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Abstract:
Nanomaterials, because of their size, are uniquely valuable for application in a wide
variety of industries. Within the petroleum industry, nanomaterials can be utilized to more
efficiently find oil within reservoirs. Thus far, the technology has been unable increase oil
production s in a cost-effective manner. Enhanced Oil Recovery (EOR) is a term used to describe
any tertiary of extraction, beyond pressure and water driven protocols. Iron oxide nanoparticles
are being considered as tomography tools to achieve more accurate characterization of oil
reservoirs. Consolidated sandstone is the primary porous media containing oil, and therefore
understanding the mobility of iron oxide nanoparticles within this porous medium must be
understood before the technology can be implemented at the field scale. Transport of iron
oxide nanoparticles can be parameterized by several variables. Prior research has considered
the effects of ionic strength and cation valence found within groundwater systems, applied
concentration, temperature, and polymer pre-flooding on the mobility of iron oxide
nanoparticles.
Results obtained from these experiments suggest that ionic strength strongly influences
mobility and cause iron oxide nanoparticles to aggregate, which could further limit mobility
renders the technology useless. Aggregation and subsequent retention of iron oxide
nanoparticles can be described by Derjaguin, Kandau, Vervey, and Overbeek theory (D.L.V.O). A
theoretical collision efficiency factor can be estimated based on the DLVO theory, which
assumes that the total interaction energy consists of the van der Waals attraction and the
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electrical double layer (EDL) repulsion. The DLVO theory, explains the vulnerability of iron oxide
nanoparticles to aggregation, and their physical interception is described by the limiting
attachment capacity, expressed in the term, Smax (Li 2008).
There are four main factors responsible for the attachment and transport of particles,
interception, diffusion, gravity and settling. Particles can vary over a wide range of size and
move through a wide variety of environments. Some factors are more impacted by
environment and others are more impacted by particle size and often the environment and the
size co-dependent in their influence on transport and attachment. Even though responsibility
can be shared between environment and particle size, the factors will be more impacted by
either the environment or particle size. For example, Interception is dominated by
environment, if there is nothing capable of attachment, particle size won’t matter as much.
Interception happens whenever a particle in solution becomes attached and drops out
of solution. Particle size, secondary to environment, will also impact interception, the larger the
particle, relative to the site of potential attachment, will increase the likelihood of attachment.
Settling and gravity are similar in that they almost entirely dependent on particle size and
density, rather than environment. Beyond a certain critical size, interception and gravity
become the governing mechanisms for deposition diffusion, is the most important factor in
regards to nanoparticles, due to its size. It is also strongly influenced by the environment,
specifically, through observations centered around permeability and porosity.
Comparing porous media used for experiments with the same iron oxide nanoparticles,
transport differences can be observed analytically, through breakthrough curves. The
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differences can also be observed qualitatively through observing ‘facecaking’ after the
experiment has concluded. This research analyzes the effects of Ionic strength, electron
valence, and porous media on Iron oxide nanoparticle transport. Berea and Bentheimer intact
sandstone were chosen for their compositional differences while still modeling field scale
conditions of the majority of oil reservoirs.
Results showed, consistently, that Berea Sandstone encourages facecaking, delays
breakthrough of iron oxide nanoparticles, and increases retention of nanoparticles when
compared to Bentheimer. In the presence of high brine conditions, negative charge screening,
as measured by zeta potential, was experimentally proven to be less effective at preventing
aggregation when compared to steric repulsion. In this thesis a causal relationship between the
amount of steric repulsion engineered into an iron oxide nanoparticle will be the primary factor
in predicting stability in high brine conditions.
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Chapter 1: Introduction
Despite negative externalities, fossil fuels bring many benefits as an energy source. They
are energy dense, affordable and in great enough abundance to account for 81.5% of the
world’s primary energy demand in 2010 and fossil fuels are projected to be 77.4% by 2040
(ExxonMobil 2014). This means, fossil fuels will remain the world’s primary energy source. The
entire world, regardless of geographic location or economic prosperity, requires power derived
from unrenewable sources. Whether fossil fuel sources will be left behind for more renewable
options is still in question. Energy is such a crucial component to human wellbeing; no country
can afford to assume fossil fuels will run out, nor can they assume renewable energies are
currently capable of being primary energy sources.
This dilemma forces energy providers within the fossil fuel industry to maximize
production while efficiently managing a finite resource. The desire to further improve oil
recover has brought the oil industry to intersect with nanotechnology. Nanotechnology has
revolutionized several industries. Most publicized in the field of medicine, the science and
engineering potential of nanotechnology is unleashed when properties of known elements
change, once below a certain size.
Nanotechnology can be used in applications that were never previously possible. Within
the oil industry specifically, the energy burden has been, and will continue to shift from coal to
oil and gas. Nanotechnology, will play a role in the extraction of these burgeoning forms of
fossil fuels. Continuous advancement in oil recovery rates and overall reservoir management
11

will be needed to meet the increased global demand for petroleum and liquid products as it
rises from 87 million barrels per day (MMBD) in 2010 to 115 MMBD by 2040 (E.I.A. 2013).
Enhanced oil recovery, the term used to describe oil extraction beyond utilizing pressure
forcing oil upwards. It typically involves tertiary recovery, utilizing various techniques to
increase the amount of oil that can be extracted from a reservoir. Common EOR methods
include chemical (i.e., surfactant and/or cosolvent) flooding, thermal treatment, and miscible
displacement with carbon dioxide, hydrocarbon or nitrogen injection (Mid-Con Energy Partners,
LP. 2014). Although crucial in the recent price decline, North American tight oil production is
projected to decline after 2020 due to low recovery rates and exponential declines in
production volumes per well (E.I.A. 2015). The need to research improving recovery rates in
conventional reservoirs is vital to ensure a readily available supply of oil for decades to come.
Applying engineered nanoparticles to serve as subsurface contrast agents, payload
delivery vehicles, or for quantifying residual oil quantity provides a potential framework for
their deployment in reservoir environments. The potential ability of such engineered
nanomaterials to increase geophysical resolution beyond existing logging tools or seismic
surveys motivated the research presented in this document.
Applying engineered nanoparticles to serve as subsurface contrast agents, payload
delivery vehicles, or for quantifying residual oil quantity provides a potential framework for
their deployment in reservoir environments. The potential ability of such engineered
nanomaterials to increase geophysical resolution beyond existing logging tools or seismic
surveys motivated the research presented in this document.
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Engineered nanoparticles must be able to withstand the extremely high pressures,
temperatures, salinity, and heterogeneity of the reservoir environment while maintaining
mobility to maximize their interrogation area. With a fundamental understanding of mobility
and retention parameters, macro-scale reservoir models can be developed to predict their
transport and economic viability of their deployment into the deep subsurface.
Of the various types of engineered nanoparticles, superparamagnetic iron oxide
nanoparticles, have been used for biomedical MRI imaging and are now being explored for
oilfield applications including magnetomotive acoustic imaging and cross-well electromagnetic
tomography. Active research efforts are being made (e.g., Prodanovic et al., 2010; Ryoo et al.,
2012) to explore the feasibility of using superparamagnetic nanoparticles together with the
external magnetic field application, for improved detection and identification of the reservoir
fluids, utilizing the biomedical concept of enhancing magnetic resonance imaging.
In addition to their imaging capabilities, superparamagnetic iron oxide nanoparticles
offer the benefits of relatively low cost, low toxicity, and high magnetic susceptibilities.
Although the use of nanoparticles in down-hole electromagnetic imaging has numerous
potential applications, the harsh environment of oil reservoirs (e.g., high salinities (>1 M)),
presence of divalent salts (Ca2+ and Mg2+), and high temperature (up to 150 °C) presents unique
challenges for nanoparticle development (Xu et al 2014).
For reservoir applications, in addition to having the functional capability for sensing or
EOR, the crucial pre-requisites for the nanoparticles are: (1) they should stay dispersed
individually in the injected water, without generating any aggregates, with a long-term stability
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while traveling in the reservoir, which frequently has high-temperature, high-salinity
conditions; (2) they should be able to propagate a long distance deep into the reservoir with
minimal retention; and (3) they should be able to attach themselves only at specific, desired
locations in the reservoir, such as the oil/water interfaces of the residual oil ganglia (Yu et al
2014).
For example, the high salinities are expected to lead to nanoparticle aggregation and
strong attachment on mineral surfaces, which would ultimately hinder the mobility of the
nanoparticles through hydrocarbon-bearing formations. To address potential agglomeration
and aggregation of nanoparticles, polymeric stabilizers are often attached to the surface of
nanoparticles. In general, the polymeric stabilizer is more likely to prevent particle aggregation
if the polymer itself is soluble in the solvent under the same conditions (Xu et al 2014).
Although many of the polymeric stabilizers successfully stabilize nanoparticles in ideal
biological and environmental settings, they typically suffer in conditions encountered in oil
reservoirs, resulting in precipitation and chemical degradation at high salinities and
temperatures. For example, high molecular weight polyacrylamides (PAM) hydrolyze at high
temperatures and precipitate with divalent ions, due to specific-ion complexation and
dehydration. Similarly, weak polyelectrolytes, such as poly(acrylic acid) (PAA), remain soluble in
1 M NaCl at elevated temperatures but precipitate in the presence of divalent Ca2+ at ambient
temperatures. In contrast, sulfonated polymers with low divalent cation binding affinities tend
to remain stable at high salinities and temperatures. For example, the use of higher calcium
tolerant polymers such as highly acidic, sulfonated polystyrene sulfonic acid (PSS) and PAMPS
has shown promise as stabilizers in brine (Xu et al 2014).
14

