparticle transport
modeling approaches have neglected the potential influence of co-constituents on
particle deposition. In the chemical and environmental engineering literatures,
nanoparticle transport in porous media is typically modeled using approaches
based upon clean-bed filtration theory (CFT).[96]

These approaches

conceptualize particle deposition to the solid phase as a two-step process
involving 1) particle transport to the vicinity of the solid medium or “collector”
surface and 2) particle attachment governed by attractive and repulsive forces
between particles and solid surfaces. The former, quantified as a collector
efficiency, is controlled by physical properties such as flow velocity, grain size,
nanoparticle size, and porosity, [88] while the latter is largely determined by
surface chemistry and is typically quantified with a system collision efficiency
factor.[113] An enhancement of the CFT, herein termed the modified filtration
theory (MFT), incorporates a solid phase retention capacity and has been
demonstrated capable of simulating nanoparticle transport in a wide variety of
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systems.[3, 101, 131, 132] However, neither the CFT nor MFT model accounts
for the influence of secondary constituents on nanoparticle deposition.
A few recent modeling studies have attempted to incorporate the influence
of nanoparticle coatings on deposition behavior by expressing nanoparticlesurface interaction energies and system collision efficiencies in the CFT model as
functions of coating molecules.[55, 124, 133] Although these studies provide
valuable information on CFT parameter trends, this modeling approach fails to
capture observed departures from CFT[2, 101, 124] and neglects the influence of
free aqueous co-constituents. To date, only one modeling study has explored the
influence

of

free

aqueous

co-constituent

molecules

on

nanoparticle

transport.[128] In that work, the influence of free aqueous Tween 80 surfactant
on nC60 fullerene transport was modeled by coupling two mass balance equations,
one for each constituent. However, the model only considered the inhibition of
nC60 attachment by steric repulsion arising from adsorbed Tween 80 on sand
surfaces.

To our knowledge, no existing nanoparticle transport model can

simulate the direct competition between suspended nanoparticles and free
polymer molecules for available attachment sites.
Motivated by the need for more comprehensive mathematical models and
an improved understanding of the influence of stabilizing agents on nanoparticle
transport behavior, the present work builds on the experimental observations of
Wang et al.[2] to develop a mathematical model capable of reproducing QDPAA-OA transport behavior for a range of flow conditions and porous media.
Additional column experiments are undertaken for the QD-PAA-OA system to
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support model refinement and validation. A model sensitivity analysis was then
used to examine the influence of PAA-OA concentration and adsorption
properties on QD transport and retention behavior.

3.3	
  Experimental	
  Methods	
  
3.3.1 QD-‐PAA-‐OA	
  Column	
  Experiments.	
  	
  
Experimental procedures followed in this work are similar to those described in
Wang et al.[2] Briefly, for QD-PAA-OA transport experiments, borosilicate glass
columns (2.5 cm i.d. × 10 cm length) were dry packed with either 40-50 mesh
(CS) or 80-100 mesh (MS) Ottawa sand (U.S. Silica, Berkeley Springs, WV).
The dry-packed columns were purged with CO2 gas and flushed with at least 10
pore volumes (PVs) of degassed 3 mM NaCl solution at pH 7. A non-reactive
tracer (3 mM NaBr) test was then conducted to access the hydrodynamic
dispersion and flow conditions of each column. A pulse (2-3 PVs) of aqueous
QD suspension (ca. 6 × 1015 particles/mL, 6 nM) was introduced into the watersaturated column (ionic strength of 3 mM NaCl and pH of 7), followed by 3 PV
of background electrolyte solution to elute QDs remaining in suspension within
the porous media. The QD transport experiments (CS-L and MS-L) were
performed in an up-flow mode at a flow rate of 0.1 mL/min (L), which
corresponds to a Darcy velocity of ca. 0.28 m/d. Effluent samples were collected
to produce breakthrough curves, and the columns were sectioned into eight
increments to produce solid phase QD deposition profiles.[2, 3]
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3.3.2 PAA-‐OA	
  Only	
  Column	
  Experiments.	
  	
  
To characterize the transport of PAA-OA in sand, two replicate column
experiments were conducted in the coarser sand (PAA-CS-HA and PAA-CS-HB).
Following column preparation, a pulse (3-PV) of PAA-OA solution (50 mg PAAOA/L, 3mM NaCl, pH 7, free of QDs) was introduced into a column packed with
40-50 mesh Ottawa sand at a flow rate of 1.0 mL/min (H). PAA-OA effluent
concentrations were measured using an organic carbon analyzer (TOC-VCPH,
Shimadzu, Marlborough, MA). To enhance the measurement accuracy, two 4point calibration curves with concentrations ranging from 0 to 3.125 and from 0 to
50 mg PAA-OA/L were prepared. The method detection limit was 0.6 mg PAAOA/L based on the method of Hubaux and Vos.[134]
3.3.3 PAA-‐OA	
  Pretreated	
  Column	
  Experiment.	
  	
  
Finally, to explore the influence of PAA-OA pre-treatment on QD-PAA-OA
transport, an additional column experiment (PRE-MS-H) was conducted in 80100 mesh Ottawa sand at a flow rate of 1.0 mL/min. The general experimental
procedures described above were followed, with the exception that the column
was preflushed with approximately 3 PVs of PAA-OA solution (430 mg PAAOA/L, 3 mM NaCl, and pH 7), followed by 10 PVs of background electrolyte to
remove any remaining aqueous PAA-OA prior to introducing the QD-PAA-OA
suspension.
Table 3.1. Summary of column experiments conducted to evaluate the influence of residual
PAA-OA copolymer molecules on the transport of QD nanoparticles coated with adsorbed
PAA-OA copolymer. All experiments were conducted with constant solution chemistry of 3
mM NaCl background electrolyte and a pH of 7.

Columna	
  

dc

b

θw
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c

Experimental	
  Parameters	
  
v pd
α Le
PWe

Retf

MBg

(mm)
(-)
(m/d)
(mm)
(-)
(%)
(%)
CS-L
0.354
0.37
0.8
0.57
3.0
30.5
94.1
MS-L
0.163
0.38
0.8
0.67
3.1
77.2
104.0
PRE-MS-H
0.163
0.38
7.4
0.63
3.0
0.3
98.2
PAA-CS-HA
0.354
0.36
7.3
0.68
3.1
NA
99.5
PAA-CS-HB
0.354
0.36
7.3
0.68
3.2
NA
95.4
CS-H*
0.354
0.37
7.7
0.68
2.0
24.7
102.8
MS-H*
0.163
0.39
7.3
0.63
3.0
38.3
105.6
FS-H*
0.125
0.39
7.3
0.65
3.0
99.1
100.7
a
– MS – medium sand (80-100 mesh), FS – fine sand (100-140 mesh), CS – coarse sand (40-50 mesh), H – high flow rate
(1.0 mL/min), L – low flow rate (0.1 mL/min), PRE – PAA-OA pre-conditioning, PAA – PAA-OA only, A and B
indicate duplication; b – mean sand grain diameter; c – Volumetric Water Content; d – Pore water velocity; e –
Longitudinal dispersivity; f – QD Pulse Width; g - Retention; h – Mass Balance; * - experiment presented in Wang et
al.[2]

In total, five column experiments were performed in this work, as
summarized in Table 3.1. Data from three additional QD-PAA-OA transport
experiments (CS-H, MS-H and FS-H), which were conducted at a flow rate of 1.0
mL/min, were obtained from Wang et al.[2] and are included in Table 1.

3.4	
  Mathematical	
  Model	
  	
  
3.4.1 Constituent	
  Balance	
  Equations.	
  	
  
Following the approach of Li et al., [3, 101] a coupled system of one-dimensional
aqueous phase transport and solid phase-associated mass balance equations, based
on a modification of clean-bed colloid filtration theory, [96] was used to describe
constituent (nanoparticle or copolymer) transport:
𝜕𝐶 ! 𝜌! 𝜕𝑆 !
𝜕!𝐶!
𝜕𝐶 !
+
= 𝐷!
−
𝑣
!
𝜕𝑡
𝜃! 𝜕𝑡
𝜕𝑥 !
𝜕𝑥

(3.1)

𝜌! 𝜕𝑆 !
𝜌!
= 𝑘!! Ψ𝐶 ! − 𝑘!! 𝑆
𝜃! 𝜕𝑡
𝜃

(3.2)

Here Ci is the concentration of constituent i, QD or PAA-OA, in the aqueous
suspension (M/L3); Si is the solid-phase concentration of constituent i (M/M); t is
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time (t), x is distance from the column inlet (L); 𝑣! is the average pore-water
velocity (L/t), assumed constant under the homogeneous packing conditions of
the experiments; Dh is the hydrodynamic dispersion coefficient for the column
(L2/t), ρb is the bulk density of the porous medium (M/L3); and 𝜃! is the porosity.
In this formulation, transport of each constituent (nanoparticle and copolymer) is
modeled by a separate equation pair, an approach that has often been used to
simulate the interdependent behavior of a multi-component mixture.[103, 119,
128, 135] Two types of solid phase interaction terms are represented by the terms
on the right hand side of Eq 3.2, attachment/detachment of nanoparticles (QDs)
and sorption/desorption of copolymer (PAA-OA), each represented by first-order
rate expressions;[3, 136, 137] thus, kai is a first-order removal rate for constituent
i due to physical attachment or preferential adsorption (1/t) and kdi is a first-order
detachment or desorption rate. Equation pairs (eq 3.1 and 3.2) for each constituent
are coupled through 𝛹, a site blocking function (M/M), assumed to depend upon
the solid phase-associated mass of both constituents. For the single species MFT
model, 𝛹 is represented as:[3]

𝛹 =1−

𝑆
𝑆!"#

(3.3)

Where S is the solid phase deposition of the nanoparticle species (M/M) and Smax
is the retention capacity of the nanoparticle species on the porous media surface
(M/M). In the MFT model, the value of Ψ ranges from 0 to 1, where Ψ = 1
represents a system with an unlimited area for QD attachment (clean bed filtration
assumption) and Ψ = 0 represents a system in which all available area is blocked
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by solid-phase attached nanoparticles. Note that, implicit in eqs 1 and 2 is the
assumption that the only source or sink for aqueous phase mass is interaction with
the solid phase (i.e., porous medium). In the specific case of QD-PAA-OA
transport, this means that desorption of PAA-OA from the QD surface is
considered negligible, an assumption supported by the experimental observations
discussed below.
3.4.2 Model	
  Implementation.	
  	
  
The multi-constituent site-blocking (MCB) model, represented by the coupled
system of eqs 3.1 and 3.2 for each constituent and an expression for Ψ, was
implemented using a central-in-space and fully implicit-in-time finite difference
scheme in MATLAB R2010a (The MathWorks, Natick, MA). [101] Third-type
boundary conditions were applied for each constituent at the column inlet,
consistent with experimental conditions, and a zero-dispersive-flux condition was
implemented at the column outlet. In this scheme, the transport and solid-phase
interaction equations for the each constituent are solved sequentially; within a
given time step k, PAA-OA transport and deposition equations are solved first,
followed by solution of QD transport and deposition equations. At time level k,
the blocking function Ψ for each constituent is evaluated using information from
the previous time level k-1, and the time step size is chosen to be small enough to
minimize the error cause by the time-lagged evaluation of Ψ.
3.4.3 Model	
  Parameter	
  Estimation	
  and	
  Fitting.	
  	
  
Results of non-reactive tracer tests were used to confirm uniform flow conditions
and to estimate the hydrodynamic dispersion coefficient (Dh) for each column
40

experiment by fitting measured breakthrough data to a one dimensional form of
the advection-dispersion transport equation using the model CXTFIT.[138] The
free PAA-OA concentration in the injected QD solutions (C0,PAA) was estimated
based upon dilution ratios of the stock solution used in all experiments.
Attachment/sorption rate and capacity parameters were estimated by
fitting model predictions to experimental breakthrough curves and corresponding
retention profiles using a least-squares optimization procedure.

Here, the

MATLAB R2010a (The MathWorks, Natick, MA) function lsqnonlin was
implemented with the following objective function:

𝑓 𝑥 =𝛽∙

− 𝑀𝑜𝑑𝑒𝑙𝐵𝑇𝐶)!
+𝛾
𝑇𝑜𝑡𝑎𝑙𝑀𝑎𝑠𝑠𝐵𝑇𝐶

! (𝐸𝑥𝑝𝐵𝑇𝐶

!
! (𝐸𝑥𝑝𝑅𝐸𝑇 − 𝑀𝑜𝑑𝑒𝑙𝑅𝐸𝑇)
∙
𝑇𝑜𝑡𝑎𝑙𝑀𝑎𝑠𝑠𝑅𝐸𝑇

(3.4)

Eq 3.4 allows the user to fit breakthrough (ExpBTC) and retention (ExpRET) data
independently or simultaneously, depending upon the selection of the two
weighting factors, β and γ. In this study, these two factors were fixed for each
experiment at values proportional to the percentage of the total constituent mass
observed in the effluent and retained by the porous medium (𝛽 + 𝛾 = 1).
Optimization was performed for three fitting parameters, QD attachment rate
!"
(kaQD), QD retention capacity (𝑆!"#
), and PAA-OA adsorption rate (kaPAA-OA).

Confidence intervals (95%) for each fitted parameter were calculated using the
MATLAB R2010a function nlparci, which assumes an asymptotic normal
distribution about each estimated parameter.
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3.5	
  Results	
  and	
  Discussion	
  
3.5.1 QD	
  Transport	
  and	
  Retention.	
  	
  
Measured effluent concentrations of PAA-OA coated QDs following pulse
injections of ca. 4 PVs of a 30 mg/L QD-PAA-OA suspension (3 mM NaCl, pH
7) through columns packed with either 40-50 mesh or 80-100 mesh Ottawa sand
at a flow rate of 0.1 mL/min (pore-water velocity = 0.8 m/d) are shown in Figure
3.2A (symbols). Effluent concentration data are plotted as breakthrough curves
(BTCs), where the y-axis represents the normalized effluent concentration (C/C0,
where C0 is the applied influent concentration and C is the measured effluent
concentration) and the x-axis represents dimensionless time expressed as pore
volumes; equivalent to the volume of fluid injected divided by the total pore
volume of the column. The measured BTCs (Figure 3.2A, symbols) exhibited
delayed breakthrough (ca. 2 PV), an asymmetrical shape, and no observable
tailing after the injected QD pulse had eluted from the column (ca. 4-4.5 PVs).
The corresponding QD retention profiles obtained for 40-50 and 80-100 mesh
Ottawa at a flow rate of 0.1 mL/min, plotted as solid-phase concentration versus
distance from the column inlet, are shown in Figure 3.2B (symbols).

Both

retention profiles exhibited the lowest solid phase QD concentrations near the
column inlet, and increasing QD concentrations with travel distance.

These

trends are consistent with QD breakthrough and retention data obtained by Wang
et al.[2] for column experiments conducted at a higher flow rate (1 mL/min) in the
same sands, as depicted in Figure 3.2 C and D (symbols). The conditions for each
column experiment, as well as the percent of applied QD mass retained within the
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column and overall mass balance (i.e., sum of eluted and retained mass relative to
the total applied mass), are summarized in Table 3.1.

Figure 3.2. MCB Model fits (lines) to effluent breakthrough (A and C) and retention profiles
(B and D) for QD transport experiments in saturated columns packed with sands of various
grain sizes under low (~0.8 m/d; A and B) and high (~8 m/d; C and D) flow conditions.
Symbols represent experimental data from each QD-PAA-OA column experiment (Table
3.1).

Inspection of the nanoparticle breakthrough curves reveals a gradual rise
to a plateau, followed by a sharp decline in relative concentration after elution of
the injected pulse. In addition, the fraction of mass eluted from the column
decreases with decreasing flow rate and sand grain size. This behavior has been
demonstrated to be the result of a limited attachment capacity, and is consistent
with traditional MFT models of nanoparticle transport through water-saturated
porous media. [3, 73, 101, 131] However, the measured retention data are not
consistent with MFT models, which predict retention profiles characterized by the
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largest solid-phase concentrations near the column inlet and a decrease in particle
retention with distance from the injection point. A more detailed description of
the discrepancies between these experimental trends and traditional filtration
theory based modeling approaches is provided by Wang et al. [2]

These

experimental deposition trends, however, are consistent with the presence of
surface area blocking by a co-constituent in the nanoparticle suspension that has a
greater affinity for available attachment sites.

By design, the PAA-OA

copolymers preferentially adsorb to the hydrophobic QD shell that protects the
water-soluble core from aqueous dissolution. [44, 45, 129, 130]

However,

because it is virtually impossible to completely remove all free copolymer from
the solution following the synthesis process, some residual aqueous PAA-OA will
remain in solution with the suspended QDs.[2] Here we hypothesize that residual
PAA present in the aqueous QD suspension rapidly adsorbs onto the sand,
effectively competing with QD nanoparticles for sites that would otherwise be
available for deposition. Since the residual PAA-OA concentration in the injected
suspension was relatively low (ca. 2 mg/L), this effect would be most apparent
near the column inlet, as is supported by the data (Figure 3.2 and Figure 3.3).
Additional evidence of this blocking effect is provided by Wang et al. [2], who
found that when 40-50 mesh Ottawa sand was preflushed with a 3 PV pulse of
PAA-OA solution (400 mg/L), minimal QD retention was subsequently observed,
confirming the “blocking” effect of adsorbed PAA-OA.
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3.5.2 Mathematical	
   Development	
   of	
   Multi-‐Constituent	
   Blocking	
  
Function,	
  Ψ.	
  	
  	
  
The Ψ term in eq 3.2 couples the two systems of balance equations and represents
the influence of existing attached or sorbed mass on the availability of sites for
additional aqueous-solid phase interaction. Based on the experimental results
described above, an appropriate expression for the blocking function, Ψ, was
sought to account for the competition of residual PAA-OA for attachment sites.
The simplest approach to develop an expression for the competitive
blocking function is to assume that all sites are equivalent (a “one-site” model),
that is, all of the solid surface area available for QD attachment is also available
for PAA-OA adsorption and neither constituent can adsorb to occupied surface
area. Because the QD nanoparticles are coated with adsorbed copolymer, it is
reasonable to assume that coated QDs and free PAA-OA copolymer molecules
have similar affinities for the solid surface.

Thus, the one-site model was

employed herein.
The total surface area available for attachment/sorption can be expressed
as:
𝐴!"!#$ = 𝐴!" + 𝐴!""!!" + 𝐴!"#$

(3.5)

where Atotal refers to the total sand surface area per dry volume of sand available
for QD attachment or PAA-OA adsorption; AQD represents the surface area per
dry volume of sand occupied by quantum dots; APAA-OA represents the surface area
per dry volume of sand occupied by PAA-OA; and Aopen represents the surface
area per dry volume still available for attachment/sorption. By definition, Ψ
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represents the fraction of solid surface area remaining available in the
volume:[139]

  

𝛹=

𝐴!"#$
𝐴!"!#$

(3.6)

Combining eq 3.5 and 3.6 yields:

𝛹 =1−

𝐴!"
𝐴!""!!"
−
𝐴!"!#$
𝐴!"!#$

(3.7)

Here, it is assumed that Ψ is a continuous function of fractional surface area in
space and time. For the “one-site” model, the areas represented by the particle
retention capacity and the polymer adsorption capacity are equivalent and equal to
Atotal.
Area scaling factors for QDs (τ) and PAA-OA copolymer (ζ) were
developed, based upon molecular size considerations, to relate solid phase
concentration to sand surface area occupied by the QDs and PAA-OA molecules.
A derivation of these parameters is provided in the supplemental information.
Using τ and ζ, Ψ can be written in terms of a single maximum retention capacity
!"
𝑆!!"
as:

𝛹 =1−

𝑆!"
!"
𝑆!"#

−

𝜁 ∗ 𝑆!""!!"
!"
𝜏 ∗ 𝑆!"#

(3.8)

Similar to the MFT model blocking function shown in eq 3,[3] the value
of Ψ ranges from 0 to 1, where Ψ = 1 indicates unlimited area available for QD
attachment or PAA-OA adsorption and Ψ = 0 indicates that all available area is
blocked by solid-phase QDs or PAA-OA molecules. As the available area for
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deposition is depleted by attachment/sorption of either constituent, Ψ will
decrease, thereby scaling each component’s first order deposition rate constant,
kai.
3.5.3 Mathematical	
  Modeling.	
  	
  	
  
Application of the MCB model (eqs 3.1, 3.2, and 3.8) to the QD-PAA-OA column
data required specification of a number of parameters that quantify system flow
and transport properties. For each column experiment, velocity, porosity, pulse
width, hydrodynamic dispersivity, and mean grain size were determined by direct
measurement or estimated by fitting to independent non-reactive tracer tests
(Table 3.1). Parameters that account for solid phase-constituent interactions,
however, could not be estimated a priori and must be determined by inverse
modeling. These parameters include QD and PAA attachment/adsorption and
detachment/desorption rate parameters and the maximum retention capacity: 𝑘!!" ,
!"
𝑘!!" , 𝑘!!"" , 𝑘!!"" ,  and 𝑆!"#
. Based on the absence of tailing in the QD effluent

breakthrough curves (Figure 3.2A), 𝑘!!" was assumed to be zero for the model
fitting effort. Since complete QD breakthrough was observed following PAA-OA
pre-conditioning, [2] it was further assumed that PAA-OA desorption from the
sand was negligible under these experimental conditions. Thus, three parameters,
!"
𝑘!!" , 𝑘!!"" , and 𝑆!"#
, were fit to the column breakthrough and retention data

using the nonlinear least squares regression procedure and objective function (eq
3.4) described above.
Fits of the MCB model to the measured QD-PAA-OA transport and
retention in 40-50 and 80-100 mesh Ottawa sand are presented in Figure 3.2A and
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B, respectively. The MCB model was able to capture both the asymmetry of the
QD effluent breakthrough curves and the suppression in QD retention near the
column inlet.

To further evaluate the ability of the MCB model to capture

residual PAA adsorption and competitive blocking of attachment sites, a second
set of QD transport experiments conducted by Wang et al. [2] was fit with the
model (CS-H, MS-H, and FS-H; Figure 3.2 C and D). These experiments were
conducted at a higher flow rate (1.0 ml/min) and included a finer size fraction of
Ottawa sand (100-140 mesh). Inspection of the figures reveals that the MCB
model was able to capture the minimal elution of QDs (99.1% retention) and rapid
rise in retention near the column inlet for the FS-H experiment.

Here, the

increased surface area of the finer sand results in a greater capacity to adsorb
PAA-OA near the column inlet, leading to the very steep retention profile. In
addition, the MCB model was able to capture the observed decrease in solid phase
QD concentrations near the column outlet in FS-H. This behavior indicates that
the limiting retention capacity (Smax) was not reached throughout the column, and
demonstrates that additional QD mass (i.e., longer pulse width or higher
concentration) would be required to completely saturate all of the attachment
sites. When QD-PAA-OA was introduced into 80-100 mesh Ottawa sand at the
higher flow rate (1.0 mL/min), the MCB model did not fit the effluent BTCs as
well as in the other three experiments, but the model accurately captured the
shape of the QD retention profile (Figure 3.3). The more gradual increase in QD
retention with travel distance and the lower overall magnitude of attachment (i.e.,
smaller Smax) reflects the reduced capacity of 80-100 mesh Ottawa sand to adsorb
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PAA and QDs, respectively, relative to 100-140 mesh Ottawa sand (see further
theoretical calculations regarding the surface areas of the sand, QDs, and PAAOA in the supplemental information).