Given the challenges in mitigating the retention of nanoparticles in porous media under
these extreme conditions, it is beneficial to develop a wide range of polymeric stabilizers that
minimize the strength of the interaction of the nanoparticles with solid phases. For mineral
surfaces, it is also important to minimize cation bridging between monomer units, particularly
AA, and negatively charged silica surfaces (Xu et al 2014).
1.1 Research Objectives
1. Introduce new porous media, (Bentheimer), as a variable within intact core system to
evaluate impact on mobility and transport of iron oxide nanoparticles.
a. Hypothesis: Lower permeability porous media properties will increase the retention
of Iron oxide nanoparticle within the intact core system and be a dominant limiting factor in
transport.
b. Hypothesis: Bentheimer due to its higher permeability, will show no signs of
‘facecaking’ as opposed to Berea sandstone.
2. Determine size, zeta potential, and breakthrough curve data for different
formulations of iron oxide nanoparticles to help inform direction of future formulations of iron
oxide nanoparticles.
a. Hypothesis: Steric repulsion and its effectiveness will be a major influence in
preventing calcium bridging and can be predicted based on the synthesis protocol.
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b. Hypothesis: The type of polymer will have a major impact on the retention of the iron
oxide nanoparticles. The more positively charged a particle, the more likely it will adsorb to the
negatively charged soil particles.

Chapter 2: Literature Review
2.1 Nanoparticle Application
The global market of products that incorporate nanotechnology is expected to exceed
US$ 1 trillion before the year 2020 (Roco 2011). Although the assessment of nanotechnologies
is still relatively rudimentary in terms of monetization in the oil and gas industry; the apparel
(Liu, Tang et al. 2007), pharmaceutical (De Jong and Borm 2008), and battery (Cha, Jeong et al.
2014) industries have commercialized the wide-spread use of nanoparticles.
In medicine, nanotechnology has been utilized as a mechanism for delivery and release
of drugs to specific locations in the body to provide more effective treatments. Sershen et al.
(2000) designed gold nanoshells to absorb near-infrared light to initiate temperature change
and enhance drug release. Magnetic nanoparticles have the additional advantage of magnetic
responsiveness and magnetic resonance imaging (MRI) (Chertok et al., 2008). Several
investigators have demonstrated that magnetic nanoparticles can be retained at tumor sites
with local administration and a locally applied external magnetic field (Pulfer et al., 1999;
Alexiou et al., 2003).
One of the earliest recorded studies of assessing the mobility of nanoparticles in porous
media discussed some of the deposition mechanisms that reduce particle mobility (Lecoanet, et
al. 2004). A variety of nanoparticles were injected into a glass bead packed-column (mean glass
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bead particle diameter of 355 μm) and their mobility was assessed based upon the nanoparticle
breakthrough time and steady-state effluent concentration. They concluded that increasing
nanoparticle mobility may be possible through steric stabilization and increasing the
hydrophobic nature of the nanoparticles. One of the nanomaterials investigated by Lecoanet et
al. was nC60 (Buckminsterfullerene), which was subsequently investigated in more
comprehensive mobility and transport studies (Li et al. 2008; Wang et al. 2008). These studies
demonstrated dependence of the rate of nanoparticle deposition on the pore-water velocity
and porous media grain size, where larger grain size was associated with greater nanoparticle
mobility.
In 2008, the Advanced Energy Consortium (AEC) was founded in cooperation with major
oil companies such as BP, ConocoPhillips, Shell, Total and Schlumberger to tap into the
potential of nanotechnology (Matteo et al. 2012). Nanoparticles can be employed to determine
the size of the reservoir fractures by analyzing the change in particle size distribution of the
nanoparticles injected and recovered from wells (Mohammed et al., 2010).
The magnetic susceptibility of superparamagnetic iron oxide nanoparticles has also been
evaluated to monitor transport behavior through a reservoir using magnetic sensors.
Prodanovic et al. (2010) and Ryoo et al. (2012) have demonstrated that paramagnetic
nanoparticles have the capability of displacing the oil-water interface under the influence of an
external magnetic field. The use of superparamagnetic iron oxide nanoparticles for improved
reservoir characterization will be the focus of this proposal.
2.2 Magnetism and Subsurface Applications
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While the precise application of the nanoparticles in this thesis is not completely
defined, use as a downhole magnetic contrast agent is one potential implementation. One of
the earliest studies on the injection of magnetic fluids into the subsurface considered using
ferrofluids for 1) guiding reactants for in-situ remediation treatment and 2) measuring and
tracking the injected liquids using geophysical methods (Moridis et al. 1997). Deploying
magnetic nanoparticles to the subsurface to increase formation resolution is not new, but as
synthesis methods improve and more is understood about their fate and transport, further
macro-scale testing will be pursued in order to advance this potential technology to fielddeployable state.
The magnetic susceptibility of superparamagnetic iron oxide nanoparticles has also been
evaluated as a means to monitor transport behavior through a reservoir using magnetic
sensors. Prodanovic et al. (2010) and Ryoo et al. (2012) have demonstrated that paramagnetic
nanoparticles have the capability of displacing the oil-water interface under the influence of an
external magnetic field. When exposed to magnetic field, they generate sufficient interfacial
movements for external detection. When paramagnetic nanoparticles are either adsorbed at
oil-water or air-water interface or dispersed in one of two fluid phases co-existing in pores, and
exposed to external magnetic field, the resultant particle movements displace the interface.
Interfacial tension acts as a restoring force, leading to interfacial fluctuation and a pressure
wave (Ryoo et al, 2012).
Maghemite (ƴ-Fe2O3), Hematite (α-Fe2O3), and Magnetite (Fe3O4) are among the most
common forms of iron oxides that exist in nature. Maghemite is found in soils as a weathering
product of magnetite or as a product of heating of other iron oxides. Hematite is the oldest
18