Figure 3.3. Comparison of MCB and single-component kinetic model fits (SCB) to QD
breakthrough and retention data in experiments CS-L (A and B) and CS-H (C and D).
Symbols represent experimental data. On all figures, solid lines represent simulated QD
transport from MCB model fit, dotted lines represent QD transport data fit to single
component site blocking (SCB) model without detachment, and dashed lines represent QD
transport data fit to SCB with detachment. On figures B and D, dash-dot-dot curves are the
simulated PAA-OA adsorption profiles from the MCB simulations. Simulated PAA-OA
breakthrough from MCB simulations are not included on A and C for clarity.

Fitted parameter values and goodness of fit information for all MCB
model simulations are provided in Table 3.2. Both the fitted QD attachment rates
!"
(𝑘!!! ) and retention capacity values (𝑆!"#
) increased with decreasing sand grain

diameter, consistent with results obtained for other nanoparticle-porous media
systems.[101]

Based on traditional colloid filtration theory, the first order

attachment rate, 𝑘!!" (T-1), is represented as:[96]
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𝑘!!" =

3 1 − 𝜃! 𝑣!
𝛼𝜂!
2𝑑!

(3.9)

where dc is the average collector (i.e. grain) size (L). When the pore-water
(seepage) velocity decreased from 7.6 m/d to 0.8 m/d, fitted attachment rates
decreased, consistent with this functional relationship (eq 3.9). Equation 8 was
used to compute QD collision efficiency, α, (Table 3.2) for each experiment based
upon the fitted values of 𝑘!!" . Here, single collector efficiency values, η0, were
estimated with a correlation presented by Tufenkji and Elimelech [88] (see
Supplemental Information).
Table 3.2. Comparison of fitted QD transport parameters and model R-squared statistics
among various models and fitting approaches.
MCB Modela
Exp

η 0d

SCB – BTC Onlyb

kaQD

αe

𝑺𝒎𝒂𝒙

𝑸𝑫

kaPAA

(1/hr)

(-)

(pmol/g)

(1/hr)

R2

𝑸𝑫

kaQD

αe

𝑺𝒎𝒂𝒙

(1/hr)

(-)

(pmol/g)

SCB – Bothc
R2

𝑸𝑫

kaQD

αe

𝑺𝒎𝒂𝒙

(1/hr)

(-)

(pmol/g)

R2

CS-L

0.505

1.41

0.03

6.16

1058.3

0.92

3.86

0.08

2.80

0.63

3.87

0.08

2.80

0.63

MS-L

0.774

4.29

0.03

12.76

2.50

0.98

2.02

0.01

5.75

0.97

2.05

0.01

5.76

0.98

CS-H*

0.098

8.83

0.10

3.00

77.77

0.98

11.37

0.13

0.98

0.87

10.99

0.13

1.11

0.89

MS-H*

0.146

5.50

0.03

7.13

65.16

0.95

12.45

0.05

2.49

0.75

12.29

0.05

2.87

0.73

FS-H*

0.174

29.48

0.07

21.16

7328.3

0.99

56.36

0.15

9.46

0.39

60.94

0.15

9.41

0.81

a

– Multi-constituent site blocking model fit to breakthrough and retention simultaneously; b - single constituent site blocking model fit
only to breakthrough curve data, retention profiles predicted; c - single constituent site blocking model fit to breakthrough and retention
simultaneously; d – Single collector efficiency calculated from Tufenkji and Elimelech[88]; e – α values were calculated using equation 8,
by inputting the fitted kaQD values for each case and the corresponding η0.
* - Experimental data presented in Wang et al.[2]

Fitted parameter 95% confidence intervals were calculated for the
!"
parameters used in the MCB model optimization, 𝑘!!" , 𝑘!!"" , and 𝑆!"#
(Table S2,

50

manuscript). Confidence intervals for both nanoparticle attachment parameters,
!"
𝑘!!" and 𝑆!"#
, were smaller than the fitted parameter values, indicating a high
!""
degree of confidence. Since the 𝑆!"#
parameter is calculated directly from the
!"
𝑆!"#
parameter (eq 6, supplemental information), these small confidence intervals

also give increased confidence that the “one-site” model accurately captured the
observed attachment behavior. Confidence intervals associated with the PAA-OA
adsorption rate parameter (𝑘!!"" ), however, yielded intervals that were much
larger in magnitude than the parameter values themselves.

This result was

attributed to a lack of sensitivity of the optimization function (eq 3.4) to variations
in 𝑘!!"" due to difficulties associated with obtaining low concentration sorption
data for PAA-OA. This issue is further addressed in the model sensitivity analysis
discussion below.
To further evaluate the ability of the model to predict the coupled transport
and deposition/sorption of quantum dots and PAA-OA, simulations of two
representative QD transport experiments (CS-L and CS-H) are shown in Figure
3.3. Here MCB model parameters that were fit to the QD data were used to
predict PAA-OA solid phase concentration (dash-dot-dot lines, Figure 3.3B and
D). In the CS-L experiment (Figure 3.3A and B), the fitted maximum QD
!"
!""
retention capacity (𝑆!"#
) was 6.16 pmol-QD/g-sand (𝑆!"#
of 1.22 µg-PAA/g-

sand). Near the column inlet, the predicted sorbed-phase concentration was 1.21
µg/g,

which

represents

99.1%

of

the

surface

area

available

for

sorption/attachment. Thus, in this region, only 0.9% of the available capacity
remained available for QD attachment, limiting the retained concentration to a
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low value (0.044 pmol/g) at the column inlet. In this system, PAA-OA outcompeted QD for sites due to its much larger sorption rate (1058.3 1/hr vs. 1.41
1/hr). Thus, the PAA-OA mass was exhausted first, resulting in the upwardsloping QD retention profile.

Similar results were observed in the MCB

simulation of CS-H (Figure 3.3C and D). However, the QD retention profile in
that experiment was flatter than CS-L, which indicated a much lower ratio of
PAA-OA sorption rate to QD attachment rate (77.77 1/hr vs 8.83 1/hr).
Also shown in Figure 3.3 are best fits for two MFT models, with and
without the detachment term activated, to the CS-L and CS-H experimental
datasets. Consistent with results presented in Wang et al.,[2] these simulations
demonstrate the inability of traditional models based upon filtration theory to
capture the anomalous QD retention trends and further demonstrate the
superiority of the MCB model fits. Similar comparisons between MFT and MCB
model predictions were obtained for all column experiments (data not shown). To
further compare the performance of the MFT and MCB models, Table 2 presents
!"
fitted QD transport parameters (kaQD and 𝑆!"#
) and corresponding r-squared

values. Here, the second column presents parameters derived by fitting the
!"
traditional 𝑆!"#
-Modified filtration theory [3] (MFT) model to effluent

breakthrough data only, while the third column parameters were derived by fitting
the MFT model to breakthrough and retention data simultaneously. A comparison
of MFT r2- values with those for the MCB model in the first column reveals that
the MCB model provides a better fit to the column data for all cases. Note that, in
all cases, fitted values for kaQD are similar between MFT and MCB, while fitted
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!"
values of 𝑆!"#
using the MFT model are, in general, significantly larger (two or

more times) than those obtained by fitting the MCB model. This observation
suggests that the presence of the co-constituent (PAA-OA) influences the area
!"
available for quantum dot deposition (i.e. 𝑆!"#
) and not the rate of deposition (i.e.

kaQD) under these experimental conditions. This behavior is consistent with the
underlying “one-site” assumption of the model, in that the presence of the
stabilizing additive only affects the availability of QD deposition sites, and not the
rate of QD deposition.
Particle retention capacity has been shown in the literature to be
influenced by both electrostatic and hydrodynamic effects. [101, 102, 139] Since
similar nanoparticles and porous media were used for all column experiments in
this study, the electrostatic influence on the particle retention capacity was
assumed to be similar in all experiments.

Following the approach of Li et

al.,[101] the influence of hydrodynamic effects (e.g., velocity, grain size, grain
!"
geometry) on 𝑆!"#
was explored for the column experiments presented in this
!"
study. Here, fitted 𝑆!"#
. values were correlated to the normalized average QD

diffusional mass flux across the boundary layer at the sand grain surface, Λ. The
results of this analysis are presented in Figure 3.4, where the best fit trend line is
given as:
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!"
𝑆!"#
= 36.94 ∗ Λ!!.!"

where                                                                              𝛬 = 𝑃𝑒

!
!

∗

𝑑!
𝑑!

(3.10)

𝑅! = 0.80
Here Pe =

!! !!
!!

is the particle

Peclet number, where Dm is
the free liquid molecular
diffusion coefficient of the
QD

nanoparticles

(L2/T),

calculated using the StokesEinstein correlation, and dM
Figure 3.4. Relationship between the MCB-fitted maximum
QD-PAA-OA retention capacity of the sand surface (Smax) and
the normalized mass flux through the diffusion boundary
layer (Λ) (equation 9). Symbols indicate the fitted Smax values
(see Table 1) for individual experiments, and the line is the
best fit power law relationship to the data.

is a mean grain size of a
medium sand (0.5 mm). The
!"
observed decrease of 𝑆!"#

with increasing velocity and grain size is consistent with previous findings for
nC60 transport in Ottawa sands and suggests the existence of a “shadow
zone.”[101, 102] The shadow zone is visualized as a down-gradient area on the
grain surface where particle deposition is limited due to the influence of approach
velocity and grain size on attachment. Higher pore-water velocity and larger sand
grain size tend to produce a larger shadow zone, corresponding to a reduced
attachment capacity. These results suggest that although competitive adsorption
and attachment strongly influenced the macroscale retention, the hydrodynamic
influences on retention capacity for QDs and PAA-OA were similar to single54

constituent systems. The correlation in eq 3.10 also provides a means to predict
retention capacity from hydrodynamic parameters for similar systems.
3.5.4 PAA-‐OA	
  Column	
  Results	
  and	
  Modeling.	
  	
  
PAA-OA breakthrough data could not be obtained in the QD-PAA-OA
experiments because it was not possible to distinguish between free residual
PAA-OA and QD-adsorbed PAA-OA in the effluent, since the residual PAA-OA
concentrations were near the detection limit (ca. 0.6 mg/L). However, separate
column experiments were performed to measure PAA-OA transport and to
confirm the validity of the fitted PAA-OA sorption parameters (PAA-CS-HA and
B). In Figure 3.5, MCB model simulations are compared with measured PAAOA effluent concentration data.

Here, the fitted value for kaPAA (77.8 1/hr)

obtained from the QD-PAA-OA transport experiments conducted in 40-50 mesh
sand at a flow rate of 1.0 mL/ min (CS-H, Table 3.2) was employed to predict
PAA-OA transport. Due to the relatively high influent concentration (50 mg/L of
PAA-OA) used in these experiments, the breakthrough curve exhibited a steep
rise to a maximum concentration plateau.

The close agreement of model

predictions and observations provides some independent validation of the fitted
PAA-OA sorption rate parameters.
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In addition to the PAA-OA
copolymer-only

column

experiments, another experiment
was

performed

in

which

the

column was pre-flushed with PAAOA prior to a pulse injection of
QDs (PRE-MS-H; Figure 3.5B and
C). Here, the adsorption of PAAOA prior to QD injection blocked
attachment sites, which resulted in
almost complete QD elution from
the column (i.e., 95.5 and 99.4% of
the applied mass). Using the fitted
parameters from the corresponding
QD-PAA-OA experiment (MS-H),
the model was able to predict the
measured

breakthrough

and

retention curves (Figure 3.5C)
following

the

PAA-OA

Figure 3.5. Prediction of PAA-OA breakthrough in 40-50

pre- mesh Ottawa sand using fitted parameters (k PAA and
a
𝑸𝑫

conditioning.

This result further

supports the hypothesis that PAAOA copolymer molecules and QDs
compete for the same sites on the

𝑺𝒎𝒂𝒙 ) from the QD-PAA-OA experiment at the
corresponding flow rate and grain size, CS-H [2]. B –
Prediction of QD elution from the column following a
PAA-OA pre-conditioning pulse in 80-100 mesh sand at 8
m/d. C – Prediction of QD Retention and PAA-OA
Sorption following PAA-OA pre-flood in 80-100 mesh
sand. For model predictions in B and C, parameters were
taken from the corresponding MCB model fit to MS-H.
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sand surface, and serves to validate the assumption that all adsorption/attachment
sites are accessible to both QDs and PAA-OA molecules (i.e., “one-site” model).
3.5.5 Model	
  Sensitivity	
  Analysis.	
  	
  
A model sensitivity analysis was performed to explore the potential influence of
co-constituents on nanoparticle transport and deposition under a wider range of
conditions, including the sorption rate and influent concentration of PAA-OA.
!"
!""
The base case conditions were: kaQD = 20 1/hr, 𝑆!"#
= 2 pmol/g (𝑆!"#
= 0.396

ug/g), kaPAA = 100 1/hr, and C0,PAA = 3 mg/L. These parameters were chosen to
represent the mid-range of fitted values in all experiments presented previously.

Figure 3.6. Sensitivity of simulated nanoparticle transport and retention to changes in
copolymer adsorption rate (A and B) and copolymer injection concentration (C and D).
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3.5.5.1 	
  Sensitivity	
  to	
  PAA-‐OA	
  Sorption	
  Rate.	
  	
  	
  
Sensitivity of the MCB model to changes in stabilizing agent sorption rate (kaPAA)
!"
for a fixed kaQD and 𝑆!"#
are shown in Figure 3.6 (A and B). Here, kaPAA was

varied between 10 1/hr and 1000 1/hr to explore a representative range of kaPAA
values that were similar to fitted values (Table 3.2). In general, QD transport
(breakthrough) and retention were not sensitive to changes in kaPAA, except for
deposition concentrations near the column inlet (Figure 3.6B). The time of QD
breakthrough decreased with increasing kaPAA, which was attributed to increased
competition for available attachment sites. It is also apparent that the value of
kaPAA has a significant effect on the shape of the QD retention profiles near the
column inlet, where the co-constituents and nanoparticles are competing for the
same surface sites.

In the scenario in which kaPAA is 10 1/hr, a declining

nanoparticle retention profile was obtained because adsorption of PAA-OA
occurred at a slower rate than QD attachment, allowing for QDs to outcompete
PAA-OA near the inlet. When the PAA-OA adsorption rates were increased,
greater amounts of PAA-OA were adsorbed near the column inlet, resulting in
decreased QD attachment and a sharp increase in the slope of the retention profile.
However, as the value of kaPAA approached 1000 1/hr, changes in the retention
profile reached an asymptote, indicating a reduced model sensitivity at higher
values of kaPAA. This lack of model sensitivity at high values of kaPAA (>100 1/hr)
is consistent with the large confidence intervals obtained for the kaPAA parameter
during model fitting using eq 4 (Table S2 and Figures S1 and S2, manuscript
supporting information).
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3.5.5.2 	
  Sensitivity	
  to	
  PAA-‐OA	
  Concentration.	
  
Model sensitivity to changes in stabilizing agent injection concentration was
explored by varying C0,PAA between 0.6 mg/L and 6 mg/L (Figure 3.6C and D).
Since the PAA-OA concentration may not be known or measured a priori, this
range was chosen to be representative of conditions that are likely to be found in
these QD suspensions. When the stabilizing agent concentration increased by one
order of magnitude (from 0.6 mg/L to 6 mg/L), the fraction of QDs which eluted
from the column increased from 7.8% to 69.4%. This result is consistent with the
site blocking conceptual model, where an increased concentration of PAA-OA
occupies a greater fraction of the sorption/retention sites, thereby reducing the
number of sites available for nanoparticle retention. Additionally, increasing the
PAA-OA concentration, while maintaining a constant nanoparticle concentration,
extends the competitive effects farther into the column.
It is also important to note that an increase in the residual PAA-OA
concentration would result in less QD retention and more QD elution from the
column. Therefore, interpretation of column data using a more traditional MFT
!"
model would tend to yield a lower fitted 𝑆!"#
value than was actually

representative of the system. Application of this fitted retention capacity to predict
transport at larger scales could, in turn, yield poor estimates of overall QD
retention (see a demonstration in Figure S4 in the supplemental information).
More generally, this observation highlights the importance of accurate model
conceptualization for nanoparticle fate and transport in the environment, as the
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routine use of more traditional models, such as MFT, could result in vast
differences in field-scale prediction from more conceptually accurate models.

3.6

Conclusions	
  

To our knowledge, this is the first mathematical model that can simulate
competitive attachment/sorption of nanoparticles and co-constituents, and explore
its influence on macro-scale nanoparticle transport in porous media. Mathematical
model parameterization and subsequent sensitivity analyses demonstrate that the
presence of reactive constituents – including both synthetic stabilizing agents and
naturally occurring macromolecules – have the potential to strongly influence the
transport and deposition of nanoparticles, behavior that can be simulated using the
MCB model framework presented here.

Upon release into the environment,

nanoparticle suspensions will encounter many naturally occurring co-constituents
that could occupy deposition sites in a similar manner as PAA-OA molecules in
the present system. Increased concentration of constituents that occupy a limited
number of sites to which nanoparticles would otherwise attach could greatly
enhance the transport of nanoparticles in groundwater systems. As demonstrated
by Figure 3.6(C and D), nanoparticle mobility is extremely sensitive to relative
concentrations of each constituent, demonstrating the necessity for complete
characterization of constituents in a system to ensure accurate predictions of
nanoparticle fate and transport in a lab- or field-scale scenario. Mathematical
models that account for the effects of co-constituents on particle attachment, such
as the MCB model, will be necessary to accurately describe and predict
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nanoparticle mobility in natural and engineered systems containing multiple
constituents.
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MODELING	
   INVESTIGATION	
   OF	
   HYPER-‐
EXPONENTIAL	
  RETENTION	
  BEHAVIOR	
  

Chapter	
  4.

4.1

Introduction	
  

An understanding of the fate and transport of engineered nanoparticles in
porous media is needed to assess potential environmental risks and to predict their
behavior when introduced to the subsurface environment.

The study of

nanoparticle transport has traditionally relied on soil column experiments to
observe and quantify mobility and retention for a given nanoparticle-porous
media system. These experiments are often mathematically modeled by assuming
that nanoparticles deposit on the solid phase via a first-order process [1, 101].
Although substantial progress has been made in modeling column observations, a
number of studies have implemented mathematical models that either neglect or
are unable to capture particle retention profiles along the soil column [58, 81, 101,
140, 141].

For example, one frequently-observed, yet poorly-understood,

phenomenon is a hyper-exponential deposition profile with distance from the
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inlet. [58, 101, 140] Hyper-exponential retention profiles are characterized by
maximum retention at the column inlet and a monotonically decreasing profile
that decreases at a greater rate than an exponential curve (e.g. Figure 4.1).

This

observation suggests that particle retention occurs at a greater-than first-order rate
along the column. Since nanoparticle
transport models traditionally assume
that retention is a first-order process
with a constant or strictly decreasing
retention rate [3, 58, 101, 104, 131,
142],

these

represented

results
in

are

those

poorlymodeling

frameworks (Figure 4.1).
In colloid transport studies, hyperexponential

retention

is

typically

explained by mechanical filtration (i.e.
straining)

and

size

exclusion

of

particles in pore throats [143-147].
Figure 4.1. Hyper-exponential retention of

However, this mechanism requires that nC60 particles in silica glass beads by
Wang et al.[3]

the particle size exceed as certain
threshold. Typically, straining is assumed to be significant when the ratio of
particle diameter to grain diameter is greater than 0.05,[148] although more recent
studies have suggested that straining may occur at even lower ratios of 0.002 or
0.008.[149, 150] This explanation, however, is not appropriate for the observed
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nanoparticle system behavior because of the small particle to grain size ratio,
which is on the order of 0.001 (~100 nm particles with ~1 mm sand grains).
Another mechanism that could be responsible for the anomalous retention
behavior is filter ripening, or creation of attachment sites by deposited particles
[151].

Although this mechanism has not, to the author’s knowledge, been

formally considered in the nanoparticle transport literature, certain conditions that
promote particle-particle aggregation could also contribute to a ripening process
in which suspended particles attach to deposited particles. This mechanism will
be considered here for the case of fresh and aged magnetite nanoparticles.
In this chapter, various examples of hyper-exponential retention behavior in
sand column experiments conducted at Tufts will be explored, including examples
with TiO2, silver, and magnetite (Fe3O4) nanoparticles. It will be shown that these
observations are not consistent with traditional modeling approaches for
nanoparticle transport and deposition in porous media. In addition, a number of
hypotheses for this behavior will be addressed through coupled experimental and
modeling investigations, exploring the physical and chemical influences of both
the experimental apparatus and the experimental system on nanoparticle
deposition. Finally, based on the results presented here, some conclusions and
recommendations for future work on this topic will be explored.

4.2

Mathematical	
  model	
  
The transport of nanoparticles in homogeneous saturated porous media is

traditionally described by a one-dimensional mass balance equation with firstorder particle retention kinetics:[152]
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𝜕𝐶 𝜌! 𝜕𝑆
𝜕!𝐶
𝜕𝐶
+
= 𝐷! ! − 𝑣!
𝜕𝑡
𝑛 𝜕𝑡
𝜕𝑥
𝜕𝑥

(4.1)

𝜌! 𝜕𝑆
= 𝑘!"" 𝛹𝐶
𝑛 𝜕𝑡

(4.2)

where C is the concentration of suspended particles [M/L3], t is time [T], katt is the
first-order particle attachment rate [T-1], DH is the hydrodynamic dispersion
coefficient [L2/T], x is the distance from the column inlet [L], vp is the pore water
velocity [L/T], ρb is the bulk density [M/L3], n is the bed porosity [-], which is
equivalent to the volumetric water content in saturated media, and S is the
concentration of attached particles [M/M]. In this modified first-order model, Ψ
[-] is a Langmuirian blocking function that is expressed by:[152]

𝛹=

𝑆!"# − 𝑆
𝑆!"#

(4.3)

where Smax is the maximum retention capacity for nanoparticles on the sand
surface, a system-specific parameter that quantifies the available area for
nanoparticle attachment. Here, Ψ is a spatiotemporal function of the retained
nanoparticle concentration that scales from unity to zero as the attached
concentration, S, approaches the maximum retention capacity, Smax.
Equations (4.1) – (4.3) were solved with an implicit-in-time and centralin-space finite difference scheme implemented in MATLAB R2010a (The
Mathworks Inc., Natick, MA).