known of the iron oxides and is found in rocks and soils. Magnetite, also known as black iron
oxide, magnetic iron core, lodestone, or Hercules stone has the strongest magnetism of any
transition metal oxide (Teja and Koh 2009). The abundance, magnetic susceptibility, and
relatively low toxicity of magnetite make it an ideal choice for subsurface characterization.
Ferrofluids are defined as any fluid that becomes magnetic when in the presence of a
magnetic field. These fluids have been used in nuclear magnetic resonance (NMR) probes to
detect free and shale oil (Raj and Moskowitz 1990). As a result, ferrofluids can move
homogeneously with the influence of a magnetic field, and can be manipulated into any
direction without any physical contact (Moridis et al. 2001). Moridis et al. (2001) demonstrated
that ferrofluids can be used to control liquid movement and can be utilized as tracers imaged
by standard electromagnetic and geophysical methods. While ferrofluids are useful for many
applications, a more stable and highly magnetically susceptible particle is needed for the harsh
reservoir conditions that will be encountered in subsurface oilfield reservoirs (e.g. high salinity,
heat, pH, and heterogeneous porous media).
The unique properties that emerge at the nanoscale enable new approaches for
subsurface characterization and reservoir control. For example, a highly mobile, magneticallysusceptible nanoparticle could provide improved spatial delineation of fractures, highly
transmissive channels, and low permeability zones, which could be used to enhance reservoir
management during secondary and tertiary production. Increased resolution of geophysical and
hydrologic properties beyond the bore-hole is an area of great interest since average oil
recovery rates in mature fields typically range from 20-40% (Muggeridge et al. 2014). The
current subsurface imaging gap lies between the inter-well space interrogated by tracers (> 100
19

m) and the near-well data derived from geophysical logging and core analysis (< 1 m). Although
traditional geophysical logging tools provide high-resolution data in the immediate vicinity of
the bore-hole, geological interpretation and computer models are needed to extrapolate data
to the macro scale. Conversely, inter-well tracers have been successfully deployed over
distances ≥ 2 km with breakthrough times ranging from 8 to 61 days (Chopra and McConnell
2004).
Unanticipated water breakthrough in production wells due to heterogeneous
permeability fields and fracture zones often results from uncertainty in formations containing
highly conductive zones (Coronado, Ramírez-Sabag et al. 2009, Coronado, Ramírez-Sabag et al.
2011). Engineered nanoparticles such as magnetite (Fe3O4, iron oxide nanoparticle) provide a
potential method to characterize reservoir flow and saturation regimes at intermediate length
scales (e.g. 10-100 m). Further understanding of potential interactions between magnetic
nanoparticle agents and porous media is vital to determining if these particles could be
successfully deployed as a reliable and economic means to improve inter-well reservoir
characterization.
Maintaining nanoparticle stability and mobility in heterogeneous domains at high
salinity represents a major technical challenge that must be overcome before the potential
benefits of down-hole nanoparticle injection can be realized. A number of research groups have
conducted column studies to assess iron oxide nanoparticle mobility in quartz sands under
saline conditions. Xue et al. (2014) evaluated the ability of poly(2-acrylamido-2-methyl-1ropanesulfonic acid-co-acrylic acid) (poly(AMPS-co-AA)) random copolymers to stabilize iron
oxide nanoparticles. In 40-50 mesh size Ottawa sand saturated in API (American Petroleum
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Institute) brine, 91.3% of injected iron oxide nanoparticle mass was recovered with a coating
that consisted of an AMPS to AA ratio of 1:1, and increased to 96.0% of injected iron oxide
nanoparticle mass when the AMPS to AA ratio was 3:1 (Xue, Foster et al. 2014). Other studies
have investigated iron oxide nanoparticle mobility in sandstone, but these experiments were
performed with intact Boise sandstone cores which were roughly 50-100% more permeable
(750-1000 mD) than the crushed Berea sandstone columns (543 mD) (Yu, Yoon et al. 2014).
Furthermore, these experiments were performed at low salinity (0-1% NaCl), compared to API
brine (8% NaCl + 2% CaCl2) (Yu, Yoon et al. 2014).
Although traditional geophysical logging tools provide high-resolution data in the
immediate vicinity of the bore-hole, geological interpretation and computer models are needed
to extrapolate data to the macro scale. Further understanding of potential interactions
between magnetic nanoparticle agents and porous media is vital to determining if these
particles could be successfully deployed as a reliable and economic means to improve inter-well
reservoir characterization.
2.3 Filtration and DLVO theory
Aggregation and subsequent retention of iron oxide nanoparticles can be described by
Derjaguin, Kandau, Vervey, and Overbeek theory (D.L.V.O). A theoretical collision efficiency
factor can be estimated based on the DLVO theory, which assumes that the total interaction
energy consists of the van der Waals attraction and the electrical double layer (EDL) repulsion.
The DLVO theory, explains the vulnerability of iron oxide nanoparticles to aggregation, and their
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physical interception is described by the limiting attachment capacity, expressed in the term,
Smax (Li 2008).
If the ionic strength of a solution is increased, the availability of counter ions to
surround a charged particle increases, so that the volume or distance from the surface through
which the diffuse layer extends is reduced. Higher ionic strength reduces the size of
(compresses) the diffuse layer. The reduction in the thickness of the diffuse layer with higher
ionic strength tends to reduce the energy barrier that must be overcome to allow particles to
collide; that is, it decreases the stability of the suspension. At some ionic strength, the net
interactive energy is attractive at all separation distances. Since the ionic strength is a function
of both the molar concentration and the valence of the dissolved electrolyte, increases in either
of these parameters decrease the energy barrier (Benjamin 2013). Repulsive energy diminishes
with separation distance as a combination of an inverse function and an exponential decay. The
repulsive interaction is a function of both the surface potential and the solution conditions.
Hence, in two solutions with the same ionic strength, but one made with monovalent
electrolytes and the other with polyvalent electrolytes, the repulsive interaction of particles is
smaller at any distance in the polyvalent solution (Benjamin 2013).
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Figure 1. Diagram outlining the physical components relevant in the DLVO theory, tying
specific areas around a given particle to their relevant terminology (Wang 2011).

DLVO theory encompasses both Electronic double layer and Van der Waals attraction.
Also known as London forces, Van der Waals forces are applicable once the repulsive energy of
the Electronic double layer has been screened by the cations from the salts. The electron cloud
around any molecule is in constant motion, deviating slightly from its most stable configuration,
first in one direction, then in another. A force opposing these disturbances and attempting to
drive the electron cloud to its lowest energy state always exists. However, the momentum of
the electrons causes them to overshoot this lowest energy distribution, so the molecule is
constantly shifting from one slightly unstable state to another. As a result, even in a highly
23

symmetric, “nonpolar” molecule, the electron distribution is always slightly asymmetric. Such
molecules are, therefore, slightly polar at any instant, and are nonpolar only on a timeaveraged basis. When two such molecules approach each other quite closely, the electrons in
the outer orbit of each molecule affect the motion of the electrons in the other.