Pore-water velocity, vp, and hydrodynamic

dispersion, DH, terms were independently determined from column tracer data.
katt and Smax were then determined by fitting the model to effluent breakthrough
data using a non-linear least squares minimization algorithm.[142]
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4.3

Results	
  

4.3.1 Nano	
  Titanium	
  Dioxide	
  transport	
  in	
  Federal	
  Fine	
  Ottawa	
  Sand	
  
In this section, four experiments to test the transport and deposition of
nano-titanium dioxide onto Federal Fine Ottawa Sand were taken from a previous
study undertaken in the Pennell Lab [153]. Complete descriptions of the
experimental methods and results can be found in the thesis by Englehart [153].
Here, results from four column experiments were considered, two with favorable
conditions for nTiO2 deposition (1 and 2) and two with unfavorable conditions for
nTiO2 deposition (3 and 4; Table 4.1). The model described by Equations (4.1)(4.3) was fit to breakthrough data from Columns 3 and 4 to determine katt and Smax
for each experiment (Table 4.1). In the cases of Columns 1 and 2 (Figure 4.2), the
nanoparticles exhibited a positive zeta potential. Based on the zeta potential
measurements, the retention capacity on the negatively-charged sand surface
(sand zeta potential = -95 mV) [154] was assumed to be very large relative to the
injected concentration (i.e., Smax ! ∞), reducing the model to a constant firstorder deposition term (i.e., Ψ = 1 for all space and time). In Columns 3 and 4
(Figure 4.3), the model was able to capture the delayed breakthrough and the slow
rise to a steady-state plateau, behavior that cannot be described with a constant
first-order retention model. In columns 3 and 4, fitted katt values were all within
one order of magnitude of each other, consistent with the similar zeta potential
values across those columns. Fitted katt values for Columns 1 and 2 were an order
of magnitude higher (average katt = 3.85 × 10-3 s-1), attributed to the higher affinity
between the positively-charged TiO2 nanoparticles and the negatively-charged
sand surface.
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Table 4.1. Column conditions and modeling parameters for TiO2 nanoparticle transport in
Federal Fine Ottawa Sand.
Mathematical Model Fitted
Parameters

Experimentally determined parameters

Column
ID
1

pH

Suspension
Additives

C 0a
(mg/L)

5.0

None

24

Porosity

v pb
(m/d)

Mass
Breakthrough
(%)

Mass
Balance
(%)

Particle
diameterc
(nm)

Zeta
potential
(mV)

kattd
(1/s)

0.38

7.1

0

85

119

11

3.63×10- 0.32

n/a

4.06×10- 0.32

n/a

αe
(unitless)

Smaxf
(µg/g)

3

2

5.0

None

24

0.36

7.8

0

84

116

23

3

3
4

7.4
7.4

1
mM
HEPES

28

1
mM
HEPES

29

0.38

7.1

90

98

107

-28

-

0.026

2.36

-

0.066

3.89

3.14×10
4

0.39

7.3

82

93

132

-21

6.58×10
4

Figure 4.2. Comparison of experimentally measured and CFT-modeled (a) transport and (b)
retention of nTiO2 alone at pH 5.0 in Federal Fine (30-140 mesh) Ottawa sand.
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Collision efficiency (α) values were calculated from the fitted katt values
using clean-bed filtration theory:[96]
𝛼=

2𝑑!"
𝑘
3(1 − 𝑛)𝜂! 𝐿 !""

(4.4)

Where d50 is the median sand grain size [L], L is the length of the packed column
[L], and η0 is the single-collector contact efficiency. In theory, three mechanisms
contribute to η0: Brownian diffusion (ηD), interception (ηI), and gravitational
sedimentation (ηG).[96] Correlations for each parameter (ηD, ηI, and ηG) were
developed by Tufenkji and Elimelech [88] and were used in this study to estimate
the attachment efficiency, α, for TiO2 on the sand surface from the fitted
attachment rate. In Columns 3 and 4, α values were 0.026 and 0.066, consistent
with the unfavorable conditions for nanoparticle attachment in those experiments.
In Columns 1 and 2 however, α was 0.32, indicating much more favorable
conditions for nanoparticle attachment.
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Figure 4.3. Comparison of experimentally measured and model fits to (a) transport and (b)
retention of nano-TiO2 alone at pH 7.4 in Federal Fine (30-140 mesh) Ottawa sand.

Although the breakthrough behavior was well captured in all cases, the single
(average) Smax retention model did not appropriately capture the hyperexponential retention curves exhibited in Columns 3 and 4. This result suggests
that although the maximum retention capacity for each column has been reached,
indicated by the observation that all breakthrough curves reached a steady state of
1.0, the maximum retention capacity is likely not constant throughout the column.
This decreasing capacity along the column was likely caused by variable flow
conditions along the length of the column. Although models for mechanical
filtration (i.e., straining) of particles in porous media can fit hyper-exponential
retention behavior, measured particle sizes in this study were quite small (ca. 120
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nm), resulting in nTiO2 to porous media diameter (d50 = 350 µm) ratios for
column experiments in the present study ranging from 3.0×10-4 to 3.9×10-4. Thus,
since the values in this study were an order of magnitude lower than the reported
threshold values (minimum 0.002), it is not likely that physical straining
contributed to nTiO2 retention in this study. However, the single-Smax retention
model was able to accurately capture the total amount of retained mass in all
cases.
4.3.2 Hyper-‐exponential	
  retention	
  in	
  Nanosilver	
  transport	
  
Hyper-exponential retention, similar to that observed in the case of the TiO2
experiments, has also been observed for a number of other experimental systems,
most notably in the case of silver nanoparticle (nAg) transport in both Ottawa
sands and glass beads. In the case of nAg, mathematical modeling efforts using a
traditional modified first-order retention model for deposition were also unable to
fit nAg deposition profiles. In the case of nAg transport, breakthrough curves
were commonly observed to be asymmetric, with late breakthrough time, and a
slow rise to steady-state breakthrough concentration.

However, in all cases,

hyper-exponential retention profiles were observed, behavior that occurred
regardless of sand grain size (Figure 4.4), ionic strength (Figure 4.5), or pH (not
shown). Here, retention curves are plotted on a log-linear scale to demonstrate
that the measured retention profiles are convex, and thus, hyper-exponential.
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For example, Figure 4.5
shows a suite of nAg
column

experiments

conducted in unwashed 4050 mesh Ottawa Sand with
varying background ionic
strengths (as NaNO3). Each
breakthrough curve was fit
with a modified first-order
MFT model, eqs (4.1)-(4.3)
and retention profiles were
predicted

from

the Figure 4.4. Nanosilver column experiment results in Ottawa

breakthrough curve fit. In

Sands of variable grain size at a pore water velocity of 7.6
m/d.

all cases, the model was able to capture the nAg breakthrough behavior
reasonably well, including the late breakthrough and the slow rise to a plateau.
However, the model was unable to capture breakthrough plateaus which occurred
below C/C0=1.0 in the 12 mM and 20 mM cases. These results suggest that there
was a secondary interaction site in these experiments with a very high capacity,
likely caused by the presence of fine material in the unwashed sand. In all cases,
the maximum retention value and the slopes of the retention profiles were underpredicted by the modified first-order mathematical model. First-order models with
a decreasing retention rate, such as those that are commonly utilized for
nanoparticle transport in porous media, can accurately predict this late-
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asymmetrical breakthrough shape (Figure 4.4 and Figure 4.5). However, hyperexponential retention behavior nearest to the inlet will always be under-predicted
by traditional models. The spatial retention results shown here suggest that there
exists another mechanism which contributes to nanoparticle deposition that is
more complex than a first-order filtration-type process. In the following sections,
alternative hypotheses will be explored for this deviation from traditional theory.
10	
  mM
10	
  mM	
  -‐	
  MFT
12	
  mM
12	
  mM	
  -‐	
  MFT
20	
  mM
20	
  mM	
  -‐	
  MFT
30	
  mM
30	
  mM	
  -‐	
  MFT
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C/C0

0.8
0.6
0.4
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1
0
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0
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Figure 4.5. Silver nanoparticle transport in 40-50 mesh unwashed Ottawa Sand.
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15

4.3.3 Series	
  columns	
  and	
  modeling	
  –	
  nAg	
  

Figure 4.6. Experimental apparatus to test the influence of particle population heterogeneity
on nAg transport and deposition.

One hypothesis to explain this observed retention behavior is that there
exist two or more populations of particles in the nanoparticle influent suspension,
with each particle population having a different affinity for the sand surface, and
thus attaching with different kinetics.

Bi- and multi-modal nanoparticle

suspensions with respect to size or surface charge, are often observed [23, 30,
155]. Hypothetically, if a multi-modal particle size distribution were present,
particle populations which adsorbed to the soil surface at a faster rate would be
removed from aqueous suspension more rapidly, resulting in their deposition near
the inlet of the sand column. To test this hypothesis, a coupled experimental and
modeling exercise was conducted. The experiment involved a series column setup, in which a nAg pulse was flushed through a first column, and the effluent
from column one became the influent for column two (Figure 4.6).
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Hypothetically, if there existed a particle population with greater affinity for the
sand surface, it would be removed in column one, resulting in more traditional
behavior for the retention in column two.
Results from this experiment
(Figure 4.7), however, refuted
this

hypothesis;

breakthrough

and

the
retention

observations in column two
were

similar

column

to

the

experimental

single
results.

Breakthrough was observed to
have an asymmetrical shape and
retention was hyper-exponential.
To verify that this was not a
result of the transient inlet Figure 4.7. Breakthrough and retention of nAg from
condition (resulting from the
breakthrough from column one),

column two in a series of two columns. Symbols refer
to experimental data, and lines refer to model
simulations.
Column two was simulated by
assuming that the influent concentration was equal
to the effluent breakthrough concentration from
column one.

the results from column two
were fit to the MFT model, using a transient inlet condition which corresponded
to the measured breakthrough from column one (Figure 4.7, green line).
Simulating the transient inlet condition for column two resulted in a similar
breakthrough shape, but did not successfully reproduce the hyper-exponential
retention behavior. Based on these results, it was concluded that the hyper74

exponential behavior was not caused by heterogeneous particle populations in
suspension and was likely influenced by the flow conditions near the inlet of the
column.
4.3.4 Velocity-‐based	
  katt	
  calculation	
  using	
  filtration	
  theory	
  
Based on the results of the experiment in the previous section, modeling
efforts were focused on understanding the flow field created by the column inlet
experimental apparatus, and the effects of that flow field on the attachment
potential of nAg in that region. Briefly, the experimental apparatus to create flow
within the sand pack column consists of a ~0.1 cm influent line, connected to the
borosilicate glass column with a plastic threaded endcap. Thus, flow is introduced
into the sand pack (~2.5cm in diameter) via a very small diameter line (~1 mm)
which enters the column at the center, and then must spread out across the column
cross-section. To facilitate flow spreading, and to create the most uniform flow
front possible, a mesh screen covers the sand pack across the cross section near
the inlet.

The objective of the modeling exercise presented here was to

understand the effects of this inlet configuration on the flow field near the column
inlet and to determine if the apparatus could be causing the hyper-exponential
retention behavior observed.
To model the experimental apparatus, it was assumed that the flow field
was axisymmetric.

The inlet line was simulated by adding a second type

(constant flow) boundary condition to the central node in the leftmost column of
numerical cells, which was approximately the same area as the inlet in the column
experimental apparatus (~1 mm2). Then, to simulate the uncertainty of the mesh
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properties, three simulations were undertaken with the leftmost column of
numerical cells specified to have varying hydraulic conductivity values. These
simulations consisted of a mesh with hydraulic conductivity of 1×, 10× and 100×
higher than the bulk sand pack material, in this case 40-50 mesh Ottawa sand.
Using these heterogeneous hydraulic conductivity fields, and the specified flow
boundary condition for the entrance of the inlet line into the sand pack, the flow
velocity field was calculated using the MODFLOW simulator. [156] Then, using
the resultant flow field, the first-order deposition rate was calculated for each cell
of the domain using colloid filtration theory (eq 4.4).
Calculated first order attachment rates are shown for each case in Figure
4.8. The effects of flow velocity on the attachment rate are clear for all results. In
all cases, as expected, the flow velocity was the fastest near the column inlet, and
slowest around the outer diameter of the column sand pack. Since the first order
attachment rate is directly proportional to the pore water velocity in CFT,
calculated attachment rates were also highest in that region. The case with the
simulated inlet mesh hydraulic conductivity equal to the background hydraulic
conductivity (i.e. no inlet mesh simulated, conservative control) resulted in the
fastest pore-water velocities, and thus, the highest attachment rates. Increasing the
hydraulic conductivity of the inlet mesh resulted in a greater opportunity for flow
to spread across the initial cross section, and thus, lower flow velocities and lower
attachment rates in that region.
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Figure 4.8. First order attachment rate calculated using colloid filtration theory and
calculating flow velocity from the heterogeneous flow field created by the column inlet
apparatus. The top image is simulated with no inlet mesh (hydraulic conductivity constant
across the domain), the middle image with inlet mesh of 10× higher hydraulic conductivity,
and the bottom image with an inlet mesh of 100× higher hydraulic conductivity. Arrows
indicate simulated influent flow.

Using the calculated attachment rates, nanoparticle transport simulations
were also conducted in these domains (Figure 4.9) to understand the influence of
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these heterogeneous attachment rate fields on the simulated retention profile.
This simulation assumed an unlimited capacity for deposition in an attempt to
simulate the greatest possible amount of retention near the column inlet. In all
cases, the increased attachment rate near the column inlet resulted in greater
retention near the inlet than that predicted with a constant rate, consistent with
hyper-exponential retention observed. However, this behavior only extended into
the first few millimeters of the column, much shorter than what was observed
experimentally (in general, >1 cm). Additionally, only the most extreme case of
having no inlet mesh resulted in retention values of a similar order of magnitude
near the inlet. In reality, the inlet mesh likely has a hydraulic conductivity which
is much greater than the bulk sand pack (likely between the 10× and 100× cases).
These results suggest that using only the filtration framework to calculate first
order deposition rates, physical flow velocity effects alone were not sufficient to
create the hyper-exponential retention behavior observed in the nAg experiments.
However, as observed in the previous section, it is possible that flow field
heterogeneity may be contributing to these effects in a way that is not able to be
explained by the filtration modeling framework alone.

78

Breakthrough

Retention

1
0.9
0.8
0

10

Retention (ug/g)

0.7

C/C0

0.6
0.5
0.4
0.3

-1

10
0.2
0.1
0
0

2000

4000
6000
Time (s)

8000

10000

0

2

Breakthrough

4
6
8
Distance from inlet (cm)

10

12

Retention

1
0.9
0.8
0

10

Retention (ug/g)

0.7

C/C0

0.6
0.5
0.4
0.3

-1

10
0.2
0.1
0
0

2000

4000
6000
Time (s)

8000

10000

0

2

4
6
8
Distance from inlet (cm)

10

12

Figure 4.9. Nanoparticle breakthrough and retention for case of no simulated inlet mesh
(top) and the case of an inlet mesh with 10× greater hydraulic conductivity (bottom).

4.3.5 nAg	
  -‐	
  Influence	
  of	
  secondary	
  citrate	
  
Another alternative hypothesis for hyper-exponential retention behavior was
that a secondary chemical constituent in solution with the nAg could be creating
artificially high retention near the inlet of the column. In these experiments, nAg
was stabilized by citrate, so it was hypothesized that citrate could be adsorbing
slowly to the sand surface, thereby only blocking nAg attachment farther
downstream from the column.

To test this hypothesis, the coupled multi-

constituent mathematical model from Chapter 3 was fit to breakthrough and
retention results from an nAg transport experiment conducted in deionized water.
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The model successfully fit the experimental data, yet only with unrealistically
high citrate adsorption parameters (i.e. kads=0.80 hr-1, Smax=2.112 ug/g) that were
not able to be confirmed by subsequent citrate-only column experiments which
demonstrated minimal citrate adsorption to the solid phase. A secondary
experiment was also conducted to test the potential influence of citrate in these
scenarios (Figure 4.11). In that experiment, the column was pre-flushed with 10
PV of citrate solution to modify the sand surface prior to the nAg pulse.
Compared to a column with identical experimental conditions but without the
preflood, the results were identical. This suggested that the aqueous citrate had a
negligible influence on nAg deposition, thus refuting this alternative hypothesis.

Figure 4.10. MCB model fit to nAg column experiment to test the influence of citrate.
Conditions: pore water velocity = 7.6 m/d; deionized water; unwashed 40-50 mesh Ottawa
Sand.
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Figure 4.11. Comparison of nAg transport in 40-50 mesh unwashed Ottawa Sand with and
without a citrate pre-flood.
nAg Retention Variation With Ionic Strength

4.3.6 Power	
  law	
  retention	
  profile	
  modeling	
  and	
  trends	
  
In an effort to explore the
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influences of physicochemical
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Figure 4.12. Power function fits to nAg retention profiles
in 40-50 mesh Ottawa Sand with varying ionic strength.

the influence of ionic strength on nAg transport. As expected, the power function
fit each of the retention profiles very well. This result demonstrates that the
hyper-exponential non-linear behavior is not only in the beginning of the column,
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but rather extends throughout the entire column, a result which is consistent
across

all

experiments

examined

this

effort.
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Figure 4.13. Influence of pH and ionic strength on retention profile shape (characterized by
power function fitting parameters) from nAg transport experiments conducted in 40-50
mesh Ottawa Sand.

Fitted parameters from power law retention profile fits were also analyzed
for trends in ionic strength and pH (Figure 4.13). In both cases, trends suggested
that curves were elevated and steeper, with higher coefficient a and more negative
power b, in cases with higher IS and lower pH. These results, combined with the
results from the series column experiment, suggest that while physical inlet
effects that are not considered in the filtration theory framework may be
influencing this behavior, more attractive interaction energy conditions (with
lower pH and higher IS) may also be increasing these effects. More research into
the coupled physical and chemical influences on deposition in this system is
required.
4.3.7 Nano	
  magnetite	
  -‐	
  Filter	
  ripening	
  modeling	
  
Similar hyper-exponential retention curves have also been observed in
systems with nano-magnetite particle (nMag) transport through Ottawa Sand
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columns. The nMag particles used in this series of experiments were produced by
the Fortner Lab at Washington University in St. Louis for the purpose of studying
the influence of particle aging on environmental fate and transport. Column
experiments were conducted in the Pennell Lab at Tufts with varying ionic
strengths, and both fresh (i.e. unaged) and UV-aged particles used at each
condition (Table 4.2, unpublished). Hyper exponential retention curves were
observed in all experiments (Figure 4.14). This case, however, was different from
those encountered for nAg and TiO2 in that some breakthrough curves exhibited
downward-sloping plateaus, indicating a non-monotonic (initially decreasing and
later increasing) column retention rate. Interestingly, the same experiments which
exhibited a decreasing breakthrough curve, at 200 mM NaCl fresh and aged and 2
mM CaCl2 aged, also showed a 17% or greater increase in particle influent size,
indicating favorable conditions for particle aggregation.

Based on this

observation, it was hypothesized that a filter ripening mechanism was controlling
this behavior.

In such a case, with slightly attractive conditions between

nanoparticles, nMag which would deposit on the sand surface could create
additional deposition sites for particles in suspension, thereby increasing the
observed deposition rate for the system.
To model this behavior, an additional attachment site was added to the
traditional modified first-order model from equation 2, which increases
proportionally with the total deposition, S, similar to the model described by
Darby et al.:[157]
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ρ b ∂S
ρ
S
= k att ΨC + k rip
C − kdet b S
θ ∂t
S max
θ

(4.5)

Where krip is a first order attachment rate to particles deposited on the solid phase,
S, and all other terms are the same as previous models. In this model, Smax is
contained in the Ψ term, as previously modeled, but is also used to normalize the
influence of S in the ripening attachment term. This was done to maintain a
similar functional form to the katt term, normalize the units in that term, and
reduce the number of fitting parameters.

This model is consistent with the

formulation by Darby et al. [151, 157] where the ripening rate is linearly
proportional to the mass of deposited particles. However, it is more simplistic
than the Darby formulation in that it does not account for interstitial pressure
changes (i.e. head loss) caused by the agglomeration of deposited particles. A
primary limitation of this model is that it does not account for particle-particle
interactions that occur in suspension, a likely behavior in systems experiencing
particle-particle deposition (i.e. ripening) on the solid phase.

Despite these

limitations, this model can provide utility in understanding the influence of solid
phase deposited particles on deposition that occurs at later time.
Table 4.2. Experimental and modeling parameters for fresh and aged nMag particle
transport in 40-50 mesh Ottawa Sand columns.
Sizestart

Sizeend

Zeta
Potential

(mg/L) (nm)

(nm)

(mV)

Fresh

5.8

44.2

45.6

-48.7

13.60% 104.70%

0.753 0.543 n/a

3.17%

mM Aged

6.7

48.9

48.7

-47.9

15.60% 103.10%

0.467 1.009 n/a

-0.41%

Aged-dup 6.7

48.9

48.7

-47.9

14.70% 96.40%

0.549 2.074 n/a

-0.41%

C0
Salt

40
NaCl

Condition

Retained

Mass
Balance

katt Smax krip

1/hr ug/g
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Size
Increase

1/hr

200
NaCl

mM

Fresh

4.8

69.4

81.3

-29.6

53.50% 94.80%

5.42 1.073 0.738 17.15%

Aged

4.9

327.8

783.9

-14.3

82.80% 94.40%

4.13 3.497 1.469 139.14%

Fresh

5.3

48.3

52.9

-18.4

55.70% 95.60%

3.162 3.369 n/a

Aged

4.9

262.5

568.2

-23.6

82.40% 92.50%

4.53 184.72 0.516 116.46%

9.52%

2 mM CaCl2

The retention model in equation 4.5, coupled with the transport model from
equation 4.1, was then fit to the experiments in Table 4.2 (Figure 4.14). In the
cases where significant changes in particle size (i.e. >15% change in particle size)
were observed, namely 200 mM NaCl and 2 mM CaCl2 aged, the ripening rate,
krip, was also fit to the experimental data. This inherently assumes that this
mechanism was only active in those experiments where there existed favorable
conditions for particle aggregation. This model was able to accurately capture the
shapes of the breakthrough in all cases, and captured the hyper-exponential
retention behavior in all but the nMag-fresh case at 200 mM NaCl. However,
hyper-exponential retention was also observed in the cases where ripening was
not assumed to be occurring, based on breakthrough curve behavior and particle
aggregation behavior, indicating that ripening may not be the sole cause for these
retention curve shapes. Based on these results, and those from previous sections,
it appears that there is another retention mechanism which we are still unable to
explain. Although, in certain instances, especially those with favorable
aggregation conditions, filter ripening may be able to explain this behavior.
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Figure 4.14. Breakthrough (left) and retention (right) data (symbols) and modeling (lines)
for nMag transport in 40 mM NaCl (top), 200 mM NaCl (middle), and 2 mM CaCl2
(bottom). MFT indicates retention model in equation 5 with krip=0 and MFT-RIPE indicates
retention model with krip as an additional fitted parameter. Fitted parameters are shown in
Table 4.2.
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4.4

Conclusions	
  and	
  final	
  recommendations	
  
This chapter provided various examples of anomalous retention behavior

observed in a number of nanoparticle-porous media column systems, namely
hyper-exponential retention of TiO2, nAg and nMag in various sands, washed and
unwashed.

First-order models that are traditionally employed to simulate

nanoparticle deposition were unable to explain these trends in all cases.
Furthermore, numerous physical and chemical hypotheses for the causes of this
behavior were examined and refuted for these systems, including the influence of
inlet velocity on the first order filtration rate, the influence of citrate in nAg
suspensions, and filter ripening in the case of nMag. Based on the results and
observations in this chapter, it appears that some combination of both physical
and chemical properties of the system could contribute to these observations,
although the causes may be different in each case. It is also not clear if this is
strictly an artifact of the experimental design, or if this behavior could somehow
be manifested in real-world environmental transport of nanoparticles. Based on
the results of this study, the following recommendations are made to future
researchers:
•

Based on the series column experimental results for nAg, combined with
the inability of a filtration theory model to completely capture the
observed attachment rate, it appears that an additional velocity-dependent
mechanism, which is not explained in traditional filtration theory, may be
contributing to this effect.
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•

The influence of chemical conditions on this effect should also be studied
further. Based on the results here, pH and IS have a significant effect on
the shape of retention profiles and fitted power function parameters
exhibited linear trends in those cases. However, additional data points may
be necessary to draw further conclusions.

•

Further effort should be dedicated to the development of a filter ripening
model. The preliminary model developed here showed promising results,
although it was unable to completely capture the breakthrough and
retention behavior simultaneously.

In reality, particle attachment to

particles attached to the solid phase is likely a non-linear process.
•

Another potential cause of these effects which was unable to be studied
with the present macro-scale modeling approach is the effect of surface
topography on the soil grains. Because nanoparticles are much smaller
than traditional colloidal particles, they will likely be influenced by
surface topography much more than traditional colloidal particles. These
effects have been considered in the literature, e.g. [158, 159], and could be
further applied to these systems in the future.