Figure 2. Graph explaining the relationship Electronic Double Layer and Van der Waals
forces when in the presence of cations (Israelachvili, 2011).
The combination of these forces with the DLVO force profile results in a deep attractive
well, which is referred to as the primary minimum. At larger distances, the energy profile goes
then through a maximum, and subsequently passes through a shallow minimum, which
referred to as the secondary minimum. When the force vanishes, the energy profile goes
through a maximum or a minimum. In the symmetric situations, the profiles are the same
whether the sign of the charge is positive or negative. The dependence on the salt
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concentration is shown in the left panel, while on the surface charge density in the right one. At
low salt levels or high surface charge densities, the particles are repulsive, as the interaction is
dominated by the double layer contribution. At high salt levels or small surface charge
densities, the interaction is dominated by the attractive van der Waals force (Trefalt 2014).
At high salt levels, particles aggregate approximately with the diffusion controlled rate,
since the van der Waals forces and hydrodynamic interactions have only minor effects. These
conditions are also referred to as the fast aggregation or diffusion controlled aggregation. At
lower salt levels, and energy barrier develops due to double layer interaction. The aggregation
rate is substantially slowed down, since the particles have to cross the barrier by means of
thermal motion. This mechanism is similar to a chemical reaction, where the reactants have to
cross an activation energy barrier. Therefore, one refers to this regime as slow aggregation or
reaction controlled aggregation.
When the salt concentration is decreased, the aggregation rate decreases rapidly due to
the presence of the barrier originating from the double layer repulsion. Thereby, one enters the
slow regime. One observes that the rate depends sensitively on the salt concentration and also
on the surface charge density, as shown in the left panel. The transition between the slow and
fast regime is relatively sharp and therefore referred to as the critical coagulation concentration
(CCC). The CCC is an important characteristic of the aggregation process, as it provides a simple
stability threshold of a colloidal suspension. As can be seen from the figure above, the CCC
decreases with decreasing surface charge density, since the double layer forces also weaken
accordingly. The main influence originates from the fact that the DLVO potential depends on
the ionic strength, and in the presence of multivalent ions, the respective the main influence
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originates from the fact that the DLVO potential depends on the ionic strength, and in the
presence of multivalent ions, the respective concentrations are substantially smaller. The CCC
shifts towards smaller concentrations with increasing valence (Tefalt 2014).
There are four main factors responsible for the attachment and transport of particles,
interception, diffusion, gravity and settling. Particles can vary over a wide range of size and
move through a wide variety of environments. Some factors are more impacted by
environment and others are more impacted by particle size and often the environment and the
size co-dependent in their influence on transport and attachment. Even though responsibility
can be shared between environment and particle size, the factors will be more impacted by
either the environment or particle size. For example, Interception is dominated by
environment, if there is nothing capable of attachment, particle size won’t matter as much.
Interception happens whenever a particle in solution becomes attached and drops out
of solution. Particle size, secondary to environment, will also impact interception, the larger the
particle, relative to the site of potential attachment, will increase the likelihood of attachment.
Settling and gravity are similar in that they almost entirely dependent on particle size and
density, rather than environment. Beyond a certain critical size, interception and gravity
become the governing mechanisms for deposition diffusion, is the most important factor in
regards to nanoparticles, due to its size. It is also strongly influenced by the environment,
specifically, through observations centered on permeability and porosity.
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Figure 3. Scanning electron microscopy (SEM) images of (a) blank 60-170 mesh crushed
Berea sandstone and (b) nMag retained on crushed sandstone. Insets show increasing
magnification (scale bar shown in lower left corner of each image). SEM images collected by Dr.
Bonnie Lyon.
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SEM images of 60-170 mesh sized crushed Berea sandstone (CSS) saturated with API
brine before and after injection of 2,500 mg/L nMag. These SEM images are qualitatively
consistent with the column results shown in and demonstrate the concept of Smax for various
media types (Kmetz 2015).
There is a relationship between Smax and straining, which occurs when the pore throat
between grains is not sufficient to permit the passage of particles. Traditionally, straining is
considered to be important when the ratio of particle diameter to the grain diameter is greater
than 0.15. Recent studies conducted with colloidal-size particles (diameter of 0.5-5.1 µm),
however, suggest that straining can be observed at a much smaller size ratio of 0.002 or 0.008
(Li 2008).
Repulsive energy diminishes with separation distance as a combination of an inverse
function and an exponential decay. The repulsive interaction is a function of both the surface
potential and the solution conditions. Hence, in two solutions with the same ionic strength, but
one made with monovalent electrolytes and the other with polyvalent electrolytes, the
repulsive interaction of particles is smaller at any distance in the polyvalent solution (Benjamin
2013).
DLVO theory encompasses both Electronic double layer and Van der Waals attraction.
Also known as London forces, Van der Waals forces are applicable once the repulsive energy of
the Electronic double layer has been screened by the cations from the salts. The electron cloud
around any molecule is in constant motion, deviating slightly from its most stable configuration,
first in one direction, then in another. A force opposing these disturbances and attempting to
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drive the electron cloud to its lowest energy state always exists. However, the momentum of
the electrons causes them to overshoot this lowest energy distribution, so the molecule is
constantly shifting from one slightly unstable state to another. As a result, even in a highly
symmetric, “nonpolar” molecule, the electron distribution is always slightly asymmetric. Such
molecules are, therefore, slightly polar at any instant, and are nonpolar only on a timeaveraged basis. When two such molecules approach each other quite closely, the electrons in
the outer orbit of each molecule affect the motion of the electrons in the other.