•

Overall, this retention behavior seems to be the result of complex coupled
physicochemical processes, based on the observations of the influences of
physical effects (grain size and velocity) and chemical effects (interaction
energies) on the behavior. Based on these results, it may be that filtration
theory is not a suitable model for attachment in nanoparticle-soil systems,
and further consideration to these effects may be required.

88

IN-‐SITU	
  MEASUREMENT	
  AND	
  SIMULATION	
  

Chapter	
  5.

OF	
   NANO-‐MAGNETITE	
   MOBILITY	
   IN	
   POROUS	
   MEDIA	
  
SUBJECT	
  TO	
  TRANSIENT	
  SALINITY.	
  
The following chapter represents a coupled experimental and modeling study that
was

published

as

10.1039/C4NR05088F).

a

full

article

in

the

journal

Nanoscale

(doi:

This manuscript represents the first study to couple

nanoparticle transport and variable density/viscosity flow to describe a system
with nanoparticle deposition and release under variable brine chemistries.
Incorporation of variable density flow will be imperative to appropriately simulate
nanoparticle transport, especially in scenarios of highly concentrated suspensions
and highly transient aqueous chemistry, which may be found in nanotechnology
applications for improved oil recovery.

5.1

Abstract	
  

Nanotechnologies have been proposed for a variety of environmental applications,
including subsurface characterization, enhanced oil recovery, and in situ
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contaminant remediation. For such applications, quantitative predictive models
will be of great utility for system design and implementation.

Electrolyte

chemistry, which can vary substantially within subsurface pore waters, has been
shown to strongly influence nanoparticle aggregation and deposition in porous
media. Thus, it is essential that mathematical models be capable of tracking
changes in electrolyte chemistry and predicting its influence on nanoparticle
mobility. In this work, a modified version of a multi-dimensional multispecies
transport simulator (SEAWAT) was employed to model nanoparticle transport
under transient electrolyte conditions. The modeling effort was supported by
experimental measurements of paramagnetic magnetite (Fe3O4) nanoparticle,
coated with polyacrylamide-methylpropane sulfonic acid – lauryl acrylate (nMagPAMPS), mobility in columns packed with 40-50 mesh Ottawa sand. Column
effluent analyses and magnetic resonance imaging (MRI) were used to quantify
nanoparticle breakthrough and in situ aqueous phase concentrations, respectively.
Experimental observations revealed that introduction of de-ionized water into the
brine saturated column (80 g/L NaCl + 20 g/L CaCl2) promoted release and
remobilization of deposited nanoparticles along a diagonal front, coincident with
the variable density flow field. This behavior was accurately captured by the
simulation results, which indicated that a two-site deposition-release model
provided the best fit to experimental observations, suggesting that heterogeneous
nanoparticle-surface interactions governed nanoparticle attachment.

These

findings illustrate the importance of accounting for both physical and chemical
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processes associated with changes in electrolyte chemistry when predicting
nanoparticle transport behavior in subsurface formations.

Figure 5.1. In situ imaging and mathematical modeling capture the effects of salinity changes
on magnetite (Fe3O4) nanoparticles deposition and transport in porous media.

5.2

Introduction	
  
Engineered nanomaterials are currently being evaluated for their potential

to improve subsurface applications including oil reservoir characterization,[18,
93, 160, 161] carbon sequestration, enhanced oil recovery,[19, 21, 162,
163]_ENREF_3 and groundwater remediation.[14, 23] The proposed applications
rely on the ability to engineer nanoparticles to perform certain tasks within the
subsurface environment, including transport to a targeted zone, association with a
specific interface, and/or completion of a specific activity or process at that
interface.[23] However, performance of these functions is strongly dependent
upon particle-particle and particle-surface interaction energies, and as a
consequence, the chemistry of the pore water (e.g., ionic strength, pH,
concentration of surface-active agents).[23, 73, 164, 165]. Since nanoparticle
mobility in the subsurface will be a critical process in these applications, the
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ability to accurately simulate the effects of transient aqueous chemistry on
nanoparticle transport behavior is essential for proper delivery system design and
deployment (or implementation).
Prior studies have demonstrated that the electrolyte chemistry of
nanoparticle suspensions strongly influences their aggregation and deposition
potential in porous media.[1] An increase in ionic strength acts to suppress the
electrical double layer surrounding a nanoparticle, which decreases the
electrostatic repulsion between the nanoparticle and the solid phase surfaces.[25]
The response to such a change in solution chemistry is often reflected in
macroscale nanoparticle transport behavior, where increasing ionic strength
promotes particle-particle aggregation and particle deposition.[43] These effects
have been reported for a variety of nanoparticle types, including fullerenes,[70]
iron,[55, 166] titanium dioxide,[31, 57-59] silver,[61] quantum dots,[62] and
others.[64-66] Adding to this complexity, nanoparticles that are introduced into a
subsurface formation will be exposed to a variety of dissolved compounds in the
interstitial pore water. For example, the presence of divalent cations may also
promote aggregation and deposition by bridging complexation,[35, 61, 167]
which could lead to variable interaction energies between particles and surfaces.
Despite these potential complexities, most nanoparticle transport studies
conducted to date consider nanoparticle deposition to the solid phase as a singlesite process and neglect the heterogeneous interaction energies that could be
experienced by nanoparticles in natural porous media.
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Many subsurface formations can experience transient salinity conditions
that lead to

altered fluid flow behavior.[168] For example, nanotechnologies

have been proposed for use in oil reservoir characterization and enhanced oil
recovery.[18-20, 162, 169] A fundamental challenge in these applications is the
effect of the high salinity reservoir environment (>1 M) on nanoparticle
suspension stability.[22] While a number of experimental investigations have
focused on increasing nanoparticle suspension stability in such harsh pore
waters,[22, 170, 171] studies have yet to evaluate the coupled effects of transient
electrolyte conditions on variable density fluid flow and nanoparticle transport in
the subsurface.
Most macroscale mathematical models designed to simulate nanoparticle
transport in porous media employ modifications of clean-bed colloid filtration
theory.[96]

For example, a modified filtration theory (MFT) model, which

incorporates a limiting retention capacity term (Smax), has been successfully used
to simulate nanoparticle attachment behavior in a range of soils and aquifer
materials, including those subject to transient solution chemistry.[71, 84, 103,
131, 152]_ENREF_24 The deposition behavior of nanoparticles, however, is
much better understood than nanoparticle release, in part because irreversible
attachment (i.e., no observable detachment) is typically observed under relevant
environmental conditions, especially in systems containing divalent cations.[60,
167] In addition, nanoparticle detachment and re-entrainment in flowing pore
water (i.e., release) may strongly depend on transient hydrodynamic and
thermodynamic system characteristics,[172, 173] and may alter the retention
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capacity of the system.[174] A few studies have modeled reversible attachment
by identifying a releasable fraction of nanoparticles, a system-specific parameter
related to the interaction energies between particles and surfaces.[103, 119,
167]_ENREF_22 Although these models provide useful information regarding
the relative populations of releasable and non-releasable particles in a particular
system, they only account for variability in the detachment process, not in the
attachment process. In addition, these studies only considered relatively minor
variations in ionic strength in freshwater aquifer formations, and thus, do not
account for the potential effects of solution density contrasts on flow in estuarine
aquifers or oil reservoirs. To our knowledge, no mathematical modeling studies
have addressed the coupled influence of transient electrolyte chemistry on
nanoparticle attachment-detachment kinetics and flow behavior.
The objective of this study was to quantify the coupled physical and
chemical effects created by a transient salinity environment on the release
behavior of polymer-coated magnetite nanoparticles (nMag) in water-saturated
quartz sand. Two column studies were performed; the first was designed to
measure the effluent concentration of nMag during transport and release, while
the second was designed to obtain in situ images of nMag transport behavior
using magnetic resonance imaging (MRI).[175] The initial phases of the nMag
transport studies were performed under brine conditions, followed by the
introduction of de-ionized (DI) water to explore the release of deposited
nanoparticles. The coupled effects of variable density flow and transient ionic
strength on nMag release were modeled by modifying an existing variable density
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groundwater flow simulator to include nMag transport, deposition, and fractional
release using an MFT-based approach. To quantify the deposition and release
kinetics observed in the column experiments, the model was fit to column effluent
data, and further validated using MRI results.

5.3

Experimental	
  Methods	
  

5.3.1 Column	
  Experiments:	
  	
  
Magnetite

nanoparticles

(nMag,

Fe3O4),

coated

with

polyacrylamido-

methylpropane sulfonic acid-lauryl acrylate (nMag-PAMPS), were utilized in this
study based on their propensity to remain stable at high salinity. Details of the
synthesis of these particles are presented by Colvin and Zhu.[22, 161] Two
replicate column experiments were conducted following methods described in
previous studies.[2, 152]

Briefly, for both nanoparticle transport experiments

(nMag-eff and nMag-MRI), borosilicate glass columns (2.5 cm i.d. × 10 cm
length) were dry packed with 40-50 mesh Ottawa sand (U.S. Silica, Berkeley
Springs, WV). To ensure complete saturation, the packed columns were purged
with CO2 gas and flushed with at least 10 pore volumes (PVs) of American
Petroleum Institute (API) brine solution (8 wt% NaCl, 80 g/L and 2 wt% CaCl2)
at pH 7, designed to mimic oil reservoir salinity.[22] A pulse (ca. 1.3 PVs) of
aqueous nMag suspension (30 mg/L as Fe) was introduced into the brinesaturated column (pH 7), followed by 1.5 PVs of nMag-free brine solution. To
investigate the release of attached nMag-PAMPS, the column was then flushed
with DI water for 2.6 PV. Due to restricted orientation of the MRI device, the
column studies were performed using a horizontal orientation (i.e., flow
perpendicular to gravity) at a flow rate of 0.4 mL/min (Darcy velocity of ca. 1.0
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m/d). In the first column experiment (nMag-eff), effluent samples were collected
continuously to produce an effluent breakthrough curve, represented as the
relative effluent concentration versus the number of dimensionless pore volumes
injected. In the second column experiment (nMag-MRI), the entire column was
located within the MRI device, allowing for the collection of in situ images of the
flow field following the methods described below. Although the two nMag
column experiments were conducted under identical conditions, effluent samples
were not collected during the nMag-MRI experiment because of physical
restrictions imposed by the magnet.
Table 5.1. Experimental and model parameters for the nMag-MRI column experiments.

Parameter
Da
Lb
d50c

Experimental Values
Value
2.55
10.7
3.55E-01

Units
cm
cm
mm

θwd
3.67E-01
e
Q
4.00E-01
mL/min
f
vp
2.13E-01
cm/min
g
Dh
1.39E-02
cm2/min
PW - Phase 1h
1.3
PV
i
PW - Phase 2
1.5
PV
PW - Phase 3j
2.6
PV
k
C0 – nMag
32.6
mg/L
l
C0 – Salt
100
g/L
m
Ret
43
%
n
ρDI
0.997
g/mL
p
ρBrine
1.07
g/mL
Superscripts: a – column diameter; b – column length; c – mean sand grain size; d –
volumetric water content; e – Flow rate; f – pore water velocity; g – hydrodynamic
dispersion; h,i,j – pulse widths for each phase; k,l – initial concentrations for each
constituent; m – percent retention; n – DI water density; p – Brine density.
Modeling Values
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Parameter
Value
Units
a
βc
7.32E-04
L/g
b
katt,nr
8.80E-02
min-1
katt,rc
8.80E-02
min-1
Smaxd
5.42
ug/g
e
fr
0.40
f
kdet,r
4.60E-02
min-1
CRC
45
g/L
Superscripts: a – Volumetric expansion coefficient for salt concentration; b –
attachment rate for non-releasable sites; c – attachment rate for releasable sites; d –
total solid phase retention capacity; e – fraction of releasable sites; f – detachment
rate for releasable sites.
The magnetic imaging device consisted of a wide-bore static field 2T (1H 85
MHz) magnet (Nalorac Cryogenics, Walnut Creek, CA), a Bruker Biospec
spectrometer console (Bruker BioSpin, Billerica, MA), and a ParaVision
acquisition platform. Prior to use, the MRI system was calibrated using a CuSO4–
doped agar. The brine-saturated column was placed into a radio frequency (RF)
probe (i.d. = 125 mm) consisting of a birdcage coil tuned to 85 MHz with both
cylindrical axes aligned.

The probe was placed horizontally in the center

homogeneous region of the magnet. Following calibration and setup of the MRI
system, the nMag-MRI column was run according to the procedures outlined
above. Sagittal (i.e., side view) and axial (i.e., cross-sectional view) magnetic
resonance profiles of the spin-spin relaxation time (T2) and relaxation rate (R2 =
1/T2) were obtained every 3.5 min using a multiple slice multiple echo (MSME)
imaging experiment[176] with an in-plane resolution of 0.98 mm and slice
thickness of 2 mm with an echo time TE = 13 ms and a repetition time TR = 1.5 s.
MSME can yield the equivalent NMR signal decay data as the Carr-PurcellMeiboom-Gill (CPMG) pulse-echo sequence,[169, 177] but with spatial
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resolution. A diagram of the column orientation within the MRI device and the
resulting image orientations are presented in Figure S1.

Figure 5.2. Column setup in the MRI apparatus and model discretization domain. The green
column in the discretization domain represents the plane from which the sagittal images in
Figure 4 are taken.

5.3.2 Analytical	
  Methods:	
  
The mean hydrodynamic diameter of the nanoparticles was determined by
dynamic light scattering (DLS) using a Zetasizer Nano ZS Analyzer (Malvern
Instruments, Southborough, MA), operated in non-invasive back scattering
(NIBS®) mode at an angle of 173o. To determine nMag-PAMPS concentrations
in aqueous samples, elemental Fe present in the nanoparticles was quantified
using an Optima 7300 DV inductively coupled plasma – optical emission
spectrometer (ICP-OES; Shelton, CT) based upon a five-point calibration curve
obtained over a concentration range of 0.5 to 50 mg Fe/L. Solid-phase samples
were collected near the column inlet and prepared for scanning electron
microscopy (SEM) imaging by attaching sands grain onto an aluminum mount
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stub (Electron Microscopy Sciences) covered with conductive carbon tape
(Electron Microscopy Sciences). The samples were then air-dried overnight and
analyzed using a Zeiss Ultra Plus field emission SEM (Carl Zeiss Microscopy,
LLC, Peabody, MA) with charge compensation operated at 3 kV.
5.4 Mathematical Model Development
5.4.1 Coupled	
  Flow	
  and	
  Transport	
  Model:	
  	
  
The horizontal orientation of the experimental column, required by the MRI
apparatus (see Materials and Methods), coupled with the application of transient
brine chemistry floods, created non-uniform, variable density, flow conditions.
To simulate this flow behavior, a variable density aqueous phase flow equation
was employed:[178]
𝛻∙ 𝜌

𝜇
𝜌 − 𝜌!
𝑲𝟎 𝛻ℎ +
𝛻𝑧
𝜇!
𝜌!
= 𝜌𝑆!,!

𝜕ℎ!
𝜕𝜌 𝜕𝐶
+ 𝜃!
− 𝜌! 𝑞! ′
𝜕𝑡
𝜕𝐶 𝜕𝑡

(1)

where Ss,0 is the specific storage coefficient of the porous medium [L-1], h0 is the
potentiometric head of the reference fluid (de-ionized 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, 𝜃! is the volumetric water content [-], h is
pressure head [L], z is elevation head [L], and ρsqs′ is a volumetric flux source
term [M L-3 T-1] with ρs being the density of the source fluid. Note that for
constant density, this equation reduces to the traditional groundwater flow
equation.[179] To track the influence of brine concentration on fluid density, the
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spatiotemporal brine concentration profile was resolved using a traditional
component mass balance equation:
𝜕(𝜃! 𝐶! )
= ∇ ∙ 𝜃𝑫! ∇𝐶! − ∇ ∙ 𝜃! 𝑣! 𝐶! + 𝑞! 𝐶!,!
𝜕𝑡
+

(2)

𝑅!

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
concentration of the source/sink fluid, and Rn is the n-th reaction which
transforms constituent i. In the case of brine transport, the cation exchange
capacity of the sand was considered negligible, such that Rn = 0.
A linearized equation of state (3) was then used to represent density,
incorporating a volumetric expansion coefficient, βc, for salt concentration (4):
𝜌 = 𝜌! exp 𝛽! 𝐶 − 𝐶!
𝛽! =

≈ 𝜌! + 𝜌! 𝛽! 𝐶 − 𝐶!

1 𝜕𝜌
𝜌! 𝜕𝐶

!,!

(3)
(4)

Solution of equations (1) through (4) was implemented using the SEAWAT
version 4 software package, an open-source groundwater flow and transport code
developed by the USGS.[178] SEAWAT is a modification of the MODFLOWMT3DMS suite[156, 180] which is often used to simulate variable density
groundwater flow and transport due to transient concentration (i.e. salt), heat, or
pressure, especially in estuarial environments.[181, 182]
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The SEAWAT

simulator offers the ability to account for multiple constituents simultaneously, a
feature which was utilized in this study to examine the influence of transient brine
concentration on nanoparticle attachment and detachment behavior. Note that, in
this scenario, it was assumed that the dilute concentrations of nMag (< 30 mg/L)
would have a negligible influence on the fluid density (<0.01%).
5.4.2 Nanoparticle	
  Deposition	
  and	
  Release	
  Models:	
  	
  
Nanoparticle transport was calculated using a balance equation of the form (2),
with Rn representing the interaction between nanoparticles and the solid surface.
To accommodate two types of deposition sites on the solid surface, strongly-held
non-releasable (e.g., in the primary energy minimum) and weakly-held releasable
(e.g. in the secondary energy minimum) sites, utilization of a commonly
employed two-site filtration model is proposed:[119, 167, 183, 184]

𝜌!

!
𝜕𝑆 ! 𝜌! 𝜕𝑆!! 𝜌! 𝜕𝑆!"
=
+
𝜕𝑡
𝜃! 𝜕𝑡
𝜃! 𝜕𝑡
!
!
!
! !
= 𝜃! 𝑘!"",!
Ψ!! 𝐶 ! + 𝜃! 𝑘!"",!"
Ψ!"
𝐶 − 𝜌! 𝑘!"#,!
𝑆!

Ψ! =

!
!!"#,!
!!!!

!
Ψ!"
=

!
!!"#,!
!
!
!!"#,!"
!!!"
!
!!"#,!"

𝑆!"#,! = 𝑓! ∗ 𝑆!"#
!
𝑆!"#,!"
= (1 − 𝑓! ) ∗ 𝑆!"#

(5
)
(6
)
(7
)

where the r and nr subscripts represent releasable and non-releasable sites,
!
respectively, 𝑘!""
is the attachment rate of nanoparticle constituent i [T-1], Si is the
!
attached phase concentration of constituent i [M/M], 𝑘!"#,!
is the detachment rate

of attached phase nanoparticles from releasable sites [T-1], and Ψr and Ψnr are
Langmuir-type blocking functions for each site type, described by (6) and (7).
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The fraction of releasable sites (fr) divides the total retention capacity into
separate capacities for releasable and non-releasable sites, Smax,r and Smax,nr,
respectively. This model is similar to that presented in Bradford et al.[119, 167] in
that the releasable particles are treated separately from non-releasable particles
through implementation of a fraction.

Herein, the two sites are considered

separate throughout the entire experiment, rather than only during the release
phase, similar to the approach of Tosco et al.[103] Consistent with other MFTbased models, as the concentration of attached phase particles approaches the
maximum retention capacity of a site type, Ψ decreases from unity, effectively
slowing down, and eventually eliminating, the kinetic attachment of suspended
nanoparticles to those sites.
The detachment rate for releasable sites is assumed to be a step function of
the aqueous salt concentration:

!
𝑘!"#,!
= 𝑘!"#,! 𝐶 !"#$% =

!
𝑘!"#
0

𝑖𝑓  𝐶 !"#$% ≤ 𝐶𝑅𝐶
𝑖𝑓  𝐶 !"#$% > 𝐶𝑅𝐶

where Cbrine is the concentration of brine in a given volume, CRC is the critical
!
release concentration of brine, and 𝑘!"#
is the detachment rate for particles in

regions in which the brine concentration is below the critical release
concentration.

This model is similar to the Heaviside model proposed by

Bradford et al., 23, 43 but allows the user to include the CRC specific to the system
of interest.[119, 167]
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5.4.3 Mathematical	
  Model	
  Implementation:	
  	
  
Implementation of the mathematical model in the SEAWAT framework was
accomplished by adapting the

non-equilibrium sorption reaction module in

MT3DMS:[87]
𝑆!
𝑅! = 𝛽 𝐶 −
𝐾!
where β and Kd are non-equilibrium sorption parameters required by MT3DMS.
!

For nanoparticle attachment and release, the following functional forms were
implemented for β and Kd:
!
𝛽 = 𝜃! 𝑘!""
𝛹

𝐾! =

!
!! !!""
!
!
!! !!"#

The code was modified to update these terms in space and time according to
changes in attached nanoparticle mass. The two-site model described in equations
(5)-(8) was implemented using two separate Rn terms, one for each class of
attachment sites, r and nr. It should be noted that in this implementation, kdet
resides in the denominator of the Kd coefficient, which requires that kdet be set to ε
= 1x10-10 when the model defines it to be zero.
The column was simulated as a three dimensional rectangular prism, with
the cross sectional area equivalent to that of the experimental column (Figure S1).
This simplified configuration was used to reduce computational time and
provided only negligible differences from simulation results using a circular cross
section. All outer boundaries were treated as no-flow boundaries. Influent/
effluent

ports

were

simulated

by

implementing

a

MODFLOW

(injection/extraction) well boundary condition at the center node in the first and
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last column cross sections. The column inlet screen, which is designed to contain
the porous media within the column, also allows for influent fluid to spread across
the column cross section. To mimic this behavior in the model, the hydraulic
conductivity of the first cross section of cells was set at a value 103 times greater
than the hydraulic conductivity of the 40-50 mesh sand.
5.4.4 Model	
  Parameter	
  Estimation:	
  	
  
Hydrodynamic dispersion for the 40-50 mesh Ottawa sand used in this study was
estimated from non-reactive tracer tests in similar experiments from a previous
study to be 1.39 × 10-2 cm2/min.[73] All parameter estimation for nanoparticle
attachment and detachment was conducted using a non-linear least squares
optimization algorithm provided by MATLAB (The Mathworks, Natick, MA).

5.5

Results	
  and	
  Discussion	
  

5.5.1 nMag	
  Column	
  Result:	
  	
  	
  
Effluent breakthrough data for the transport of nMag-PAMPS through Ottawa
sand are presented in Figure 1 (experiment nMag-eff). Here, Phases 1, 2, and 3
represent the periods of 30 mg/L nMag suspension injection into the brinesaturated column, the nMag-free brine flush of the column, and the injection of DI
water through the column, respectively. At the applied pore-water velocity of 3.1
m/d, nMag-PAMPS exhibited slightly delayed breakthrough (ca. 1.3 PVs). Once
breakthrough occurred, nMag-PAMPS reached a maximum effluent concentration
of 24 mg nMag/L (C/C0 = 0.78) at 2.1 PV. Following the pulse injection, the
nMag-PAMPS concentration decreased rapidly, with approximately 46% of the
applied mass (ca. 918 ug) recovered in the column effluent (ca. 54% retained).
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Detachment (release) of deposited nMag-PAMPS occurred following the
introduction of DI water, with measurable nMag-PAMS concentrations in the
column detected approximately 1.0 PV after initiation of the DI water flood.
Introduction of 2.4 PVs of DI water resulted in the release of approximately 21%
of retained nanoparticle mass, leaving approximately 43% of the total injected
mass retained at the conclusion of the column experiment.

In the replicate

column experiment, the nMag hydrodynamic diameter was measured in the
influent chamber and periodically in the effluent (Figure 1A). During phases 1
and 2, nMag size remained relatively constant, with an average effluent
hydrodynamic diameter of 56 nm, compared to 52 nm in the influent. During
phase 3, however, eluted nMag particles exhibited an average hydrodynamic
diameter of 97 nm, suggesting that released nMag particles had a greater
propensity for aggregation after re-entrainment or were deposited on the surface
as agglomerates. Representative SEM images of nMag deposited on 40-50 mesh
Ottawa sand (Figure 2) reveal that nMag attachment resulted in limited coverage
of the sand surface, even at high loading (3.1 pore volumes at 1,000 mg Fe/L),
and did not approach monolayer coverage. These observations are consistent with
the results of prior nanoparticle transport studies[84, 103, 131, 152] and further
support the concept of a limited or maximum nanoparticle retention capacity
(Equations 5-7).

In addition, calculated traditional and extended DLVO

interaction energy profiles suggested that steric repulsion provided only a weak
attractive force between nMag and the sand surface, a result which was consistent
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Figure 5.4. SEM Images of nMag nanoparticles deposited on the surface of 40-50 mesh
Ottawa Sand from a representative column experiment following a 3.1 PV injection of 1000
mg/L nMag suspension.

In the second column experiment (nMag-MRI), the spin-spin relaxation time
(T2), or equivalently the relaxation rate, R2 = 1/T2, of the bulk fluid was measured
periodically along sagittal and axial planes of the column using the MRI device
(Figure 3). Iron nanoparticles have long been demonstrated to induce a strong
shift in T2, even at low concentrations and under weak magnetic fields, making
them ideal contrast agents for a variety of applications.[185] As a relaxation rate,
this shift is additive with respect to other contributions and proportional to particle
concentration for a fixed particle type and aggregation state, e.g. 𝑅! = 𝑅!,!"#$ +
𝑘  𝐶!"#$ , where R2,bulk represents the relaxation rate of the bulk fluid in the
absence of nMag particles, and k represents the relaxivity, a proportionality
constant which is sensitive to particle aggregation state.[20, 169] Thus, under
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stable aggregation conditions, magnetic nanoparticle concentrations can be
quantified because they are linearly correlated to R2. Furthermore, under our
experimental configuration, only pore-water suspended nMag particles are
detected as confirmed by the imaging measurements. Surface adhered nMag
particles typically produce a substantially smaller effect, because individual
particles can only affect the signal from bulk fluid molecules that diffuse within a
region on the order of their size and surface adhesion reduces this effective
volume.
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Figure 5.5. Relaxation rate (R2 = 1/T2) calibration with nMag concentration measured in 4050 Mesh Ottawa sand under API brine conditions (80 g/L NaCl, 20 g/L CaCl2). The
relaxivity of the nMag particles is 1.39 (s mg/L)-1 and can depend on the exact particle
synthesis and preparation as well as aggregation state[169], The intercept of 2.83 s-1
corresponds to a 352ms T2, consistent with the expected range of possible T2 values for a
clastic material.

108

In Figure 3, the strong signal (red) indicates high R2, consistent with the
presence of suspended nMag nanoparticles in the pore water, while the weak
signal (blue) indicates a low R2 consistent with nMag-free brine solution. R2 was
linearly correlated to the suspended nMag concentration in the pore water under
constant brine conditions (Figure S2):
𝑅! = 1.394𝐶!"#$ + 2.837

𝑅! = 0.998

Previous studies have also demonstrated that the R2 is strongly sensitive to
nanoparticle aggregate size and geometry:[20, 169, 177, 185]
𝑅! ∝

!
!!!

!

𝑟!!

where rG is the radius of gyration of the aggregate and n is the number of primary
particles in the aggregate. Because of this non-linear dependence of R2 on nMag
particle size, quantification of nMag concentration from R2 data was only possible
during Phases 1 and 2 of this experiment (Figure 1). Thus, R2 profiles were
primarily used to indicate presence and location of suspended nMag particles
during Phase 3.
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Figure 5.6. Time series of measured relaxation rate (R2) along the sagittal plane of the imaged column. The first column
presents the nMag injection phase (Phase 1), the second presents the brine flush phase (Phase 2), and the third presents
the DI flush phase (Phase 3). Horizontal and vertical axes correspond to length in millimeters.

During phase 1, nMag-PAMPS were uniformly distributed in the aqueous phase
after the introduction of 1.3-PVs of the influent suspension which contained ca.
30 mg/L as Fe nMag-PAMPS in brine (density ca. 1.07 g/mL) (Figure 3, panels
A-D).

The nMag-free brine flush, which was initiated in Phase 2 of the

experiment, displaced suspended nMag particles from the column (Figure 3,
panels E-G). As noted previously, the MRI configuration did not detect attached
particles, and thus, the column appears completely dark blue at the conclusion of
Phase 2 (Figure 3, panel G). At this stage of the experiment, approximately 46%
of the applied nMag was eluted from the column and the remaining 54% of the
applied mass was deposited on the quartz sand.

To evaluate the release of

deposited nMag, the column was then flushed with DI water (Phase 3, Figure 3,
panels H-I). Due the density contrast between the resident brine solution (ρl ca.
1.07 g/mL) and the injected DI water (ρl ca. 0.997 g/mL), a diagonal fluid density
front formed within the column, resulting in flow override of lower-density DI
water above the more dense resident brine solution. Along this density contrast
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front, a strong increase in R2 developed, indicating detachment and re-entrainment
of nMag-PAMPS in the pore fluid (Figure 3, panels H-I). This behavior was
attributed to the reduction in pore-water ionic strength due to the DI water flood,
which resulted in lower nMag-sand surface attractive forces and subsequent nMag
detachment. The shift in R2 was negligible up-gradient from the angled nMag
release front, indicating that nMag remaining at that location within the column
was still strongly attached to the solid surface. In response to the DI water flood,
approximately 11% of the applied nMag mass was released from sand surfaces,
while 43% of the applied nMag remained attached. The fraction of deposited
nMag mass that remained attached (ca. 80% of the total deposited mass) was
considered to be irreversibly attached under these experimental conditions. These
particles may have been strongly retained on the sand surface due to calcium ion
bridging across the primary energy barrier.[61, 70, 71] In order to account for the
different populations of attached particles (i.e., releasable and non-releasable), a
two-site detachment model[167] was employed to capture the nanoparticle release
behavior observed in Phase 3. The results of nMag-eff and nMag-MRI column
experiments clearly demonstrate the influence of ionic strength and fluid density
on nanoparticle transport, retention, and release under these experimental
conditions.
5.5.2 Modeling	
  nMag	
  Injection	
  and	
  Deposition:	
  
Detachment of deposited nMag mass was eligible during Phases 1 and 2 of the
column experiments, as supported by the minimal R2 signal observed within the
column following the passage of the nMag pulse (Figure 3), combined with the
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absence of tailing in the effluent breakthrough curve prior to introduction of DI
water (Figure 2A). A relatively sharp vertical displacement front was observed
during Phases 1 and 2 of the nMag-MRI column experiment (Figure 3) because
the 30 mg/L nMag brine suspension was injected into a brine-saturated column
which had a similar fluid density. Based on these observations, a traditional onedimensional version of the model presented in equations (2), (5), and (6) was used
to determine the nMag attachment parameters.[84, 131, 152] Attachment to the
releasable and non-releasable sites was assumed to occur at the same rate. Based
on this assumption, katt,r and katt,nr were approximated as a single attachment rate,
katt; likewise, Smax,r and Smax,nr were combined into a single site, represented by the
total retention capacity, Smax = Smax,r + Smax,nr.
The fitted nMag breakthrough curve for Phases 1 and 2 (katt=5.28 hr-1 and
Smax=5.42 ug/g) is plotted with the experimental data in Figure 1A. The MFT
model successfully captured the nMag transport behavior, including the delayed
breakthrough time (ca. 1.3 PV) and magnitude, as well as the absence of
breakthrough curve tailing following the passage of the nMag pulse. The modelpredicted solid phase retention profile following the conclusion of Phase 2 is
shown in Figure 1B, and indicates that the available nMag retention sites were
completely saturated near the column inlet, decreasing to 97% site saturation near
the column outlet. This retention behavior is consistent with the experimental
breakthrough curve, which reached a maximum relative concentration (C/C0) of
0.8, indicating that additional solid phase retention sites were still available in the
column.

Based on the ability of the model to capture all aspects of the
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breakthrough curve, the assumption of a single-site attachment model was
considered to be appropriate for Phases 1 and 2 of the experiment. The fitted katt
and Smax were then used in the multi-dimensional nanoparticle release model to
simulate the entire nMag column experiment (i.e., Phases 1-3) discussed below.
5.5.3 Modeling	
  nMag	
  Release:	
  	
  
In the MRI imaging results (Figure 3), the angled front observed in Phase 3 was
associated with both density driven flow and nanoparticle detachment, each
resulting from the transient brine conditions within the column. To appropriately
model this behavior, it was necessary to couple three-dimensional simulation of
transient flow with ionic strength induced nanoparticle detachment through the
modified SEAWAT code.

Since nMag detachment behavior depends

simultaneously on flow and chemistry in the experiment, independent
experimental determination of the detachment parameters specified in (5)-(7), kdet
and fr, was not possible. Thus, the modified SEAWAT model was fit to Phase 3
of the measured effluent breakthrough curve (Figure 1). The model results were
then compared to the observed R2 profiles at consistent time points to ensure that
the simulation appropriately captured the observed variable density flow behavior
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(Figure

4).

Figure 5.7. Comparison of fitted model result to MRI images at the three time points from
Figure 3 following initialization of DI injection (Phase 3). Column A presents corresponding
salt concentration profiles, Column B presents the two-site model best fit, and column C
presents the one-site model best fit.

Figure 4A presents the simulated centerline sagittal plane salt
concentration profiles, which are independent of the nanoparticle transport
behavior. Comparing Figure 4A with Figures 3H and 3I, it is apparent that the
nMag re-entrainment front occurs along the same angle as the salt concentration
contours in that plane. This behavior is consistent with the hypothesis that nMag
detachment occurred in response to the reduction in ionic strength resulting from
DI water front.

The nanoparticle release front was observed to occur at

approximately the 45 g/L salt concentration contour, and thus the critical release
concentration (CRC) in subsequent modeling was specified as 45 g/L.
Using a CRC value of 45 g/L, the two-site model (equations (5)-(7)) was
fit to the Phase 3 effluent data (3.0 – 5.4 PV) from the nMag-eff column
experiment, where fr and kdet were the only fitted parameters.

The two-site

detachment model successfully captured the measured effluent concentrations
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from Phase 3, including the timing of the peak nMag release (ca. 4.0 PV) and the
slope of the subsequent tailing (Figure 1A). The predicted final nMag retention
profile (Figure 1B) was flat, at a constant value of 3.25 ug/g. Given that the fitted
fraction of detachable mass was 0.40, a comparison of the retained mass with the
Smax value of 5.42 ug/g indicates that nearly all (> 99%) of the detachable mass
had been released by the end of the simulation. The fitted detachment rate, kdet,
was 2.76 hr-1, a slightly slower rate than that of attachment (katt= 5.29 hr-1).
Measured retention profiles were not available for these experiments due to the
inability to accurately distinguish between nMag associated iron and sandassociated iron in digested solid-phase samples.

However, nMag effluent

concentrations at the end of the experiment decreased to below C/C0 = 0.05,
indicating that the detachment process was essentially complete. Integration of
the experimental and model breakthrough curves showed that the model was able
to accurately capture the quantity of mass released in Phase 3, (94.1 ug simulated
with 94.3 ug measured). Simulation of the nMag suspended concentration profile
indicated that some suspended mass was still remaining in the column at the end
of the simulation, mass which explains the continuation of the downward slope at
the end of the breakthrough curve. Furthermore, although the two-site model was
not able to be fit to phases 1 and 2 of the experiment due to the absence of
retention data, two-site model predictions of these phases using parameters fitted
in phase 3 suggested that the one-site model provided a reasonable estimation of
the retention capacity of the system (See Figure S3).
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attachment model prediction using the attachment parameters from the one site model
(Figure 1). The dotted line indicates the two site model fit to the experimental data with
equivalent attachment parameters for each deposition site, and a retention capacity for nonreleasable sites equivalent to the value fitted in Figure 1 (Smax,r = fr*Smax = 2.16 ug/g). The
fitted parameters for this result (katt,r = katt,nr = 4.4 × 10-2 min-1; Smax,nr = 3.29 ug/g) resulted in
parameters which were not substantially different from those fitted by the one site model (fr
= 0.39, Smax = 5.46 ug/g). This suggests that the one site model fitted to the breakthrough
curve provided a reasonably accurate estimation of the total retention capacity of the
system, an inherent assumption of the approach taken to estimate these parameters. The
best fit attachment rates for each site of the two site model (dotted line) were half the value
of the value fitted by the one site model (see Table 1), an expected result because it is
consistent with the fact that there are two sites which are superposed to create the total
deposition profile. Based on these results, it was concluded that the one-site model provided
an accurate representation of the two-site model for the breakthrough phase of the
experiment.

Comparison of sagittal R2 profiles (Figure 3) and simulated nMag
concentration profiles (Figure 4) indicates that the variable density two-site
detachment model was able to capture the nanoparticle release behavior observed
in the nMag-MRI experiment. The two-site detachment model successfully
captured the narrow band of nMag released along the angled injected and resident
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fluid front as seen in the R2 profiles. Additionally, the model was able to capture
the decreasing angle of the nMag front as it passed through the column. This
finding suggests that the angled release behavior was primarily due to the nonuniform flow patterns created by the density contrast at the DI water-brine mixing
front.
5.5.4 Comparison	
  of	
  Nanoparticle	
  Release	
  Models:	
  	
  
To further explore the difference between the two-site detachment model utilized
here and more traditional one-site attachment models, an additional simulation
was performed. In this simulation fr was set to 1 so that the model reduced to a
traditional MFT model with detachment.[152] This resulted in a one parameter
model fit to the detachment rate, kdet, obtained using the same fitting procedure
that was employed for the two-site model simulations. Comparison of the model
fit to the measured effluent breakthrough curve (Figure 1A) showed that the onesite model was able to capture the concentration of nMag mass observed in the
column effluent at the end of the experiment (ca. 5.4 PV), but was unable to
reproduce the concentration peak at 4.0 PV and the downward slope from 4.0 to
5.4 PV. Comparison of the simulated concentration profiles (Figure 4C) to those
for the two-site model (Figure 4B) and the R2 profiles (Figure 3) demonstrate that
the one-site model was unable to capture the absence of nMag remobilization
upstream of the initial front seen in the nMag-MRI experiment, despite
successfully simulating the decreasing angle of the concentration front. At the
end of the one-site model simulation, nMag detachment continued, a result that is
not consistent with both the MRI results and the effluent results. The inability of
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the one-site model to capture the behavior observed during Phase 3 further
supports the use of a two-site model to describe nMag release and re-entrainment
in the pore fluid.

5.6

Conclusions	
  
To our knowledge, this work presents the first validated mathematical

model that couples nanoparticle transport, deposition, and release using a variable
density flow simulator. The influence of transient ionic strength on nanoparticle
interaction energies of aggregation and deposition has been well studied and
modeled,[1, 103, 167] yet prior studies have not included the potential effects of
ionic strength (i.e., density contrast) on simultaneous fluid flow. These processes
should be accounted for in systems where changes in salt or background
electrolyte levels are sufficient to induce nanoparticle detachment and reentrainment in the mobile phase, and when flow is altered as a result of density
gradients. Relevant scenarios include the use of nanoscale contrast agents for
down-hole reservoir characterization, where pore-water salinity may differ from
that of the injected water, and nanomaterial fate and transport aquifer formations
that are subject to salt water intrusion.
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Chapter	
  6.

6.1

UPSCALED	
  

Introduction	
  

Prediction of nanoparticle fate in porous media systems will require
translation of laboratory-based experimental results to the field scale using
mathematical simulators. Recent research has been dedicated to evaluation of
nanoparticle transport in bench-scale experiments in natural porous media,
including quartz crystal microbalance and sand column studies [2, 3, 63, 66, 73,
107, 186, 187]. To complement this work, a number of mathematical simulators
have been developed which can reproduce experimental results, even in cases of
transient physical and chemical conditions [2, 61, 101, 103, 104, 119, 142, 186].
However, a key piece that is absent from much of the current nanoparticle
transport research is evidence that the translation of bench scale results into a
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parameterized and validated mathematical model can successfully predict results
at larger scales.
A few studies have examined the transport potential of nanoparticles at larger
scales using models that were parameterized using bench-scale experiments [86,
87, 188]. In all of these studies, fullerene nanoparticle transport was explored in
meter-scale homogeneous and heterogeneous domains subjected to a variety of
boundary conditions by implementing filtration-based parameter models
developed with one-dimensional column experiments [101]. While these studies
provide useful insight into the potential behavior of nanoparticles in larger, multidimensional domains, to date, model predictions have not been compared to
larger scale experimental results. A similar modeling paradigm has been used in
the study of transport of non-aqueous phase liquids in porous media, but in those
studies, mathematical models developed from column-scale experiments were
verified against larger scale heterogeneous box experiments, e.g. [189].
The objective of this chapter is to compare predictions of nanoparticle
transport using a parameterized mathematical model with experimental results in
a more complex, albeit well-characterized, domain. Here, a suite of 10-cm sand
column experiments with magnetite nanoparticles is used to parameterize a
mathematical model using a filtration theory framework. Next, the mathematical
model is implemented in a larger scale two-dimensional domain that replicates an
experimental study.

Finally, comparisons between experimental results and

model predictions are presented in an effort to achieve a more complete
understanding of the implications of utilizing these modeling frameworks, which
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were developed based on column-scale experimental results, to larger and more
heterogeneous domains.

6.2

Experimental	
  details	
  

For the purposes of the work in this chapter, comparisons are made between
mathematical model predictions and experimental results achieved in the Pennell
lab at Tufts University. For this reason, only brief details of the experimental
methods for this work will be presented here, and more detailed presentations of
the experiments and analytical methods will be left for members of that group.
Briefly, a series of column experiments in three unwashed sand fractions (40-50
mesh Ottawa sand, 80-100 mesh Ottawa sand, and 60-170 mesh crushed Berea
sandstone provided by the Advanced Energy Consortium) at two flow velocities
(2 and 12 m/d) were utilized for model parameterization (Table 6.1). Details on
column preparation and methods were similar to previous studies and can be
found in various publications [2, 3, 70, 101].
Next, the calibrated model was used to predict transport in a two-dimensional
flow cell domain that was based on experiments conducted in the Pennell Lab.
Briefly, the flow cell (0.64 m length x 38 cm height x 1.4 cm internal thickness)
was wet-packed with 40-50 mesh unwashed Ottawa Sand and 3 lenses (approx.
3.5 cm height x 12.5 cm length) of 80-100 mesh washed Ottawa Sand or 60-170
mesh unwashed crushed Berea sandstone to evaluate nMag mobility under
heterogeneous conditions. A schematic diagram of the packed box is shown in
Figure 6.1. The flow cell was prepared with four injection ports (A2, A4, D2, D4)
and 22 additional sampling ports. All ports were comprised of borosilicate glass
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tubes with PTFE-lined septa that were glued into holes in the front glass panel.
Stainless steel screens were positioned around injection ports to ensure uniform
flow into the media, supporting the application of a two-dimensional modeling
approach. The pore volume of the cell was determined to be approximately 1.4 L.
Head-driven flow of background electrolyte was maintained at a pore-water
velocity of approximately 2 m/d for the duration of the experiment. The aquifer
cell was initially saturated with 2 mM CaCl2 + 0.05 mM NaHCO3 and tracer tests
(3.05 mM NaBr + 5 mg/L fluorescein) were carried out through the influent
chamber as well was individual injection ports. Following nonreactive tracer
tests, the background electrolyte was switched to API brine in incremental steps
(2.5 PVs each of 25%, 50%, 75%, and 100% API brine) to ensure complete
saturation of lenses. For individual nMag injection experiments (ports A4, D2
and D4), 200 mL of a 1000 mg/L (as Fe3O4) nMag solution in API brine was
injected using a peristaltic pump at 0.75 mL/min with head-driven background
flow of API brine at 2 m/d. Each injection was performed separately. Samples
were collected from downstream sampling ports and the effluent chamber outlet
every 20 minutes during and after the nMag injection, until the mobile nMag
pulse passed through the effluent chamber. Upon completion of aquifer cell
experiments, the cell was disassembled and sand was collected from 5.6, 8.4, or
22.4 mL sections to analyze for retained nMag.
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Figure 6.1. Aquifer cell layout for experiments and simulation of nMag injections upstream
of heterogeneous porous media zones.

6.3

Mathematical	
  Modeling	
  

6.3.1 Modeling	
   variable	
   density	
   flow	
   and	
   nanoparticle	
   transport	
   in	
  
porous	
  media	
  systems.	
  	
  
The presence of transient chemistry brine floods and high concentration
nanoparticle suspensions within a reservoir environment will create the potential
for non-uniform and variable density flow conditions. Based on this fact, the
variable density flow and transport model described in section 5.4.1, eqs (5.1) –
(5.4) is used to simulate the flow cell experiments in this work. In addition,
transport of both the suspended nMag phase and the brine phase will need to be
simulated to appropriately capture the nMag transport behavior.
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6.3.2 Nanoparticle	
  deposition	
  model	
  	
  
Nanoparticle transport is calculated using a balance equation of the form (5.2),
with Rn representing the interaction between nanoparticles and the solid surface.
Nanoparticle deposition is then calculated with a first-order retention framework
similar to (5.5), where particle deposition is limited by a system-specific retention
capacity. Since, in these experiments, ionic strength was increasing or maintained
at a constant level, we assume that nMag detachment from the solid phase is
negligible. Additionally, to reduce the number of model input parameters, and
thus increase the confidence of model parameterization, only attachment to a
single site is considered in this model:
𝜕𝑆 !
!
𝜌!
= 𝜃! 𝑘!""
𝛹!𝐶!
𝜕𝑡
𝛹! =

!
𝑆!"#
− 𝑆!
!
𝑆!"#

(6.1)
(6.2)

!
where 𝑘!""
is the attachment rate of nanoparticle constituent n [T-1], Si is the

attached phase concentration of constituent i [M/M], and Ψ is the Langmuir-type
blocking function for nanoparticle attachment. The assumption of single-site
attachment will be discussed further in the results section.
6.3.3 Empirical	
   correlations	
   for	
   first-‐order	
   deposition	
   model	
  
parameters.	
  	
  
!
Based on traditional colloid filtration theory, the first order attachment rate, 𝑘!""

(T-1), can be represented as:[96]

!
𝑘!""
=

3 1 − 𝜃! 𝑣!
𝛼𝜂!
2𝑑!
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(6.3)

where dc is the a representative collector (i.e. grain) size (L). Equation 6.3 can be
used to compute nanoparticle collision efficiency, α, for any experiment, based
upon the fitted values of 𝑘!"" . η0 values can be estimated with a correlation
presented by Tufenkji and Elimelech [88]:
!!.!"# !.!"#
𝜂! = 2.4𝐴!!.!! 𝑁!!!.!"# 𝑁!"
𝑁!"# + 0.55𝐴! 𝑁!!.!"# 𝑁!!.!"#

+

!.!"#
0.22𝑁!!!.!" 𝑁!!.!! 𝑁!"#

(6.4)

Here, As is the Happel correction factor, NR is the interception 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. The three terms in
(6.4) represent the contributions to collector efficiency by Brownian diffusion,
interception, and sedimentation, respectively.
Based on the work of Li, Wang [101], nanoparticle retention capacity
dependence on soil grain size and background flow rate was represented by the
empirical function:
!
𝑆!"#
= a ∗ Λ!!