Chapter 3: Experimental approach and methods
Synthesizing magnetite nanoparticles that are both highly mobile and magnetically
susceptible is challenging. One approach used to improve iron oxide nanoparticle mobility is
through the use of stabilizing agents (e.g., polymers, surfactants). The use of stabilizing agents
to enhance nanoparticle mobility has been shown to mobilize otherwise highly retentive
nanoparticles in packed sand columns (Tiraferri and Sethi 2009). Polymers and surfactants in
both the environmental remediation and petroleum industries have been employed to alter
viscosity, improve sweep efficiency, and promote the recovery of organic liquids (e.g., oil or
chlorinated solvents) from various geological formations (Pennell, Jin et al. 1994, Pennell,
Capiro et al. 2014). The use of polymers and surfactants in oilfield chemistry is (Shah and
Schechter 1977, Clark 1986, Borchardt 1988) relatively common but their use to enhance
nanoparticle mobility in the deep subsurface is a new field drawing upon science from
environmental remediation, enhanced oil recovery, and colloidal transport
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All particles experimentally tested were designed and synthesized in the laboratory of
Dr. Keith Johnston (University of Texas at Austin), by Chola Dandamudi and Goliath Beniah.
Throughout the course of experiments, four separate formulations of iron oxide nanoparticles
were tested. Each formulation had consequence on the face caking and subsequent retention
of iron oxide nanoparticles within Intact core. The goal of each formulation was to decrease
the retention and aggregation of iron oxide nanoparticle during the transport through the
experimental columns. Each method behind the four formulations will be explained in the order
in which they were tested. All the methodology within chapter three regarding iron oxide
nanoparticle synthesis, has been taken directly from researchers at UT-Austin.
3.1 TEG nanoparticles synthesis
Synthesized in triethylene glycol (TEG) (Fisher Scientific, Waltham, MA), the magnetite
particles used for this study consist of a new class of polymer grafted iron oxide nanoparticles
with sizes smaller than 50 nm and low polydispersity. Briefly, 5 g of iron (II) acetate (Fisher
Scientific, Waltham, MA) was dissolved with 50 mL of TEG, and the reaction mixture was purged
with argon for 20 minutes before heating to 210 °C in 20 minutes. After 2 hours, the resulting
iron oxide nanoparticles and excess TEG were diluted with ethanol and centrifuged at 10,000
rpm for 10 minutes and the pellet was redispersed in ethanol. This process was repeated three
times to remove excess TEG. The iron oxide nanoparticles was purified via bath sonication in 1.3
pH hydrochloric acid (HCl) (Sigma-Aldrich, St. Louis, MO) solution for 10 min with ice followed
by centrifugation with a mixture of ethanol and ethyl acetate at 10,000 rpm. The synthesized
TEG functionalized iron oxide nanoparticles were then coated with silica, 3-aminopropyl
triethoxy silane (APTES) (Sigma-Aldrich, St. Louis, MO) and finally grafted with a ratio of 3:1 of
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monomer 2-amino-2-methylpropanesulfonate (AMPS) (gift from Lubrizol corporation) to acrylic
acid (Sigma-Aldrich, St. Louis, MO) as reported in Xue et al. (2014).
3.2 CB-176- (end capped) nanoparticles synthesis
A second batch of iron oxide nanoparticles was synthesized with 30 g of AMPS, 4.86 g of
potassium persulfate, 3.42 g of sodium metabisulfite which was mixed in a three-necked round
bottom flask equipped with a reflux condenser unit, magnetic stir bar and purged with argon
for 30 minutes. Later 180 mL of deionized water was added using a syringe and allowed to stir
until the reactants dissolve completely. This was followed by the addition of 3 mL of acrylic
acid. Finally, the flask was transferred to an oil bath at 80 degrees Celsius and allowed to stir
overnight.
To remove the unreacted monomers, initiators and small molecular weight polymers,
dialysis was performed. After the reaction, the solution was cooled to room temperature and
50 mL was taken and dialyzed for 3 days in DI water. The water was evaporated using a freeze
dryer and white solid powder of copolymer was obtained.
In a three-necked round bottom flask 4 g of iron (II) acetate was dissolved with 40 mL of
triethylene glycol (TEG). A reflux condenser unit, mechanical stirrer and thermocouple were
attached to the flask. The reaction mixture was purged with argon before heating to 210 °C for
20 minutes on a heating mantle. The reaction temperature was maintained for 2 hours with
vigorous stirring after which the reaction was stopped and brought to room temperature. Then
the nanoparticle-TEG system was diluted with 200 mL of DI water and bath sonicated for 15
minutes. This was followed by the addition of 25 mL of 3.85% citric acid at pH 5.2 (prepared by
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dissolving 17 g of citric acid monohydrate, 330 mL of DI water and 72 mL of 2.5 N NaOH) and
bath sonicated for 30 minutes. Silica coating was immediately done on the particles to protect
them from harsh acidic environments.
1000 mL of DI water’s pH was adjusted to 12.2 with 2.5N NaOH. Separately, 170 mL of
iron oxide nanoparticle dispersion from previous step (~5.85 mg/mL) was injected into the
alkaline solution to reach an IO concentration of 0.1%, with constant stirring using an overhead
mechanical stirrer. Separately, 16.64 mL tetraethyl orthosilicate (TEOS) was diluted 10 times by
volume with ethanol (150 mL). The TEOS/ethanol mixture was injected into the dilute iron
oxide nanoparticle solution with a syringe pump at a steady rate of 53 mL/h over 3 hours to
attempt to minimize the formation of silica particles. The solution was stirred for another 30
min to ensure completion of the reaction. Once the reaction is complete, the pH was lowered
to 10 with 1.0 N HCl and the silica coated iron oxide nanoparticles were purified by using
Spectrum Labs KrosFlo Research II ultrafiltration unit (SpectrumLabs, Los Angles, USA) with a
Tangential Flow Filter (TFF) made of 30 KDa molecular weight cutoff (MWCO) PES (polyether
sulfone) hollow fibers. The particles were collected in DI water to a concentration of 7mg/mL
and probe sonicated at 35% amplitude using a Branson digital sonicator for 20 minutes.
The surface of the silica coated iron oxide nanoparticles was functionalized with amines
in a 250 mL round bottom flask. 4.5 mL of APTES was added to 45 mL of 5% acetic acid solution
and allowed to oligomerize. After 20 minutes, the pH was adjusted to 8 and 72 mL of IO@SiO2
NPs (~7 mg/mL) were added dropwise under vigorous magnetic stirring. The flask was then
heated up to 65 degrees Celsius with an oil bath and stirred for 16 hours. The reaction mixture
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was then cooled to room temperature followed by pH adjustment to 5 (using 1N HCl) and
purification with DI water using TFF made of 30 kDa MWCO PES hollow fibers.
The acrylic acids of 3:1 random copolymer of AMPS-AA was reacted to amine
functionalized iron oxide nanoparticles with EDC catalyst to form a strong amide bond which is
stable at the temperatures of interest. In a 250 mL media bottle 2.5 g of polymer was dissolved
in 25 mL of DI water and pH adjusted to 5 with 2.5 M NaOH. Then 50 mL of 5 mg/mL amine
functionalized iron oxide nanoparticles were added and the mixture was bath sonicated for 15
minutes. This was followed by addition of 700 mg of EDC catalyst. The pH of the solution was
adjusted to 5.75 and after 15 minutes of bath sonication. After overnight stirring, the particles
were purified using TFF composed of 300 kDa MWCO PES hollow fibers.
The excess unreacted acrylic acid groups of the copolymer were capped off with taurine
via EDC catalyzed carboxylic acid amine reaction. In a typical synthesis, 48 mL of 5 mg/mL of
polymer grafted iron oxide nanoparticle was taken in a media bottle equipped with stirrer and
586 mg of taurine was dissolved in it. After 15 minutes of bath sonication 1.125 mg of EDC
catalyst was added and pH adjusted to 5.75. After overnight stirring, the particles were purified
using TFF composed of 300 kDa MWCO PES hollow fibers.
3.3 Block Co-Polymer nanoparticles synthesis
Methacrylic acid was passed through aluminum oxide to remove inhibitor. 2.475 g MA
(28.7 mmol), 200.7 mg CPP (0.718 mmol), 50.4 mg of ACVA (0.180 mmol) were put into a 50 mL
round bottom flask. Then, 1.9 mL dioxane and 7.6 mL of DI water were added into the flask. The
flask was sealed with rubber septa and the solution was degassed using with Argon for 30 mins.
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The flask was immersed in an oil bath set at 80 degrees Celsius and the polymerization was run
for 6 h. The flask was let to cool to room temperature and the reaction was stopped via
exposure to atmospheric air. The polymer was dried at room temperature under vacuum to
remove the solvent and excess unreacted MA. The polymer was isolated as red solid.
7.5 g of AMPS (36.2 mmol) and 846.6 mg of poly(MA) homopolymer were dissolved in
15 mL of DI water. The pH of the solution was brought to pH 8 with 2.5N NaOH and the final
volume was adjusted to 36.2 mL with DI water. The solution was degassed with Argon for 45
minutes. The flask was immersed in an oil bath set at 70 °C and the polymerization was run for
24 h. The flask was let to cool to room temperature and the reaction was stopped via exposure
to atmospheric air. The polymer was precipitated in 1L acetonitrile. The acetonitrile was
decanted and the solid was redissolved in 30 mL of DI water. The polymer was then dried by
freeze drying.
In a three-necked round bottom flask 4 g of iron (II) acetate was dissolved with 40 mL of
triethylene glycol (TEG). A reflux condenser unit, mechanical stirrer and thermocouple were
attached to the flask. The reaction mixture was purged with argon before heating to 210 °C for
20 minutes on a heating mantle. The reaction temperature was maintained for 2 hours with
vigorous stirring after which the reaction was stopped and brought to room temperature. Then
the nanoparticle-TEG system was diluted with 200 mL of DI water and bath sonicated for 15
minutes. This was followed by the addition of 25 mL of 3.85% citric acid at pH 5.2 (prepared by
dissolving 17 g of citric acid monohydrate, 330 mL of DI water and 72 mL of 2.5 N NaOH) and
bath sonicated for 30 minutes. Silica coating was immediately done on the particles to protect
them from harsh acidic environments.
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A thin layer of silica was added to the surface of the nanoparticles through our
previously reported procedure. In a typical synthesis, pH of 1000 mL of DI water was adjusted
to 12.2 with 2.5 M NaOH. 170 mL of Iron oxide nanoparticle dispersion from previous step
(~5.85 mg/mL) was injected into the alkaline solution to reach an Iron oxide concentration of
0.1% slowly with constant stirring using an overhead mechanical stirrer. Separately, 16.64 mL
tetraethyl orthosilicate (TEOS) was diluted 10 times by volume with ethanol (150 mL). The
TEOS/ethanol mixture was injected into the dilute Iron oxide nanoparticle solution with a
syringe pump at a steady rate of 53 mL/h over 3 hours to attempt to minimize the formation of
silica particles. The solution was stirred for another 30 minutes to ensure completion of the
reaction. Once the reaction is complete, the pH was lowered to 10 with 1.0 M HCl and the silica
coated iron oxide nanoparticles were purified by using Spectrum Labs KrosFlo Research II
ultrafiltration unit (SpectrumLabs, Los Angles, USA) with a Tangential Flow Filter (TFF) made of
30 KDa molecular weight cutoff (MWCO) PES (polyether sulfone) hollow fibers. The particles
were collected in DI water to a concentration of 7 mg/mL and probe sonicated at 35%
amplitude using a Branson digital sonicator for 20 minutes.
The surface of the silica coated iron oxide nanoparticles was functionalized with amines
by our earlier procedure4. In a 250 mL round bottom flask 4.5 mL of APTES was added to 45 mL
of 5% acetic acid solution and allowed to oligomerize. After 20 minutes, the pH was adjusted to
8 and 72 mL of iron oxide silica oxide nanoparticles (~7 mg/mL) were added dropwise under
vigorous magnetic stirring. The flask was then heated up to 65 degrees Celsius with an oil bath
and stirred for 16 hours. The reaction mixture was then cooled to room temperature followed
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by pH adjustment to 5 (using 1N HCl) and purification with DI water using TFF made of 30 kDa
MWCO PES hollow fibers.
5 g of Poly(AMPS-b-MA) was dissolved in 40 mL DI water. The pH of the solution was
adjusted to pH 5 using 1 M HCl and the solution was adjusted to 55 mL. Into a 500 mL media
flask was added 44 mL of polymer solution. Then, 80 mL of APTES iron oxide nanoparticles at a
concentration of 5 mg/mL was added to the polymer solution under stirring. The solution was
sonicated in an ice bath for 20 minutes. Subsequently, 532 mg of EDC was added to the solution
and the pH was adjusted to 5.7 with 1 M HCl. The solution was further sonicated for another 20
minutes. Then, 135.6 mL of 20% NaCl solution were added to raise the ionic strength of the
solution to 0.5 M. The reaction was continued overnight at room temperature under constant
stirring. The polymer-coated iron oxide nanoparticles were purified with tangential flow
filtration using 100 kDa MWCO PES hollow fiber filter. The retentate was collected in
approximately 120 mL of solution. The concentration of iron oxide nanoparticles was
determined using flame atomic absorption spectroscopy.
3.4 PEI-Glycidol functionalized nanoparticles synthesis
The last batch started with Stock Ferrotec iron oxide nanoparticles diluted to 1.8% with
DI water and probe sonicated for 15 min using a Branson digital sonicator at an amplitude of
35%. This step helped to break the nanoclusters and form homogeneous dispersions. The above
process was repeated at 0.18% and 0.018% iron oxide nanoparticle.
A 5% 25kDa branched polyethyleneimine (PEI) stock solution was prepared in pH 5
acetate buffer (0.7 mL of glacial acetic acid and 0.6 g of potassium hydroxide per liter). In a glass
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vial, 1 mL of PEI solution was taken to which 1 mL of 1.8% Iron oxide nanoparticle solution was
added. For complete adsorption of PEI to nanoparticle surface, the reaction mixture stirred for
4 hours after which the pH of the solution was adjusted to 8 with 1 M hydrochloric acid.
A 1.05 mL solution of BDGE crosslinker made by dissolving 1 mL of BDGE solution in 20
mL of deionized water was taken in a vial and PEI coated iron oxide nanoparticles were added
dropwise to this solution. The reaction mixture was stirred overnight after which 0.5 mL of 2 M
tris buffer was added to quench the reaction. After an hour, the reaction mixture was
subjected to centrifugal filtration using 100 kDa membrane to remove excess PEI . Typically, 5
mL of reaction volume was diluted with 10 mL of DI water and centrifuged at 5500 rpm for 10
minutes. The process was repeated 4 times to remove the PEI completely. The particles were
finally collected in 1 mL of DI water.
The excess amines on the PEI coated to iron oxide nanoparticles were capped off with
glycidol. To a 1 mL solution of BDGE crosslinked PEI coated iron oxide nanoparticle, 0.2 mL of
glycidol was added. The reaction was allowed to stir overnight followed by quenching with 0.25
mL 2 M tris buffer and purification via centrifugal filtration using 100 kDa filter membrane as
described earlier.
After the small-scale batch was made and characterized, a large batch (900 mg) to
demonstrate the scalability of the process was made by proportionally scaling the reactant
volumes. 50 mL of 1.8% Ferrotec Iron oxide nanoparticle was added dropwise to 50 mL of 5%
PEI solution in a media bottle equipped with a magnetic stir bar. After allowing 4 hours for the
adsorption of PEI to happen, the pH of the solution was adjusted to 8 and 52.5 mL of BDGE (in
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water) was added. The following day the reaction was quenched with 25 mL of 2 M tris base
and purified using Spectrum Labs KrosFlo Research II ultrafiltration unit (SpectrumLabs, Los
Angles, USA) with a Tangential Flow Filter (TFF) made of 30 kDa molecular weight cutoff
(MWCO) PES (polyether sulfone) hollow fibers. The TFF was initially run in diafiltration mode to
remove excess PEI with DI water and later concentrated to 50 mL in DI water. 10 mL of Glycidol
was added to the PEI adsorbed iron oxide nanoparticles to cap off the unreacted amines at a pH
8 and allowed to stir overnight. 12.5 mL of 2 M tris base was added to the reaction the
following day to quench the reaction and purified after 1 hour using TFF (as described before).
The particles were finally collected in 50 mL of DI water.
3.5 Porous Media Composition
Intact Berea sandstone (1 in dia. x 3 in length) was used to conduct the transport studies
of iron oxide nanoparticles. Cores were cut from five Berea sandstone blocks of 13” x 13” x 7”
(Block 105, 106, 107, 108, and 109) by a commercial laboratory (Stim-Lab, a division of Core
Laboratories Inc., Duncan, OK). Blocks 105, 106, and 108 were selected and sampled for quality
testing (Thomas et al. 2012). The experiments discussed in this proposal will be conducted in
cores cut from Block 109. X-ray diffraction was used to determine the brine permeability,
porosity, surface area, and mineral composition at Stim-Lab. The specific surface area (SSA) of
intact Berea sandstone is 1.5 m2/g and the median pore radius averaged 7.41 μm. Permeability
of the core ranges from 198 to 249 mD with an average of 223 mD and standard deviation of
20.41 (Thomas et al. 2012).