𝛬=

!
𝑃𝑒 !

𝑑!
∗
𝑑!

(6.5)

Where a and b are power function fitting parameters, Λ is the normalized mass
flux of nanoparticles to the solid/liquid interface, dc is a representative collector
size for the porous medium, and dM is the diameter of a medium grain sand (0.5
!
mm). Using this functional form, fitted values of 𝑆!"#
from one-dimensional

column experiments can be related to the physical parameters of the system, and
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thereby applied to larger, multi-dimensional systems with heterogeneous media
and flow fields.[86, 87, 188]
6.3.4 Mathematical	
  Model	
  Implementation.	
  	
  
Following the work in chapter 5, implementation of the mathematical model in
the SEAWAT framework is accomplished by adapting the non-equilibrium
sorption reaction module in MT3DMS:[87]

𝑅! = 𝛽 𝐶 ! −

𝑆!
𝐾!

where 𝛽 and Kd are non-equilibrium sorption parameters required by MT3DMS.
For nanoparticle attachment and release, the following functional forms are
implemented for 𝛽 and Kd:
!
𝛽 = 𝜃! 𝑘!""
𝛹!

𝐾! =

!
!! !!""
!!
!
!! !!"#

The SEAWAT code was modified to update these terms in space and time,
consistent with changes in attached nanoparticle mass.
Longitudinal and transverse hydrodynamic dispersion values for the flow cell
were estimated from non-reactive (sodium fluorescein) tracer tests conducted in
the domain prior to nMag experiments. All parameter estimation for nanoparticle
attachment and detachment was conducted using a non-linear least squares
optimization algorithm provided by MATLAB (The Mathworks, Natick, MA),
which is described in further detail in chapters 3 and 5.
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6.4

Results	
  and	
  discussion	
  

6.4.1 Parameterization	
   of	
   nMag	
   transport	
   in	
   one-‐dimensional	
   column	
  
studies	
  under	
  varying	
  flow	
  conditions.	
  	
  	
  
In anticipation of flow cell

1

studies, core flood experiments were
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nanoparticle transport in various media and can be modeled with a first-order
attachment process with a decreasing rate.[61, 101, 104, 152] It is also consistent
with the presence of only a single retention site with limited capacity.

To

parameterize the modified first-order model for this nanoparticle-porous media
system, the retention model in equations (6.1)-(6.2) was fit to each core flood
breakthrough curve to estimate the katt and Smax parameters. Model fitting
parameters (katt and Smax) for each core flood are presented in Table 6.1. Using the

127

fitted parameters for each core flood, collector efficiency values (η0) were
calculated using the respective velocity and grain size using equation (6.4), and
were then input to equation (6.3) to calculate a corresponding collision efficiency
value (α). With the exception of the 12 m/d 80-100 OS core flood experiment, all
collision efficiency values were of similar magnitude, ranging from 6.3x10-3 to
4.7x10-2. This result is consistent with traditional theories for particle deposition,
e.g. [43], which assume that collision efficiency is a function of surface and
solution chemistry and is independent of grain size and flow rate. The deviations
observed in the fitted α value among these experiments may be attributed to the
heterogeneous nature of the grain surfaces in the unwashed Ottawa sand and in
the Berea sandstone, which is known to contain both silica and clay particles. Site
heterogeneity could be accounted for by implementation of a multi-site deposition
model; however, insufficient data were available in this study to parameterize
such a model. Therefore, in this study, we assume that interactions with these
surfaces could be sufficiently captured using a traditional one-site deposition
model.
Table 6.1. Fitted MFT parameters (katt and Smax) and associated empirical parameters for
nMag transport in varying flow rates and sand grain sizes. In "Media" column, numerical
range represents sieve sizes, "OS" represents Ottawa Sand, and "CSS" represents crushed
Berea sandstone.

12
m/d

2 m/d

vp

Grain
Size katt (hr-1)a
(m)

Media

Permeability
(cm2)

40-50 OS

7.37E-7

3.55E-04

1.11

5.12E-03 1.19E-01 4.30E-02 66.75

80-100 OS

4.27E-8

1.65E-04

1.56

3.33E-03 1.92E-01 1.74E-02 124.08

60-170 CSS

5.36E-9

8.00E-05

3.76

3.22E-03 3.49E-01 9.22E-03

80-100 OS

4.27E-8

1.65E-04

19.37

6.11E-03 4.62E-02 1.32E-01 105.71
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ηb

η0c

αd

Smax
(ug/g)e

1062

60-170 CSS

5.36E-9

8.00E-05

30.88

6.12E-03 9.14E-02 6.69E-02
Average α: 5.38E-02

Superscripts: a – fitted first order attachment rate, equation (6.3); b – Collector efficiency; c – single collector
efficiency, equation (6.4); d – attachment efficiency; e – Retention capacity, equation (6.5)

Fitted values of the solid phase retention capacity are shown in the final
column of Table 6.1. These Smax values demonstrated an inverse relationship with
grain size and flow rate, behavior which has been observed previously in
published literature [101]. To
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Figure 6.3. nMag retention capacity as a function of
normalized mass flux of nMag to the sand surface.
Normalized mass flux, Λ, is a measure of the transport of
nMag to the sand surface, and depends on grain size and
pore-water velocity.

as the normalized diffusive
mass flux of particles to the
surface,

similar

to

the

approach presented in [101].

Results for the fit are shown in Figure 6.3, where the trendline plotted shows the
best-fit power function:
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733

𝑆!"# = 1171.1 ∗ Λ!!.!"
!

𝛬 = 𝑃𝑒 ! ∗

𝑑!
𝑑!

(6.8)

𝑅! = 0.8698
Here Pe is the particle Peclet number (Pe=vp*L/DH), dc is a representative
grain size for the media, here taken to be d10, and dM is an average grain size, here
taken to be 5.00x10-4 m. This was done in an effort to account for the effect of
finer media in the 60-170 mesh crushed sandstone. These values are presented in
Table 6.1 in the “grain size” column. This relationship, coupled with the
parameterized filtration relationship for katt in (6.4), was used to simulate the field
of attachment kinetics in the nMag flow cell simulations, described in section
6.4.3.
6.4.2 Simulation	
  of	
  tracer	
  and	
  API	
  brine	
  in	
  two-‐dimensional	
  flow	
  cell.	
  	
  
Simulation of nMag transport and deposition first required appropriate
characterization of the background flow field and salt concentrations. The
simulation domain was created according to the exact dimensions shown in
Figure 6.1. The boundary conditions on all sides of the sand pack were set as noflow. To simulate the influent and effluent chambers on the left and right sides of
the domain, the first and last columns of numerical cells were prescribed to have a
high permeability (1000×) relative to the background 40-50 mesh Ottawa sand
media. The constant head condition that created flow in the experiment was
simulated by setting a single cell in each of the influent and effluent chambers to
have constant hydraulic head. The locations of these constant pressure cells were
consistent with the height of the influent and effluent tubes placed within the
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metal influent and effluent chambers. These boundary conditions created a steady
flow field across the flow cell, similar to what was seen in the experiment (Figure
6.4).

Simulated hydraulic head throughout domain [cm]
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Figure 6.4. Simulated hydraulic head throughout flow cell domain, in cm. The total head
drop across the flow cell was 0.8 cm, equivalent to that measured in the experimental
apparatus. This simulation was conducted without injection ports activated, and represents
the hydraulic head map used to create the background flow field.
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41.1

Next, to characterize the flow field within the flow cell sand pack, tracer
simulations were undertaken to determine dispersivity values for each region of
the sand pack and ensure that the simulated lens permeabilities appropriately
captured non-reactive tracer flow (Figure 6.5 and Figure 6.6, respectively). Based
on previous sand pack flow cell experiments with 40-50 mesh Ottawa sand,
longitudinal dispersivity in the sand pack was set as 0.1 cm throughout. This
dispersivity was found to appropriately capture tracer measurements made in
extraction ports around the lower permeability lenses (not shown). Permeameter
tests conducted in the Pennell Lab were used to estimate the permeabilities within
the 80-100 mesh OS and CSS
lenses.

When

these

permeabilities were input to
Log10(Hydraulic	
  Conductivity)	
  in	
  cm/s

the simulator, however, some
difficulty was encountered in
matching the tracer results
within the CSS lens. Despite
the ability of the model to
capture

extraction

breakthrough

port
curves,

simulation results did not
capture the tracer front that
Figure 6.5. Simulated flow fields for Injections in the

was visually observed within A4, and D2 ports, upstream of 80-100 mesh OS and
that lens.

Less penetration

CSS lenses, respectively. Shading tone represents
hydraulic conductivity according to the scale, blue lines
represent simulated flow paths, and green dots
represent injection and extraction ports.	
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was simulated than was observed (see minimal penetration into the CSS lens in
the third row of Figure 6.6). However, since there were no extraction ports present
within that lens, tracer concentration could not be measured in that location.
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Figure 6.6. Time points of tracer injections in A4 injection port upstream of 80-100 mesh OS lens
(first row), D4 injection port upstream of 40-50 mesh OS background (second row), and D2 injection
port upstream of CSS lens (third row).

To aid the Pennell Lab in flow cell design and implementation, additional
computational effort was provided to simulate the process of saturating the box
with API brine. These simulations were conducted to optimize the method of
brine introduction into the flow cell, namely to determine the optimal location of
injection and extraction ports in the flow cell’s influent and effluent chambers.
The measured densities of DI water (0.997 g/mL) and API Brine (1.06 g/mL)
were implemented into a simulation of the experimental flow configuration.
Simulation results are shown in Figure 6.7. Based on simulations, the optimal
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method for API brine introduction was found to be a stepwise introduction of
25%, 50%, 75%, and 100% API brine in 2.5 PV (~2.5L) increments at an influent
tube height of 19.5 cm and an effluent tube height of 11.7 cm from the bottom of
the sand pack. This method allowed for nearly complete saturation of the full
box, despite the strong density contrast. Note that full brine saturation of the CSS
lens is not achieved because of its low permeability relative to the sand pack.
Because of the predicted incomplete saturation of this lens, the simulated brine
saturations were input as initial conditions for each subsequent nMag injection
simulation.
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Figure 6.7. Introduction of API brine into the two-dimensional flow cell, simulated using the
model from equations (1)-(4). The optimal height from the bottom of the sand pack was
found to be 19.5 cm for the influent tube and 11.7 cm for the effluent tube.

6.4.3 Simulation	
  of	
  nMag	
  transport	
  in	
  the	
  flow	
  cell.	
  	
  
Following tracer and brine saturation simulations, nMag transport was simulated
in the flow cell domain. To accurately model the deposition of nMag particles in
this experiment, it was necessary to incorporate the influence of grain size and
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0

background pore water velocity on the retention process. Therefore, core flood
results presented in section 6.4.1 were utilized to parameterize the influence of
these domain-specific properties on katt and Smax. The katt field was calculated
throughout the flow cell by using the average collision efficiency found in these
core flood experiments and the collector efficiency values calculated from
equation (6.4). Smax was subsequently calculated for all regions of the flow cell
domain using equation (6.8). In addition, the nMag suspension density was also
accounted for in the model (this was measured to be denser than the API brine
solution, 1.07 g/mL vs. 1.06 g/mL, respectively) by implementing nMag as a
component influencing flow density in that module of the simulator. Using the
calculated katt and Smax fields based on the core flood parameterization,
simulations of the nMag injections into ports A4, D2, and D4 were conducted.
One particular example, the A4 injection upstream of the 80-100 mesh
Ottawa sand lens, is shown in Figure 6.8 and Figure 6.9. In this representative
example, the higher density nMag suspension created an nMag plume that
differed dramatically from the symmetrical tracer tests. This behavior was
consistent with observations in this and all other injections. In addition, the
model was able to capture the interface instability at the bottom of the injected
nMag plume created by the introduction of the denser nMag fluid above the less
dense API brine solution. This result, combined with consistent observations in
the flow cell experiment, suggests that even slight fluid density differences (i.e.
0.01 g/mL) could play a significant role in the mobility of these fluids in a
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reservoir injection scenario. Therefore, these effects must be accounted for in
nanoparticle mobility simulations in a reservoir environment.
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Figure 6.8. Simulation of nMag injection into port A4, upstream of 80-100 mesh Ottawa
sand lens.

Figure 6.9. Images of nMag plume from port A4, upstream of 80-100 mesh Ottawa sand lens,
at timepoints which correspond to those from Figure 6.8.

These results were also captured in the port measurements (Figure 6.11;
port map shown in Figure 6.10), which exhibit a wave-like front that increases in
amplitude as the pulse travels downstream (comparing measurements in the
upstream ports, B3 and B4, with those downstream). The simulator was able to
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capture the passing of these wave-like structures (e.g. in the D5 and E4 port
simulations), but did not sufficiently capture the amplitude of these effects. This
was likely due to a slight difference between the simulated concentration and the
actual concentration, which in turn creates a slightly different density. Similar
results were observed in the other two nMag port injections. Current research is
ongoing to further investigate the effects of nMag suspension density and
viscosity on plume propagation and settling.
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C4

D5

E4

Figure 6.10. Map of port locations for breakthrough curves in Figure 6.11.
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Figure 6.11. Measured and simulated nMag concentrations at extraction wells downstream
of A4 injection port.

The final simulated retention profile following all three port injections is
presented in Figure 6.12. In this plot, the effect of nMag suspension density is
evidenced by the asymmetrical retention profiles throughout the box and within
the individual low permeability lenses. One result to note is the lack of nMag
suspension penetration into the CSS lens (top right) compared to the experimental
results. This likely occurred because of inconsistencies between the simulated
permeability and the actual permeability of that lens in situ, and thus, an
inappropriate representation of the nMag suspension sweep efficiency of that lens.
Based on this result, and results from the tracer simulations in the previous
section, the current research is directed towards assisting the Pennell Lab to
develop a method to estimate permeability values in situ, using images of the
tracer and nMag plume propagation. Despite the lack of flow penetration into the
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CSS lens, the overall magnitude of retention simulated throughout the domain is
visually similar to that estimated by flow cell sectioning (Figure 6.13). Total
retention could not be compared because that value was not quantified in the box,
and can only be speculated based on total effluent removal. Retention in the bulk
40-50 mesh OS downstream of the A4 injection is slightly lower than that
measured in the box, likely because of inconsistencies between the retention
capacity values predicted with the correlation in (6.8) and those in the actual
media. This may be due to an increased level of fines in that media, or a stronger
dependence of this parameter on velocity than currently modeled. However,
despite the inconsistencies between the measured and simulated retention values,
the overall retention behavior and plume shape is similar to that observed in the
experiment.

To improve the prediction accuracy for future experiments, the

empirical correlations for the retention capacity may need to be modified or
improved with additional data.
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Figure 6.12. Simulated nMag retention in the entire flow cell domain following all nMag
injections.

Figure 6.13. Experimentally measured nMag retention in the entire flow cell domain
following all nMag injections.

6.5

Conclusions	
  and	
  Future	
  Recommendations	
  

In this chapter, a filtration-based method was applied to nMag column
transport results to predict nMag fate in a heterogeneous flow cell experiment.
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The parameterized mathematical model, developed using results from one
dimensional sand column studies, yielded accurate estimates for the flow paths of
the injected nMag plumes, recovered concentrations from extraction ports along
the domain, and the retention concentration field determined by destructive
sampling of the experimental domain. Although previous works have explored
the implications of nanoparticle transport in a field-scale scenario using
parameters determined from column experiments, this chapter represents the first
example of comparing calibrated model predictions to experimental observations
of nanoparticle fate in a larger experimental domain. These results suggest that
similar approaches could be used to develop parameterized models for
nanoparticle transport in both engineered and natural porous media systems to
assess both implications and applications of nanoparticle release into these
environments. Furthermore, these results also suggest that nanoparticle transport
is highly dependent on the fluid properties of the flowing system, and appropriate
consideration must be given to system characteristics such as fluid density.
One particular limitation of this approach was that accurate characterization of
the system’s permeability field was required for the fate and transport simulations,
information that is often difficult or impossible to obtain in natural subsurface
media. Therefore, an interesting and natural follow-up to this work would be to
investigate the influence of model parameter uncertainty on transport predictions.
However, such a study would require a parameterized attachment model such as
the one presented here.
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EXPLORING	
   NANOPARTICLE	
   MOBILITY	
   AT	
  
THE	
   FIELD-‐SCALE:	
   APPLICATIONS	
   TO	
   RESERVOIR	
  
CHARACTERIZATION.	
  

Chapter	
  7.

7.1

Introduction	
  

Nanotechnologies have been proposed for use in many upstream oil and gas
applications, including enhanced oil recovery and enhanced characterization of
reservoir properties (See section 2.1.3.5). In any potential nanotechnology
application for improved reservoir characterization or production, large-scale
nanoparticle mobility, on the order of 100s of meters or more, will be required.
This requirement will make full-scale experimentation for application design
impossible. Since field-scale pilot studies will also be very expensive, test design,
performance evaluation, and optimization will need to be completed using
calibrated mathematical simulators, which must be validated at the laboratory
scale.

The goal of this study is to implement the mathematical simulator,

developed and calibrated in previous chapters, in a hypothetical large-scale
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heterogeneous domain to understand and quantify the potential influence of
reservoir properties and the deposition model complexity on simulated
nanoparticle mobility. These tests will be completed using a suite of hypothetical
inter-well nanoparticle injections within heterogeneous subdomains of a
statistically similar simulated reservoir dataset. Tracer and nanoparticle transport
will be simulated in a series of inter-well injection-extraction tests, with the intent
to maximize nanoparticle sweep efficiency within a hypothetical domain, e.g. for
a cross-well tomographic reservoir evaluation technology. [190]
This research is based upon a hypothetical test scenario using a simulated
fluvial reservoir developed at Stanford University, named Stanford VI. [191] This
particular reservoir is ideal for test scenarios such as the one proposed here, since
it exhibits a wide range of petrophysical properties as well as a dense sampling
(25m x 25m x 1m grid blocks) of the entire 3.75km x 5km x 200m domain. A
detailed description of the reservoir dataset and its development are available in
[191] and the extensive reservoir dataset is freely available online. This
hypothetical reservoir has also been used in numerous studies pertaining to
reservoir characterization and modeling, e.g. [192-194]. In this project, a portion
of the reservoir data set will be utilized to simulate hypothetical tracer and
nanoparticle injections in various subdomains of similar size and statistical
characteristics. This effort will provide insight into the potential field scale
implications of results observed at the lab scale. In addition, inter-model
comparisons will be made to elucidate the influence of conceptual model choice
on field scale transport predictions.
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7.2

Methods	
  

7.2.1 Description	
  of	
  test	
  site	
  

Figure 7.1. Stanford VI anticline structure of the three reservoir layers.

Figure 7.2. Permeability of two layers of the meandering stream
layer (Layer 1) of Stanford VI. Lines indicate locations of
vertical wells which were used for 30 year flow simulation.

An extensive description of the site can be found in Castro [191], so only a
few necessary details will be described here. This simulated domain was
conceived with the intention of providing a densely sampled test bed for testing
new reservoir characterization and modeling algorithms, following methods
proposed by Mao and Journel [195]. The reservoir dataset was developed by
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simulating the reservoir facies with a
commercial
package,
Technology

depositional
SBED
Corp.,

modeling

(Geomodeling
Calgary,

AB,

Canada), followed by co-simulation of
the porosity and permeability with
sequential Gaussian simulation. The
reservoir exhibits a traditional anticline
structure (Figure 7.1), and is modeled
after a hypothetical fluvial reservoir
system that consists of both sand and
shale deposits. The reservoir is 3750m
wide, 5000 m long, and 200 m thick,
with a three-layer prograding fluvial Figure 7.3. Plan view of permeability map of a
system (80m, 40m, and 80m).

For

example, permeability of a meandering
channel layer (layer 1) is presented in

single layer in the deltaic deposits layer of
Stanford VI (top). Contour lines represent depth
in meters, and red dots indicate vertical well
locations. Permeability in the detltaic layer was
then determined along the red line, between two
wells, and plotted in bottom image.

Figure 7.2. The grid is 150 x 200 x 200 cells (6 million cells) with 25m grid
spacing in the x and y directions and 1 m spacing in the z direction. Following the
development of the physical reservoir structure dataset, the permeability field was
upscaled to a coarser grid to allow for a flow simulation, completed in ECLIPSE
(Schlumberger, Houston, TX), to simulate the evolution of cell-by-cell fluid
saturations during a thirty-year water flooding exploitation. The dataset also
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contains reservoir mineralogy data, which are correlated to physical
characteristics.
7.2.2 Tracer	
  and	
  nanoparticle	
  transport	
  tests	
  in	
  Stanford	
  VI	
  domain	
  
For the purposes of the project, the influence of reservoir heterogeneity on
nMag transport was tested in the highly heterogeneous deltaic deposits layer
(layer 3, shown in Figure 7.3). To accomplish this, that layer was divided into
twenty subdomains in which inter-well tracer and nanoparticle injection
simulations were performed in each to quantify the influence of heterogeneity on
the nanoparticle sweep efficiency (

!!"#$%%&'(#$)
!!"!#$

). The deltaic deposits layer

consists of two simulated geologic facies, designated by the authors of Stanford
VI as “Channel” and “Floodplain.” Each facies exhibits a range of petrophysical
properties (Table 7.1). In general, cells in the channel facies are approximately
four orders of magnitude more conductive than those in the floodplain facies,
suggesting that flow in the floodplain facies will be minimal for the conditions
chosen. Each subdomain is 1250 m × 750 m × 20 m and consists of 30,000 cells
(50 × 30 × 20, respectively) with 25 m × 25 m × 1 m grid blocks, each with
properties taken directly from the Stanford VI reservoir dataset. The original
discretization from the dataset was preserved to reduce error that may result from
model scaling. A graphical description of this subdomain designation method is
presented in Figure 7.4 and Figure 7.5. In Figure 7.5, Subdomain 10 is also shown
to illustrate the permeability contrast that exists in each region.
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Table 7.1. Selected averaged properties of the two facies from the domain utilized in the
subdomain simulations. All properties are averaged over all subdomains. Each subdomain
exhibits its own statistical properties.
Porosity (-)
Facies

Permeability (mD)

Saturation (-)

Mineralogy (-)

Mean

Standard
Deviation

Mean

Standard
Deviation

Mean

Standard
Deviation

Clay

Quartz

Feldspar

Rock
Fragments

Channel

0.266141

0.02525

4.11E+03

9.83E+02

0.60

0.13

0

0.65

0.2

0.15

Floodplain

0.07755

0.018162

2.99E-01

2.62E-01

0.98

0.01

0.7

0.2

0.1

0

Figure 7.4. Sectioning pattern and numbering scheme for simulation subdomains.
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Permeability	
  (mD)
Figure 7.5. Division of Stanford VI, layer 3 (deltaic deposits), into twenty equal subdomains.
Color map refers to permeability in mD, An example of a subdomain, subdomain 10, is
shown in the breakout image on the right.

Following breakdown of Stanford VI into subdomains, well positions were
chosen for each.

Here, well position was chosen to be identical for each

subdomain, with the injection well in node column (13, 15), i.e. all nodes at the xy position of (13,15) along the depth of the subdomain, and the extraction well in
node column (40,15), resulting in a well separation distance of 675m in each
subdomain. Next, along each node column, injection and extraction locations
were chosen according to their facies type, and only cells in the more conductive
“channel” facies were designated as injection/extraction points.