38

Experiments were also conducted within Bentheimer intact cores that were provided by
a commercial laboratory (Stim-Lab, a division of Core Laboratories Inc., Duncan, OK). This media
was chosen to use alongside Berea intact core because the permeability and clay content were
significantly different than that of the Berea intact cores. Permeability of Bentheimer core was
reported at 1500-3500 mD. The average pore throat diameter was reported at .012 mm and
specific surface area was reported to be .45 m2/g. (Peska 2015).
3.6 Retention Profile Protocol
To determine the amount of iron retained on the intact core, a retention profile is
needed to close the mass balance of the iron oxide nanoparticle transport through the core.
Solid-phase (attached) iron oxide nanoparticle was extracted using microwave-assisted
digestion with a Discover SP-D, (CEM, Matthews, NC) in concentrated nitric acid (HNO3), after
which the iron concentration was determined with Optima 5300 Dv (PerkinElmer, Waltham,
MA) ICP-OES (inductively coupled plasma optical emission spectrometry).
One of the reasons Bentheimer was chosen as a new experimental matrix, with which to
conduct experiments with iron oxide nanoparticles, was its lack of background Iron. When
creating a retention profile, Berea Intact Cores were not ideal. They contain an elevated level of
background Iron, capable of skewing reported data when run on ICP-OES (7.36 mg Fe3O4/g of
media). This elevated level of background iron skews the ICP-OES samples. Therefore, the
retention profiles may not be a true representation of the injected Iron oxide nanoparticle and
their location within the intact core.
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At the completion of an experiment, the intact core holder was disassembled, and the
Bentheimer core was cut into thin disks with diamond blade saw, pulverized with a mortar and
pestle, and then dried at approximately 100 °C for at least 24 hours prior to acid digestion. 10
mL of trace metal grade HNO3 was added to 0.1 g of the pulverized Bentheimer sandstone,
which had been sectioned into lateral pieces. Upon the completion of acid digestion, the
supernatant of the digested sample was diluted four-fold in MilliQ water to obtain a
background of approximately 4M HNO3 for ICP-OES analysis.
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Figure 4. Solid Retention Profile for 2.09 Pore volumes injected into Bentheimer, run at
500 mg/L iron oxide nanoparticle concentration with API background electrolyte.