Well screen

lengths were chosen to be two numerical layers, equivalent to 2m. Here,
subdomains 3, 6, and 13 were excluded because only floodplain cells were present
along the chosen injection/extraction wells, and thus inter-well tests were deemed
infeasible. For the other subdomains, inter-well tests were conducted with a
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specified flow rate of 100 m3/hr, distributed along the 2 m screen length, using the
well package in MODFLOW.
For the first set of simulations in each subdomain, two non-reactive tracer
simulations were conducted, one continuous and one pulse.

The continuous

injection simulations consisted of non-reactive tracer being introduced into the
reservoir via the injection well for a period of 2000 days. For these simulations,
non-reactive tracer was injected for a period of 2000 days to ensure that all
injection-accessible pore volume in each subdomain was reached, and that a
steady-state concentration was achieved throughout the domain. Next, a 30-day
non-reactive tracer pulse injection was simulated in each subdomain, followed by
a 1900 day injection of tracer-free water. This test was conducted to quantify the
maximum travel distance for a specific pulse size, consistent with nanoparticle
pulse injections, for comparison to nanoparticle transport simulations of similar
durations.
For the next phase of simulations, 1% wt/wt nMag suspension (10 g/L)
was injected into the reservoir for a period of 30 days under two different
attachment scenarios. For both scenarios, uniform (time invariant) attachment
rates and capacities were used for each cell in a subdomain. For the first set,
constant parameters were used from the measured kinetic parameters for
Ferrofluid transport in Ottawa Sand (katt=29.67 d-1; Smax=6.8 ug/g). These
attachment parameters were used in each cell of the domain, regardless of
physicochemical properties, to further understand potential results from a very
simplistic conceptualization of attachment kinetics in a reservoir system. These
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results could then be compared to later simulations with greater attachment
parameters and those that include the dependence of attachment kinetics on
velocity and porous media characteristics. For the second set, constant parameters
were taken from those measured in a column experiment of nMag transport in 80100 mesh Ottawa Sand under brine conditions (katt=36.79 d-1, Smax=124 ug/g; see
Chapter 6). These two scenarios were chosen to compare results between a system
with very low (i.e. minimal) attachment affinity, representative of Ferrofluid, and
one with more average mobility parameters, representative of nMag.
For the third phase of simulations, the same conditions were simulated,
but attachment kinetic parameters (katt and Smax) were calculated for each cell
based on flow conditions and material properties (i.e. grain size).

katt was

calculated according to filtration theory, using equation (6.3), and Smax was
calculated using the empirical correlation in equation (6.8). These empirical
parameter correlations were developed based on a suite of nMag transport
experiments in varying flow conditions, and provide a more realistic flow and
porous media dependent model for a parameterized nanoparticle-porous media
system. In a realistic design scenario, a similar method would likely be used to
develop empirical correlations for attachment properties in reservoir media using
column or core studies in various conditions. Here, flow velocity was estimated
by flow solutions from the MODFLOW package and grain size was estimated
using the Kozeny-Carman equation, shown in equation (7.1), [179] and the known
permeability map in each subdomain in Stanford VI.
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𝑑!!
𝑘=
180

𝑛!
  
1−𝑛 !

(7.1)

In total, 85 simulations were conducted in this portion of the project. All
simulation results were then compared to non-reactive tracer results and measured
statistical parameters from each subdomain.
In all cases, boundary conditions were set to be uniform constant head
around all four sides of the subdomain and no flow on the top and bottom. These
boundary conditions assume that there is no imposed hydraulic gradient present in
the reservoir prior to activation of the injection well. Since the oil saturation was
generally very low in highly conductive zones, residual oil was assumed to be
immobile, allowing for a single-phase model.

The aqueous flow field was

resolved using the MODFLOW implementation discussed in Chapters 5 and 6
using the preconditioned conjugate gradient solver with incomplete Cholesky
matrix preconditioning, part of the MODFLOW package [156, 196].

The

transport of the mobile constituent (either tracer or nanoparticles) was solved
using an operator splitting technique. In this method, advection was solved with a
method of characteristics routine and all other terms (i.e. dispersion, reaction,
interaction with the solid phase) were solved with an implicit finite differencing
scheme resolved by a generalized conjugate gradient solver with Jacobi matrix
preconditioning [180, 196].
7.2.3 Variable	
  fluid	
  injections	
  
Following nanoparticle simulations in all subdomains, three candidate
subdomains were chosen for further simulations to test the influence of fluid
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chemistry on nanoparticle transport in these domains. These subdomains were
chosen based on their statistical characterization and tracer and nanoparticle
transport results. This procedure consisted of two additional simulations for each
candidate subdomain. In each of these scenarios, nMag deposition was simulated
with the same empirical correlations for katt and Smax as described in the previous
section, (6.3) and (6.8), which were developed for an nMag-Ottawa Sand/crushed
Berea sandstone system. First, a simulation was conducted in which the density of
the nMag injection fluid scaled according to the concentration, similar to the
simulations undertaken in section 6.4.3, to understand the influence of suspension
density on flow properties in these field scale simulations. This was completed
using the variable density flow and transport model described in section 5.4.1, eqs
(5.1) – (5.4), where the change in fluid density with nMag concentration was
!"

measured in the lab to be !" = 0.004.
A second set of simulations was performed in the three candidate subdomains
to understand the influence of a competitively adsorbing co-constituent on
nanoparticle mobility in those domains. Using the deposition model mentioned
above for nMag, a second, competitively adsorbing co-constituent was injected
simultaneously with the 30 day nMag pulse. This hypothetical co-constituent was
injected at 1000 mg/L, and was assigned sorption properties similar to those
observed for PAA-OA in 40-50 mesh Ottawa sand in Chapter 3, with kads = 100 h1

and Smax = 1.22 ug/g. Results for these two scenarios were then compared to

traditional filtration-theory based nMag simulations to understand the influences
of these physical processes at larger scales.
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7.3

Results	
  and	
  Discussion	
  

7.3.1 Statistical	
  Subdomain	
  Characterization.	
  
Prior to conducting simulations, a number of statistical characterizations
were undertaken for the entire domain and the subdomains described in 7.2.2.
First, histograms for the frequencies of each geologic facies (channel and
floodplain) were determined. The entire simulation domain, made up of layers 4160 of the Stanford VI domain, consisted of 44% of the highly permeable channel
facies and 56% of the highly impermeable floodplain facies.

Individual

subdomains exhibited similar frequencies for each facies (Figure 7.6), with
eighteen of the twenty subdomains containing more floodplain cells than channel
cells. Only subdomains 2 and 14 had more channel cells than floodplain cells.
Subdomain 5 exhibited the greatest discrepancy between channel and floodplain
cells, consisting of 31% channel and 69% floodplain.

Generally, greater

nanoparticle mobility and interrogation would be expected in subdomains with a
greater proportion of channel cells compared to floodplain cells. However,
because of the heterogeneous nature of the facies distributions among
subdomains, nanoparticle sweep efficiency will also be strongly dependent on the
individual physical structure of each subdomain.
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Facies	
  percentage	
  in	
  region	
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Figure 7.6. Fraction of each facies type in each subdomain. Channel refers to a facies with
primarily sand deposits (i.e. higher permeability) and floodplain refers to the facies high clay
content (i.e. very impermeable).

Since nanoparticle deposition kinetics are highly dependent on the
interstitial pore-water velocity (see eqs 6.3 and 6.8), and velocity is proportional
to

the

formation

permeability

and

hydraulic

conductivity,

subdomain

heterogeneity will be presented here in the context of each subdomain’s
respective permeability field.

However, similar characterizations were also

conducted for reservoir porosity, oil saturation, bulk density, and resistivity,
which demonstrated similar characteristics. Histograms of the logarithm of
permeability show distinct bimodal distributions in each subdomain, with the
floodplain facies making up the lower end distribution (ca. 10-2 – 100 mD) and the
channel facies making up the higher end distribution (ca. 103 mD) (Figure 7.7).
This characteristic suggests that flow will be at least 3 orders of magnitude higher
in the channel facies than in the floodplain facies, since it is linearly proportional
to the permeability, implying far less nMag flux into floodplain facies cells.
Further analysis of the channel facies shows that the permeability distributions are
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similar in each subdomain, with the minimum permeability values near 1.5 × 103
mD, the maximum near 5.7 × 103 mD, and the median between 3.3 × 103 mD and
5.1 × 103 mD (Figure 7.8).
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Figure 7.7. Logarithm of permeability histograms for each subdomain in Stanford VI
simulation domain.
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Figure 7.8. Box and whisker plot of permeability of the Channel facies by subdomain.
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As mentioned earlier, subdomain
structure, directional permeability, and
connections
extraction

between
wells

injection

are

also

and
major

determining factors in the amount of
flow

interrogation

within

the

subdomains, and thus, the amount of
transport

and

nanoparticles.

interrogation
This

is

of

especially

important for applications that require
high nanoparticle sweep efficiency, such
as smart tracer or enhanced oil recovery.
Figure 7.9. Permeability map of one

In the case of layer 3 of Stanford VI, particular layer of subdomain 17.

since it resembles an alluvial fan deposit (Figure 7.5), the primary permeability
direction varies depending on the subdomain division considered.

This

characteristic inherently provides subdomain variability in addition to the
subdomain statistics alone.
In an effort to quantify the spatial dependence of the permeability within
each subdomain, isotropic and directional (parallel and perpendicular to the wellwell axis) semivariograms were calculated and parameterized for the permeability
field of a single layer of each subdomain (isotropic shown in Figure 7.10) [197].
Calculations were completed on a single layer to reduce the computational cost,
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since variogram calculations on the entire subdomain were prohibitively
expensive and single layer slices of the permeability fields in each subdomain
were representative of the trends in the entire subdomain. All calculated isotropic
variograms reached a plateau, indicative of a stationary field, which approached a
sill value of 4.14 × 106 ± 1.47 × 106 (Table 7.2), near the calculated variance of
the permeability field for each case, as expected.

Directional variograms

exhibited similar results (not shown). By definition, the fitted range value
indicates the lag distance at which spatial correlation (i.e. covariance) for all cell
combinations within that distance approaches zero, and the variogram reaches a
plateau, the sill.

The range value can give some indication of the spatial

dispersion of the property considered, where larger values indicate that the
measured property is spatially disperse, while smaller values indicate a higher
degree of clustering of similarly valued cells. In the case of the measurement
here, these values can be used to quantify the level of permeability channeling
among reservoir subdomains. The calculated semivariogram range of each
subdomain was between 69.6 and 650.0, indicative of vast differences in the
spatial variability of the permeability field. Lower fitted range values indicated
subdomains with highly clustered permeability distributions, while higher range
values indicated subdomains with minimally clustered distributions.

For

example, the second lowest range value, 94.75, was in the highly clustered
permeability field of subdomain 4, while the highest value, 650.03, was observed
in a very channeled region, subdomain 17. In the alluvial fan structure of layer 3
(Figure 7.5), it is visually evident that subdomains near the bottom of the domain
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(i.e. subdomains 4, 8, 12, 16, 20) exhibit a very clustered structure, while those on
the top portion of the domain (subdomains 1, 5, 9, 13, 17) have a more dispersed
structure. This can also be seen in the fitted range values for each of those
subdomains when comparing them by location (Figure 7.11). Later, the fitted
isotropic variogram range values are compared to transport results to discern
trends in model results with spatial heterogeneity and channeling.
Permeability direction is another spatially dependent parameter that can be
observed especially when comparing individual subdomains.

For instance,

subdomains 10 and 17 represent two of the most extreme cases that are tested in
this study. Their statistical characteristics are similar (45% to 37% channel; 4.4 ×
103 to 4.7 × 103 mD average channel permeability, respectively), but their
directional permeabilities are vastly different, as evident in Figure 7.5. A three
dimensional rendering of the high permeability zones (Figure 7.12) demonstrates
that subdomain 10 has wells which are highly interconnected while the wells in
subdomain 17 are completely separate. This well connectivity will be a major
factor influencing nanoparticle mobility in each subdomain.
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Table 7.2. Semi-variogram fitted parameters for each subdomain.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Semi-Variogram Fits - Layer 10
range
sill
nugget
389.39
265.41
120.32
94.75
621.03
424.51
151.18
151.40
384.81
258.92
124.78
69.63
343.85
274.27
204.89
105.91
650.03
409.65
165.42
113.38
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3.78E+06
5.94E+06
4.72E+06
5.01E+06
3.51E+06
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5.24E+06
2.63E+06
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Figure 7.10. Semi-variogram of permeability for a single layer of each subdomain.
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Figure 7.11. Fitted semivariogram range values by subdomain location.
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Figure 7.12. Isosurface plot of high permeability regions in subdomain 10 (top) and
subdomain 17 (bottom). The surface shown refers to the average permeability in the
channel (high permeability) facies in each respective subdomain. Blue lines indicate locations
of simulated injection wells, and red lines indicate locations of simulated extraction wells.
Vertical exaggeration is 20×.

7.3.2 Stanford	
   VI	
   subdomain	
   tracer	
   simulations	
   –	
   quantification	
   of	
  
pore	
  volume	
  
Prior to nanoparticle injection simulations, flow and transport simulations
of continuous injection of a non-reactive tracer solution were undertaken in each
subdomain.

For these simulations, the volume of each subdomain that was

accessible to injected fluid flow was quantified (Figure 7.13). Each numerical
cell was determined to be “accessible” or inaccessible” by its non-reactive tracer
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concentration at the end of the simulation, where cells with C/C0≥0.5 labeled as
accessible. 0.5 was initially chosen as an arbitrary value, but further analysis
revealed that the chosen threshold value did not substantially change results.
Accessible pore volume in the subdomains tested ranged from 23% to 56%
(average 41% or 7.69 × 106 m3), where the lowest value was in subdomain 17 (see
Figure 7.16).
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Figure 7.13. Fraction of subdomain volume which was determined accessible by tracer
simulations.

Breakthrough in the extraction well was observed in nine of the seventeen
subdomains that were tested (Figure 7.14). In Figure 7.14, the blue line represents
actual simulation results, and the red line represents simulation results that were
smoothed using the smooth command in MATLAB R2014b with a Loess
smoothing algorithm (The Mathworks, Natick, MA). Actual simulations show
oscillation in the breakthrough curve, which is an artifact of the method of
characteristics algorithm used to solve the advection term of the transport
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equation. Substantial extraction well breakthrough indicated injection-extraction
well connectivity in those domains in which it occurred (e.g. subdomain 10,
Figure 7.12 and Figure 7.15).

Conversely, absence of extraction well

breakthrough indicated lack of well connectivity (e.g. subdomain 17, Figure 7.12
and Figure 7.16. Not surprisingly, directional permeability and well connectivity
are demonstrated to have a major influence on nanoparticle transport in these
subdomains.
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Figure 7.14. Simulated tracer breakthrough curves in each subdomain. Subdomains 3, 6,
and 13 were not simulated because of the absence of a high permeability node in either the
injection or extraction well node column. The blue line indicates simulated breakthrough
concentration and the red line indicates averaged breakthrough concentration.

Two particular examples of pore volume characterization results,
simulations for subdomains 10 and 17, are presented in Figure 7.15 and Figure
7.16 to illustrate the influence that well connectivity and directional permeability
can have on simulation results. In subdomain 10, tracer solution reaches the
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extraction well around 400 days, which is consistent with the breakthrough curve
from Figure 7.14. However, much of the tracer mass is lost through the right side
boundary, as evident in the final two frames of the simulation results shown. In
contrast, in subdomain 17, all injected tracer mass spreads laterally across the
subdomain, and exits the domain through the right and left side boundaries.
Subdomain 10 (Figure 7.15) demonstrated a below-average sweep efficiency
value (37%), which was likely due to the connectedness of the injection and
extraction wells, and thus, the direct path and lack of spreading of the injected
fluid from injection to extraction.

In the following sections, nanoparticle

transport is also analyzed in these two subdomains.
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Figure 7.15. Simulated continuous injection time point images of non-reactive tracer to
characterize subdomain 10 pore volume. Iso surfaces refer to given concentration levels,
indicated on the scale.
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Figure 7.16. Simulated continuous injection time point images of non-reactive tracer to
characterize subdomain 17 pore volume.

7.3.3 Stanford	
  VI	
  subdomain	
  nanoparticle	
  transport	
  simulations	
  
Following statistical and tracer characterization of the Stanford VI
reservoir subdomains, pulse injection simulations of tracer and nanoparticle were
completed for each. A third set of fluid and chemistry dependent nanoparticle
transport simulations is analyzed in section 7.3.4.
Tracer pulse injection simulations were conducted first to quantify the
maximum potential transport distance from a 30-day pulse injection (Figure 7.17).
In these simulations, the average tracer sweep efficiency was 21.7% ± 5.4%,
where 5.4% was the standard deviation of the results. The minimum sweep
efficiency, 11.4%, was observed in subdomain 17, which was also the subdomain
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with the minimum accessible pore volume.

The maximum sweep efficiency,

30.1%, was observed in subdomain 2. Although subdomain 2 did not exhibit the
maximum accessible pore volume quantified by continuous tracer injection
simulations, it did exhibit the maximum percentage of channel facies cells (63%).
This result suggests that the high frequency of channel facies cells in subdomain 2
is linked to greater transport potential for the injection scenarios considered here.
Generally, however, tracer pulse sweep efficiency increased with increasing
accessible pore volume, as would be expected (not shown).

Additionally,

extraction well breakthrough was minimal (i.e. C/C0 < 0.001) in all simulations,
indicating that the pulse injection period chosen would not result in complete
well-to-well transport. For this reason, sweep efficiency is considered as the
primary simulation metric for this study.
The first set of nanoparticle simulations was conducted using uniform
kinetic parameters throughout the subdomain, independent of velocity and porous
media properties, measured from a one-dimensional column experiment
conducted with Ferrofluid suspension in 40-50 mesh Ottawa sand at low ionic
strength conditions (katt = 29.76 d-1; Smax = 6.8 × 10-3 g-nMag/kg-solid). Sweep
efficiency of the nMag pulse with constant parameters in each subdomain was, on
average, 21±5% of the entire subdomain volume. This equates to 51±12% of the
total accessible pore volume, quantified by continuous tracer simulations (Figure
7.17). Three subdomains exhibited sweep efficiency that was greater than 1
standard deviation above the mean: subdomains 1 (65%), 2 (66%), and 18 (73%).
However, of these three subdomains, two (1 and 18) exhibited a below-average
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value for accessible pore volume, and all three exhibited at or above average
values of total subdomain sweep efficiency.

This indicates that these

anomalously high values resulted from the below average accessible pore volume
in those subdomains. This result also suggests that low accessible pore volume
could result in fewer accessible nanoparticle attachment sites, and thus, greater
relative sweep efficiency.
The second set of nanoparticle simulations was conducted with constant
kinetic parameters that were taken from 80-100 mesh Ottawa Sand transport
results in API brine conditions (katt = 36.79 d-1; Smax = 1.24 × 10-1 g-nMag/kgsolid).

In this case, nMag sweep efficiency was 9.9 ± 0.9% of the total

subdomain volume. The greatest sweep efficiencies in this case were also
observed in subdomains 1 and 2. However, in this case, subdomain 10 also
exhibited a greater than one standard deviation above the mean sweep efficiency
(10.9%), a result that was not observed in the maximal mobility scenario above.
In general, nMag transport in this simulation scenario was 53% lower than that
observed with the more optimal Ferrofluid system parameters as presented above.
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Figure 7.17. Percentage of subdomain interrogated by Tracer, Ferrofluid suspension with
constant attachment parameters from 40-50 mesh Ottawa Sand, nMag with constant
attachment parameters from 80-100 mesh Ottawa Sand, and nMag with velocity-dependent
attachment parameters compared to the total accessible pore volume determined in the
previous section.

A third set of simulations was conducted with velocity and porous media
dependent nMag deposition parameters, using the katt and Smax model
parameterized by laboratory column experiments from Chapter 6, equations (6.3)
and (6.8) (Figure 7.17). Here, grain size was estimated in each numerical cell
using the Carman-Kozeny relationship, (7.1). Overall, the nMag sweep efficiency
in these simulations was greatly reduced compared to the two scenarios with
constant parameters (1.27±1.01% average sweep efficiency). This discrepancy
occurred because the velocity-dependent model parameterizations include much
lower permeability material (i.e. crushed Berea sandstone) than 40-50 and 80-100
mesh Ottawa sand used for the single parameter model simulations, and thus,
vastly higher attachment rate and capacity parameters (see Figure 6.3). The
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permeability of the crushed Berea sandstone from the laboratory sand column
experiments is the same order of magnitude as the permeability of the channel
facies in the reservoir system (ca. 103 mD). Therefore, much of the reservoir
domain will reside on the high end of the Smax curve, resulting in Smax values on
the order of 1000 ug/g. This greater retention capacity yields a much lower
transport potential for the nMag particles in this domain. These results indicate
the major role that porous media characteristics and solid phase retention capacity
will play at these large scales, especially in reservoirs with extremely low
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Figure 7.18. Sweep efficiency of nMag with constant parameters (blue) and velocitydependent parameters (red) relative to tracer sweep efficiency.

nMag sweep efficiency for each case, constant and velocity-dependent
parameters, was also compared against tracer sweep efficiency (Figure 7.18) to
quantify trends. In the simulations with constant kinetic parameters, nMag sweep
efficiency compared well to corresponding pulse tracer injections in each
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subdomain (Figure 7.18), indicated by a nearly perfect linear fit. The fitted slope
of 0.943 indicates that nanoparticle deposition to the solid phase resulted in about
a 6% decrease in the nMag sweep efficiency from the non-reactive tracer. This
would be expected, since the constant Smax model with a low Smax only allows for
minimal attachment and retardation, and therefore, nearly mimics the pattern of a
non-reactive tracer. A similar, albeit weaker, trend was observed with attachment
parameterization taken from nMag transport in 80-100 mesh Ottawa Sand. In that
case, the increase in the constant Smax value promoted an increase in attachment
potential throughout the domain, resulting in greater retardation of the
nanoparticle pulse, and therefore weaker correlation between non-reactive tracer
and nanoparticle results. Not surprisingly, these results suggest that using only
constant, velocity-independent, attachment parameters, the nanoparticle plume
will mimic a hypothetical tracer with a constant amount of retardation, resulting
in increasing trends between tracer and nanoparticle transport results.
However, this result was not observed for the simulations with velocitydependent parameters (Figure 7.18, red points). Here, nMag sweep efficiency
exhibited very chaotic behavior, and little trend relative to increasing tracer sweep
efficiency. This result occurred because of the influence of spatial heterogeneity
of the reservoir on the velocity field in the subdomain, and therefore the
calculated attachment kinetics.

Regions with highly clustered channel facies

distribution demonstrate lower velocities due to flow spreading and minimal flow
channeling. This effect promotes higher Smax values, an effect that would not be
seen in a constant parameter simulation.
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This behavior is especially apparent when plotting nMag sweep efficiency
against the fitted range value from the semivariogram of each region (Figure
7.19). Here, using the constant-valued parameter model, a decreasing trend is
observed between the fitted range of the semivariogram and nMag sweep
efficiency. A larger range value indicates a more dispersed channel structure (e.g.
compare subdomain 17 versus subdomain 4), which results in more flow
channeling, and thus higher flow velocities. A slightly increasing trend is
observed in results with the velocity dependent model, suggesting that higher
average velocities were observed in the more clustered subdomains, thereby
allowing for decreased attachment and increased mobility.
Similar trends for nMag transport were also observed in comparing sweep
efficiency to permeability statistics (Figure 7.20). In this analysis, the constant
kinetic parameter simulations trended similarly to the tracer results, as in previous
analyses.

However, trends in the velocity-dependent kinetic rate simulations

generally trended in the opposite direction for similar reasons to those described
above. These results suggest that a constant-valued kinetic attachment model is
not only inappropriate conceptually, but may also yield trends that are contrary to
what would be predicted by a more conceptually-accurate velocity-dependent
attachment model.

Additionally, simulations demonstrate that spatial

heterogeneity affects mobility much more strongly in velocity-dependent
attachment simulations, simply because characteristics of the heterogeneous field
can strongly influence the velocity field, and thus, the attachment parameter field.
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Figure 7.19. Tracer and nMag sweep efficiency for constant-valued and velocity-dependent
parameters compared to the fitted semivariogram range in each subdomain.
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Figure 7.20. Sweep efficiency of tracer (blue), ferrofluid with constant attachment properties
(red), and nMag with velocity dependent attachment properties (green) compared against
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75 percentile permeability.

Examples of individual simulations for subdomains 10 and 17 are shown
in Figure 7.21, Figure 7.22, Figure 7.23, and Figure 7.24. The figures show the
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suspended concentration plume, which attenuates as nMag deposition occurs.
Here, the influence of the much higher Smax values in the velocity-dependent
simulations is evident in both cases (Figure 7.22 and Figure 7.24), where vastly
reduced transport is observed, as the majority of the nMag pulse attaches to the
solid phase near the wellbore. Based on the contrast in simulation results between
subdomains 10 and 17, these two subdomains, along with subdomain 4, were
chosen for two simulations with variable injection fluid properties, presented in
the following section. These candidates were chosen to represent subdomains
with maximal accessible pore volume and permeability field clustering
(subdomain 4), those with minimal accessible pore volume and high permeability
channeling (subdomain 17), and those with average accessible pore volume
(subdomain 10). These three subdomains also differed substantially in their level
of spatial variation (see Table 7.2).
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Figure 7.21. Simulated 30 day injection of 1% (10,000 mg/L) nMag with constant attachment
properties (Smax=6.8 ug/g) in subdomain 10.

Figure 7.22. Simulated 30 day 1% (10,000 mg/L) nMag injection with velocity-dependent
attachment properties in subdomain 10.
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Figure 7.23. Simulated 30 day injection of 1% (10,000 mg/L) nMag with constant attachment
properties (Smax=6.8 ug/g) in subdomain 17.

Figure 7.24. Simulated 30 day 1% (10,000 mg/L) nMag injection with velocity dependent
attachment properties in subdomain 17.
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7.3.4 Simulations	
  of	
  three	
  subdomains	
  with	
  fluid	
  effects.	
  
Following the results of the previous section, two additional simulations were
conducted for each of subdomains 4, 10, and 17, chosen based on their results
above. First, since variable density flow and transport processes were observed to
play a major role at experimental length scales (i.e. centimeter scale, Chapters 5
and 6), simulations were conducted that accounted for the concentration
dependence of the density of the injected nMag suspension. In this case, minimal
transport was observed in subdomain 4 (not shown), but results from subdomains
10 and 17 are shown in Figure 7.25 and Figure 7.26. Comparing these results to
the more traditional kinetic simulations in Figure 7.21, Figure 7.22, Figure 7.23,
and Figure 7.24 demonstrates that the density of the injection fluid has minimal
impact on the nMag mobility in these situations. This is likely because the
formation heterogeneity only allows for flow along channels created by highly
permeable cells (i.e. in the channel facies), and therefore does not allow for
substantial downward flux of the plume into lower permeability cells. Also,
density dependent processes at these length scales (10s-100s of meters) occurs on
much larger time scales (i.e. years) than those being simulated here [198], and
thus, will not be observed in these simulations.
For the next set of injection fluid dependent simulations, nMag was injected at
10 g/L, similar to all previous simulations. However, in this case, a hypothetical
secondary adsorbing constituent was also included in the injection fluid. The
secondary constituent was injected at 1 g/L and was assigned the adsorption
properties of PAA-OA on 40-50 mesh Ottawa sand at 2 m/d (kads = 100 h-1, Smax =
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1.22 ug/g; Chapter 3), set to be constant throughout the domain.

These

parameters were chosen to represent a minimal PAA-OA sorption capacity in the
domain. These simulations were conducted in an effort to illustrate the potential
influence of the addition of a competitively-adsorbing stabilizing agent on
mobility of nMag at this scale. Simulation results demonstrate dramatically
enhanced nMag transport in all three subdomains, compared to simulation results
with the more traditional first-order kinetic retention models (Figure 7.27, Figure
7.28, and Figure 7.29). Similar to results in one dimension from Chapter 3, the
hypothetical secondary constituent adsorbed to the solid phase more rapidly than
the nMag particles (100 h-1 vs. ca. 1 h-1, depending on velocity), thereby
inhibiting nMag particle deposition. Therefore, nMag deposition was only able to
occur farther downstream from the injection well, resulting in enhanced nMag
mobility.

It should be noted that the mathematical model parameterization

utilized here (constant adsorption parameters for the hypothetical PAA-OA coconstituent) neglects any potential influences of velocity on those parameters, and
therefore should only be used as a demonstration of concept. In an actual design
scenario, a more accurate parameterization of PAA-OA adsorption to reservoir
media could be attained using a coupled experimental and modeling approach,
similar to the parameterization of nMag deposition in unwashed sands and
sandstones used here (Chapter 6). In such a case, similar empirical formulations
for sorption parameters could be easily implemented into the modeling framework
presented here. However, because results required for development of such an
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empirical model were unavailable for this study, only the simplified constant
parameter model was utilized to simulate PAA-OA sorption.
Tracer and nMag sweep efficiency for subdomains 4, 10, and 17 are
presented in Figure 7.30 and Figure 7.31. As observed in frame-by-frame
simulation results, nMag suspension density had no substantial effect on the
mobility compared to previous simulations with velocity-dependent parameters.
This is a desirable result for field scale simulations, since simulations of densitydriven flow require periodic updating of the flow field, which greatly increases
the computational effort and time required to complete the simulation.

Co-

injection of a competitively adsorbing compound, however, greatly increased the
sweep efficiency of the nMag pulse. Sweep efficiency values surpassed those
seen in constant-parameter simulations using 80-100 mesh Ottawa sand
parameters and approached those seen in the simulations with a relatively small
value for nMag retention capacity on the solid surface in the ferrofluid parameter
simulations (6.8 ug/g). Additionally, co-injection of the hypothetical PAA-OA
co-constituent created an increasing trend of nMag sweep efficiency with tracer
sweep efficiency, contrary to the decreasing trend that was seen in traditional
single-component simulations (red squares vs. purple x’s; Figure 7.31). This
result suggests that not only would a sacrificial co-constituent increase nMag
mobility in these subdomains, but also that the effect may be greater in
subdomains with more accessible pore volume. More extensive tests would be
required to prove this result, but the results in this study suggest that co-injection
of sacrificial polymer or colloid molecules may provide a relatively simple and
179

economical means of improving mobility of a more valuable nanoparticle farther
into a reservoir domain.

Figure 7.25. Simulation of subdomain 10 including the influence of density of the injected
nMag fluid.
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Figure 7.26. Simulation of subdomain 17 including the influence of density of the injected
nMag fluid.

Figure 7.27. Simulation of subdomain 4 including coinjection of a component with sorption
properties similar to PAA-OA.
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Figure 7.28. Simulation of subdomain 10 including coinjection of a component with sorption
properties similar to PAA-OA.

Figure 7.29. Simulation of subdomain 17 including coinjection of a component with sorption
properties similar to PAA-OA.
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Figure 7.30. Sweep efficiency for five different parameter scenarios in three Stanford VI
subdomains.
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Figure 7.31. nMag sweep efficiency for non-fluid dependent and fluid-dependent simulations
in subdomains 4, 10, and 17.
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7.4

Conclusions	
  

Simulations in this chapter demonstrate that the conceptual model
implemented for nanoparticle adsorption can have a substantial influence on
simulation results at the field scale. Here, a parameterized nanoparticle-porous
media system, nMag in water-saturated unwashed sands and sandstone material,
developed from a suite of laboratory column and flow cell experiments, was
implemented in a large-scale simulated reservoir domain, Stanford VI. Various
versions of the filtration-based model for nMag deposition on the solid phase (i.e.
uniform and variable parameters) were simulated in a set of statistically similar
heterogeneous subdomains in a simulated alluvial fan formation. Comparisons of
simulations demonstrated that the velocity dependence of attachment parameters
had a profound influence on simulation results, not only on the magnitude of
nMag transport within individual subdomains, but also on the trends of nMag
sweep efficiency compared to tracer sweep efficiency and spatial heterogeneity.
In the cases studied, a more sophisticated variable density parameterization of the
injection fluid had a negligible influence on overall nMag mobility; however, this
result was expected due to the relatively short time scales of the injection and the
permeability contrast between channel and floodplain facies cells. Co-injection of
a hypothetical co-constituent greatly increased nMag mobility in the domain,
suggesting that this may be an alternative to promote increased nanoparticle
mobility within a field-scale reservoir domain.

More broadly, these results

suggest that, regardless of the application, implementation of an appropriate
kinetic model and thorough system characterization are fundamental to the
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accurate prediction and effective design of nanotechnology applications in these
domains.
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CONCLUSIONS	
   AND	
   RECOMMENDATIONS	
  
FOR	
  FUTURE	
  WORK	
  

Chapter	
  8.

Assessment of the potential utility of nanotechnology applications in the
subsurface and quantification of the risk of nanomaterial release into the
environment will require reliable mathematical models for nanoparticle transport
in porous media. Similar to transport behavior documented in previous literature
for colloidal particles, nanoparticle transport and deposition in porous media is
strongly dependent on the physicochemical properties of the system, including
flow velocity, porous media characteristics, and bulk aqueous chemistry.
Therefore, robust mathematical models for nanoparticle transport in the
subsurface must incorporate the influence of all of these properties as well as their
coupling.
The major contribution of this project was the development and partial
validation of a mathematical framework for modeling nanoparticle transport
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under heterogeneous and transient environmental conditions. The mathematical
framework can capture the effects of a variety of transient physicochemical
properties on nanoparticle deposition in porous media. It relies on simultaneous
simulation of each individual constituent present in the nanoparticle suspension,
and subsequent translation of secondary constituent concentrations to attachment
parameters of the nanoparticle constituent.

Similar to previous research,

nanoparticle deposition to the solid phase is modeled as a first-order process.
However, the uniqueness of the framework lies in the interdependence of the firstorder deposition rate on secondary effects, such as flow velocity, material
properties, aqueous solution components and concentrations, and extraneous flow
effects, such as variable density flow. The resulting framework provides a basis
for the simulation of nanoparticle transport in realistic porous media, in which a
variety of multiphysical processes will be encountered.

The resulting

mathematical framework was also validated and calibrated against numerous
experimental systems in which environmental properties affected nanoparticle
transport and deposition.
In general, using the framework developed here as a basis, future work should
focus on refinement of each individual process as new experimental observations
are made, as well as addition of new dependencies of the first-order deposition
process on other extraneous properties, such as ionic composition and pH. Future
work should also focus on validation of the framework against other experimental
systems. The overarching goal of this process is to develop a flexible and robust
simulator that can be calibrated by laboratory experimental results, regardless of
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the system, and implemented at larger scales to inform remediation and design
efforts.
Based on the modeling efforts described in Chapters 3-7, the following
specific conclusions were drawn:
•

Complete characterization of the aqueous chemistry of the system (i.e.
ionic strength and composition, pH, surface active agents) is necessary to
accurately predict nanoparticle deposition in porous media. Anomalous
retention trends in quantum dot experiments were successfully explained
by blocking of attachment sites by a secondary constituent, PAA-OA.
This behavior could not have been reproduced without an understanding
of the composition of the injected suspension fluid.

The developed

mathematical framework was capable of reproducing these anomalous
trends by simulating both the quantum dots and the PAA-OA, and the
competitive attachment process between the two.
•

Frequently observed in sand column nanoparticle transport experiments,
hyper-exponential retention curves appear to have a variety of causes,
depending on the experimental system. In all cases considered here, the
inlet configuration of the experimental apparatus likely increased the
deposition near the inlet region of the column, a result that could not be
explained by the traditionally invoked filtration theory correlation for the
nanoparticle attachment rate. Based on simulation of these experimental
observations, hyper-exponential retention behavior is the result of a
complex process that is exacerbated by changes in flow and chemical
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conditions. However, from this work, no single cause of hyper-exponential
retention behavior could be found, and it remains an unanswered question.
•

In the natural environment, coupled processes are likely to play a major
role in many nanoparticle transport scenarios. In one particular example
here (Chapter 5), the developed modeling framework was able to
simultaneously simulate the influence of transient ionic chemistry on both
the flow (by variable density processes) and the release of nanoparticles
from the solid phase in a sand column experiment. Simulation results
matched observations in the effluent and imaging datasets from a sand
column conducted with nano-magnetite particles.

The modeling

framework developed here can be utilized to simulate environmental
systems where changes in salt or background electrolyte levels are
sufficient to induce nanoparticle detachment and re-entrainment in the
mobile phase, and/or when flow is altered as a result of density gradients.
•

One-dimensional column experiments can be utilized to reliably
parameterize mathematical models for prediction of results at larger
scales, demonstrated by the model validation exercise presented in
Chapter 6. Those results also demonstrated the importance of the fluid
characteristics in simulation of nanoparticle transport, since density
gradients caused by the injection of the nanoparticle suspension caused a
deviation of the plume propagation compared to non-reactive tracer
results.
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•

As seen in Chapter 7, the conceptual model implemented for nanoparticle
deposition can have a substantial influence on simulation results at the
field scale, where seemingly insignificant differences in experimental
results could lead to vastly different predictions at these scales.

•

Although variable density flow and transport was a significant mechanism
in laboratory experiments (Chapters 5 and 6), it was less significant at the
time and length scales of the well-to-well injections simulated in the field
scale scenario, Stanford VI. However, this mechanism will likely be of
greater significance in applications of longer time scales.

•

Co-injection of a surfactant with similar properties to PAA-OA greatly
increased the transport of nMag particles in Stanford VI subdomains,
suggesting that this may be a viable and cost-effective solution to improve
the mobility of highly valuable nano-sensors in a reservoir environment.

Based on the results of this doctoral research project, a number of
recommendations for future research are suggested here:
•

Regarding the hyper-exponential retention behavior that is often observed
in sand column experiments, further effort should be dedicated to the
development of a filter-ripening model. The preliminary model developed
here showed promising results, although it was unable to completely
capture the breakthrough and retention behavior simultaneously.

In

reality, particle attachment to solid-phase attached particles is likely a nonlinear process. Further effort should also be dedicated to additional
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experimental and modeling studies of the influence of ionic strength and
pH on hyper-exponential retention.
•

In general, further effort should be dedicated to the influence of ionic
strength on nanoparticle attachment kinetics. In this project, the influence
of ionic strength on nanoparticle release was well captured, but there was
insufficient data to include those influences on nanoparticle attachment in
the systems studied. However, the modeling framework developed here
could easily be adapted to include these influences when sufficient
experimental data becomes available.

•

Similar to the previous point, pH will also strongly influence surface
chemistry, and thus, the nanoparticle attachment potential. To incorporate
this behavior, the model developed here could be easily coupled with a
chemical equilibrium and speciation model (e.g. PHREEQ). This will be a
necessary step towards developing a robust simulator for nanoparticle
transport in the natural subsurface.

•

Accurate simulation of the results from the two-dimensional experiment
(Chapter 6) required a detailed characterization of the permeability field in
the heterogeneous domain, which would be difficult to attain in a realistic
field scale design or remediation scenario. Therefore, a logical next step
to this work would be to conduct an uncertainty analysis to understand the
influence of permeability uncertainty on transport results. Such a study
could utilize the deterministic simulator developed here.
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•

The model developed in this project could also be utilized to evaluate
other potential nanoparticle applications in oil reservoirs (i.e. use cases),
such as hydraulic fracturing, enhanced oil recovery, or water-flooding.
Quantitative evaluation of these technologies would require a robust
mathematical simulator that can incorporate the relevant physical and
chemical properties of the reservoir, which the simulator developed here
can provide.
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Appendix	
  A.

MULTI-‐SITE	
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  MODEL	
  

FOR	
   NANOPARTICLE	
   TRANSPORT	
   IN	
   POROUS	
   MEDIA	
  
WITH	
   HETEROGENEOUS	
   MINERALOGY	
   AND	
   AN	
  
OIL/WATER	
  INTERFACE	
  
Preliminary modeling efforts for Berea sandstone core flood results
completed at the AEC contractor laboratory Stim-Lab have been undertaken. One
particular demonstration of the necessity for multi-site models comes from these
core flood results. In the particular case of these sandstone core-floods, it was
assumed that silicate mineralogy accounted for one species of potential filtration
sites while fine material accounted for another. Following results from washed
Ottawa sand core floods, silicate mineralogy (~85% by weight) was assumed to
allow nanoparticle attachment to only a fraction of the available surface area,
consistent with the Smax modified filtration theory model. Fine particles (~6% by
weight) were assumed to allow for nanoparticle attachment to all available surface
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area, consistent with a clean bed filtration theory model. Also, breakthrough
curve results for all core floods exhibited behavior characterized by two types of
sites. The later-than-expected breakthrough of nanoparticles suggests a retention
capacity mechanism and the breakthrough curve plateau below C/C0=1.0 suggests
continuing deposition without a maximum, characteristic of a classic clean bed
filtration model. These assumptions and observations led to the following two site
model, where site 1 represents CFT fines sites and site 2 represents MFT silicate
sites.
𝜌! 𝜕𝑆 𝜌! 𝜕𝑆! 𝜌! 𝜕𝑆!
=
+
= 𝑘!"",! 𝐶 + 𝑘!"",! 𝛹! 𝐶
𝜃 𝜕𝑡
𝜃 𝜕𝑡
𝜃 𝜕𝑡

(9.1)

In a preliminary effort to simulate nanoparticle interaction with oil/water
interface sites present in Berea Sandstone cores that contained a residual Isopar-L
saturation, a three site model was also developed. For this model, the two sites
from equation (9.1) were included in addition to a third MFT type site to simulate
the oil water interface. This model was used following observations of Langmuirtype associations, with a limited number of available adsorption sites, between
nanoparticles and Isopar-L-water interfaces in batch reactor experiments
performed in the Pennell Lab. Also, similar mathematical forms allowed for
easier implementation as well as a way to compare relative association rates of
nanoparticles with solid phase attachment sites and oil/water interface sorption
sites. This model is slightly different from a kinetic Langmuir sorption model in
that it only considers nanoparticle sorption to the interface, and not release.
However, since minimal tailing was observed in Stim-Lab core flood results, this
is a reasonable assumption. The three-site filtration model is represented by (9.2).
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𝜌! 𝜕𝑆 𝜌! 𝜕𝑆! 𝜌! 𝜕𝑆! 𝜌! 𝜕𝑆!
=
+
+
𝜃 𝜕𝑡
𝜃 𝜕𝑡
𝜃 𝜕𝑡
𝜃 𝜕𝑡
= 𝑘!"",! 𝐶 + 𝑘!"",! 𝛹! 𝐶 + 𝑘!"",! 𝛹! 𝐶

(9.2)

The models in (9.1) and (9.2) were coupled with model fitting procedures
described in Chapter 3 to fit core flood results from Stim-Lab. To achieve an
independent estimation of filtration parameters for O/W interface sites, it was
assumed that the presence of residual oil saturation in the cores did not affect the
association between nanoparticles and solid phase surfaces, a reasonable
assumption considering that the solid phase in Berea sandstone cores were waterwet. Based on this assumption, parameters for sites 1 and 2 were fitted to core
flood results in cores without oil, and were then used as parameters for those sites
in core floods with oil.

As described in section 2.1.3.4, many nanoparticle

suspensions have been demonstrated to associate with oil/water interfaces
according to a Gibbs isotherm.

Based on these results, a model similar to

equation (2.1) will also be implemented here to simulate this behavior.
Fitted breakthrough data is shown in Figure 9.1 and fitted parameter results are
shown in
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Table 9.1. These results were achieved using the procedure described in the model
development section. By first fitting the two-site model to the core flood results
without residual oil present, and then fitting rate and retention capacity parameters
for the third Isopar-L class of sites, information about nanoparticle sorption to
Isopar-L within the sandstone core could be determined independently.
Both the two-site and three-site filtration models were able to fit the
general behavior of the core flood nanoparticle breakthrough curves with and
without oil present. In all examples, the model was unable to represent the sharp
behavior at the initial breakthrough time (from C/C0 of 0.0 to 0.1), suggesting that
a more rapid sorption process was taking place than simple filtration. Since this
behavior was not observed in Ottawa sand experiments performed in previous
years by the Pennell lab, this behavior is most likely attributed to nanoparticle
association with the fines present in the sandstone cores. Also, minimal tailing
occurred in the results, which was not able to be represented in the model. This
was expected, since detachment/desorption processes were not included in the
multi-site models to reduce the number of fitting parameters. Fitted parameters
for these core floods are shown in
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Table 9.1.

Based on these preliminary modeling results, the use of

adsorption models is being evaluated for nanoparticle association with the fines
present in Berea sandstone and the oil/water interface in core floods with residual
oil present.
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Figure 9.1. Two-site model (without oil) and three-site model (with oil) capture general
effluent behavior of nMag core floods in consolidated Berea sandstone cores. Media – Berea
Block 106; n= ~0.2; ρb = ~2.15; vp = 12.63 m/d; So ≈ 23%.
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12

Table 9.1. Experimental and model fitting parameters for Berea sandstone core floods run at
Stim-Lab. Red numbers indicate fixed model parameters, and black numbers indicate fitted
model parameters. Site 1 represents silicate MFT sites, Site 2 represents fines CFT sites, and
Site 3 represents O/W interface MFT sites.
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The MFT-MCB implementation of MT3DMS was tested against previously
validated one dimensional models. The results are shown in Figure 9.2. Based on
these results, the MT3DMS-MCB implementation was considered functional.
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Figure 9.2. Comparison of multi-dimensional implementation of MCB (SEAWAT) with 1D
model results and corresponding experimental data.
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Appendix	
  C.
Symbol
As
dc
Dh
ka i
katt
kdet
kd i
Navo
NG
Npe
NR
NvdW
q
Smax
vp
α
αL
β
γ
ζ
η0
θ
Λ
ρb
τ
Ψ

NOMENCLATURE	
  

Description
Happel Correction Factor
Mean sand grain size
Hydrodynamic Dispersion Coefficient
First order removal rate due to either attachment or
adsorption
Nanoparticle attachment rate
Nanoparticle detachment rate
First order reentrainment rate of a constituent to the
aqueous phase
Avogadro's Number
Gravitational Number
Peclet Number
Interception Number
Van der Waals Number
Darcy flux
Nanoparticle solid-phase retention capacity
Interstitial pore-water velocity
Collision Efficiency
Longitudinal Dispersivity
Breakthrough curve optimization weighting factor
Retention profile optimization weighting factor
PAA-OA area conversion factor
Collector Efficiency
Soil Moisture Content
Normalized Mass Flux of Nanoparticles to Sand Grain
Surface
Porous Media Bulk Density
Quantum Dot Area Conversion Factor
Fraction of solid-phase attachment area remaining
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Unit
(-)
(L)
(L2/T)
(T-1)
(T-1)
T-1
(T-1)
(mol-1)
(-)
(-)
(-)
(-)
(L/T)
(M/M)
(L/T)
(-)
(L)
(-)
(-)
(L2*M/M)
(-)
(-)
(-)
(M/L3)
L2*M/mol
(-)
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