3.7 Column Preparation
Durable Polycarbonate Clear Tubing (1.25 in dia. X 3 in length) (McMaster-Carr,
Elmhurst, IL) was used to hold the intact Berea or Benthiemer sandstone cores. The intact
sandstone cores were covered with High Strength (2 Ton) Epoxy (McMaster-Carr, Elmhurst, IL)
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applied on sides to prohibit flow through the lateral sides. Wrap-Tight Tubing (1.45”ID before
shrinking, McMaster-Carr, Elmhurst, IL) was then placed around the middle of the epoxied
intact sandstone, and heat was applied via a heat gun to allow the Wrap-Tight Tubing to fit
tightly around the intact stone (Figure 1a). The heat shrink tubing allows the intact sandstone to
fit snugly into the polycarbonate tube (Figure 1b). High Strength Epoxy was applied to fill the
annular space between the epoxied Berea sandstone and the polycarbonate tube (Figure 1c).
Dow Corning Silicone Sealant (McMaster-Carr, Elmhurst, IL) was applied to fill the remaining
annular space above the hardened High Strength Epoxy (Figure 1d).
Each end of the polycarbonate tube containing the epoxied sandstone core was fitted
with 1.25” PVC Compression Male Adapter (NDS, Lindsay, CA), Thick-Wall Dark Gray PVC Pipe
Fitting (McMaster-Carr, Elmhurst, IL), Type 316 Stainless Steel Threaded Pipe Fitting (1 Male x
1/4 Female, Hex Reducing Bushing) (McMaster-Carr, Elmhurst, IL) and Type 316 Stainless Steel
Yor-Lok Tube Fitting (Straight Adapter for 1/8” Tube OD x ¼ NPT Male) (McMaster-Carr,
Elmhurst, IL) in this respective order (Figure 2a). The ends of the intact core system have 1/8”
Swagelok Tube Fitting with 316 Stainless Steel Ferrule (Swagelok, Solon, OH) to connect 1/8”
PTFE tubing to a female threaded opening which were connected to 3-way Hamilton valves
(Figure 2b). The Hamilton valves control inflow and outflow on both ends of the column. Each
intact core fitting ends held a 1/8” stainless steel pipe, and the annular space around the
stainless steel pipe was filled with High Strength Epoxy (Figure 2c). The end of the stainless steel
pipe and the surface of the hardened High Strength Epoxy are flush against the face of the
Berea sandstone, directing flow directly to inlet face of the Berea sandstone.
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In order to remove entrapped air, the dry intact core system was purged with an upflow of pure CO2 gas for at least 20 minutes prior to aqueous phase saturation. An effluent line
was attached to the top of the intact core holder and placed into a beaker of deionized (DI)
water to observe the slow and steady bubbling from the purging gas.

Figure 5. a) Intact Berea/Bentheimer sandstone covered with 2-ton epoxy on lateral
sides. b) Heat shrink tubing placed applied around Intact core. c) Intact core with heat shrink
tubing placed in 1.25” polycarbonate tube. d) 2-ton epoxy applied to fill annular space between
Intact core and polycarbonate tube. e) Silicone-based epoxy applied to fill remaining annular
space above the 2-ton epoxy.
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Figure 6. Intact core system. Fitting parts from bottom to top: 1.25” PVC Compression
Male Adapter, Thick-Wall Dark Gray PVC Pipe Fitting, Type 316 Stainless Steel Threaded Pipe
Fitting, Type 316 Stainless Steel Yor-Lok Tube Fitting, 1/8” Swagelok Tube Fitting with Type 316
Stainless Steel Ferrule to connect 1/8” plastic tubing to a female threaded opening, and 3-way
Hamilton valve. High Strength Epoxy fills the annular space around the 1/8” stainless steel pipe.

The columns were then saturated in an up-flow direction with a background salt
solution (e.g., API brine, 8% NaCl + 2% CaCl2 (IS = 2.0 M), prepared with degassed DI water
using a Dynamax SD-200 pump (Varian Inc., Palo Alto, CA) outfitted with a 25 mL pump head
and dampener operated at a flow rate of 1.0 mL/min. The intact core system was weighted
before and after saturation to calculate the porosity (~0.25) and pore volume (~11 mL). After at
least 10 pore volumes (PVs) of the background salt solution was injected, a nonreactive tracer
(~3.5 PVs) was injected in an up-flow direction using a Series I Pump (Chrom Tech Inc., Apple
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Valley, MN) to determine the hydrodynamic dispersion and overall flow of each column. The
tracer was injected at 1 mL/min or a pore-water velocity of approximately 12 m/day. The
concentration of sodium bromide used for the tracer test was selected to match the ionic
strength of the background salt solution (i.e., 2.0 M solution of NaBr for API brine). After
approximately 3.5 PVs of NaBr was injected into the saturated core, the HPLC pump was briefly
paused and the injection solution was switched back to the background salt solution. The
background salt solution was then injected for another 3.5 PVs. The re-introduction of the
background salt solution allows the backside of the NaBr breakthrough concentration curve to
be captured in the collected samples.
Effluent samples from the core were collected in 15 mL sterile plastic centrifuge tubes
(VWR International LLC, Radnor, PA) with a CF-2 SpectraChrom fraction collector (Spectrum
Laboratories Inc., Rancho Dominquez, CA). The collection time was determined according to the
injection velocity and column PV. The vials were weighed before and after collecting the
effluent samples to determine the mass collected in each vial. Once 3.5 PVs of the tracer and
3.5 PVs of the background salt solution were injected into the core, the collected samples were
diluted with DI by a factor of 50 and measured with a Bromide probe (Cole-Parmer North
America Vernon Hills, IL) in units of mV. The probe measurements are calibrated using a 5-point
standard curve, measured at the beginning and end of the bromide measurements, and
concentrations of each effluent sample were determined using an exponential equation from
the averaged standard measurements. Effluent concentration data for the tracer was modeled
using CFITIM3 in STANMOD Version 2.08.1130 to determine the Peclet number (Pe) and
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retardation factor and to confirm the pore volume for each column experiment (van Genuchten
1980, van Genuchten and Simunek 1999).
The influent Iron oxide nanoparticle suspension was prepared in an Erlenmeyer flask
with a magnetic stir bar by adding the concentrated stock iron oxide nanoparticle suspension to
degassed background salt solution. Prior to injection, the iron oxide nanoparticle suspension
was neutralized with 1.0 M sodium hydroxide (NaOH) in order to ensure consistent pH injection
for all concentrations of iron oxide nanoparticle. Once prepared the magnetic stir bar was
removed to prevent magnetite particles from attaching on the stir bar. The iron oxide
nanoparticle suspension was then injected at a 12 m/day pore-water velocity and collected
using the same procedure as the nonreactive tracer described above.
3.8 Measuring Permeability with Pressure Transducer
The pressure in the intact core was monitored for Experiments 5-9 to observe any
permeability changes during NP injection. The Hamilton valve at the bottom of the core was
connected to a stainless steel t-connection that linked to the HPLC pump and to a 25 psi Model
AB pressure transducer (Pressure Transducer Data Instruments, Acton, MA). The pressure
transducer was connected to a central data acquisition system that recorded the pressure at 10
second intervals. The pressure for each time increment was obtained by subtracting the zero
value (voltage value given by pressure transducer when it is open to the atmosphere) from the
output voltage, which is then normalized by the input voltage and then multiplied by the
pressure transducer calibration factor (-88.043 kg*force/cm2 /v/v). The pressure in kg*force
/cm2 is then converted to Pa employing the conversion factor, 98,066.5 N*cm2/(kg*force*m2).
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This pressure is then converted to meters of head, which is then plugged into Darcy’s law to
determine the permeability of the core
3.9 Nanoparticle Characterization and Measurement
The average hydrodynamic diameter and electrophoretic mobility of the nanoparticles
were measured at the beginning and end of the experimental injection sequences. These values
were obtained using dynamic light scattering (DLS) at 173˚ scattering angle with a Zetasizer
Nano ZS Analyzer (Malvern Instruments Ltd., Southborough, MA). 1 mL of IRON OXIDE
NANOPARTICLE suspension was transferred into a disposable cuvette (Malvern Instruments
Ltd.) and analyzed for its distribution of hydrodynamic size. Prior to use, the ZetaSizer was
calibrated using mono-disperse polystyrene spheres (Nanosphere Size Standards, Duke
Scientific, Palo Alto, CA) with a mean diameter of 97 ± 3 nm and a zeta potential transfer
standard (Malvern Instruments Ltd.) with a mean zeta potential of -68 ± 6.8 mV. Zeta potential
measurements were made by transferring the appropriate amount of iron oxide nanoparticles
suspension into a DTS1070 folded capillary cell (Malvern, Westborough, MA) as indicated on
the cell with a syringe needle.
Effluent samples from the core experiment were collected in 15 mL sterile plastic
centrifuge tubes (VWR International LLC, Radnor, PA) with a CF-2 SpectraChrom fraction
collector (Spectrum Laboratories Inc., Rancho Dominquez, CA). Tracer samples were diluted 50fold with DI water and measured using a bromide probe (Cole-Parmer North America Vernon
Hills, IL). The probe is calibrated using the equation from a 5-point standard curve measured at
the start and end of analysis, and concentrations of each effluent sample were determined
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using an exponential equation from the averaged standard measurements. The concentration
of iron oxide nanoparticles in column effluent samples was determined using ultraviolet-visible
(UV) spectroscopy with a Shimadzu UV-1800, 120V instrument (Shimadzu Corporation, Kyoto,
Japan). Absorbance was measured at wavelengths ranging from 400 to 700 nm. A wavelength
of 600 nm was used to calibrate and analyze the concentrations of the effluent samples. The
calibration wavelength of 600 nm was selected as all samples had a linear slope at this
wavelength and was the mid-point of the measured range. A five-point calibration curve was
established after each experiment by diluting a stock solution of iron oxide nanoparticles in API
brine. The effluent iron oxide nanoparticles absorbance was plotted against the calibration
curve absorbance to determine concentration and was plotted as C/C0. The C0 value is the
average of the injected iron oxide nanoparticle concentration between the start and end of
injection, and C represents the iron oxide nanoparticle concentration in each respective
effluent sample.

Chapter 4: Results
Retention of nanoparticles, is dependent on several variables. Mainly, iron oxide
nanoparticle concentration, pulse width, and porous media. Retention data and breakthrough
percentage are helpful proxies for determining success of different nanoparticle formulations
sent from UT-Austin.
Several calculations are used to deduce retention data. It is not measured directly
analytically, rather, the concentration of each sample deposited as effluent from the intact core
and into test tubes placed in a fraction collector. Each sample after being measured with UV
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spectroscopy, is inputted into an excel spreadsheet. Once the concentration is quantified by a
calibration curve, each experimental sample relates to a volume through weighing each test
tube. Once concentration and volume are connected, a breakthrough curve can be created
based on dividing volume by the pore volume of the intact core.
Retention is calculated by comparing injection volume of iron oxide nanoparticles and
injection volume of background electrolyte. Concentration aggregated over the entirety of the
injection volume, dictates retention values through a series of calculations utilized to change
concentration from milligrams per liter, and turn it into micrograms per gram, a more
commonly used metric for attachment. Changing the expression form aqueous concentration
to solid concentration helps better communicate performance. This puts attachment of iron
oxide nanoparticles in terms of porous media to better illustrate effectiveness the stability of
particles.
Success as defined by this project is the minimization of retention of iron oxide
nanoparticles within a sandstone groundwater matrix. This experimental template is meant to
reach an arbitrary performance standard. Arbitrary in that, the threshold for ideal stability,
adequate for commercial application is not determined analytically. Success is arbitrary because
scaling up experimental iron oxide nanoparticle batches can be decided even if there isn’t 100
percent breakthrough of particles in each experiment.
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Experiment

Iron Oxide

Background

Pulse Width

Porous

Iron Oxide

Retention

Retention

Number

nanoparticle Conc.

Electrolyte

(Pore

Media

Nanoparticle

(ug/g)

(mg/m2)

(mg/L)

Volumes)

Breakthrough (%)

1

1000

.009 M

3.68

Berea

96

21.4

.0142

2

500

2M NaCl

3.66

Berea

58.6

105.5

.0703

3

500

API brine

3.49

Berea

52.8

122.7

.0818

4

500

API brine

2.09

Bentheimer

78.6

29.4

.019

5

500

API brine

5.81

Bentheimer

95.6

22.1

.014

6

500

API brine

5.72

Berea

67.1

140

.093

7

500

API brine

4.04

Bentheimer

95.1

16.2

.010

8

500

API brine

3.74

Berea

75

66.1

.044

9

500

API brine

3.97

Bentheimer

86

37.1

.025

10

500

API brine

5.32

Berea

45.6

218.6

.145

Table 1. Summary of intact column experimental conditions and results
Iron oxide nanoparticle batch &

Z-Avg (nm)

Poly-disperity index

Zeta – (mv)

background electrolyte
(Concentration - 500 ppm)

1 – nMag TEG- 2M NaCl

82.24±.45

.110 ± .027

-21.5 ± 1.67

79.34 ± .82

.115 ± .042

-17 ± 2.38

2 – CB-176 – API brine

89.46 ± 7.48

.123 ± .016

-11.4 ± .513

3 – BCP-

102.1 ±.65

.109 ± .012

-14.6±1.42

71.81 ± 1.19

.235 ± .005

1.74 ± 2.52

nMag TEG -API brine

API brine

4 – CB-PEI- API brine

Table 2. Zeta Potential of iron oxide nanoparticle injection solutions measured in mV
obtained using DTS1070 folded capillary cell with a Zetasizer Nano ZS Analyzer.

4.1 Effect of Porous media on Iron oxide nanoparticle transport
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Figure 7. Measured effluent breakthrough curves for pulse injections of 500 ppm iron
oxide nanoparticles in API brine at a pore water velocity of 12 m/day for same batch of NPs in
Berea (experiment 3) and Bentheimer (experiment 4).
According to Li et al., (2008), the transport of nanoscale fullerene aggregates (nC60)
through water-saturated porous media can be described using a one-dimensional mathematical
model that utilizes the effective attachment rate (katt ψ). While katt is the attachment rate, the
site blocking function (ψ) can be described as a function of Smax, a value that represents the
maximum attainable particle concentration on the sand surface:
ψ = 1 – S/Smax
where S is the attachment at the specific time. The value of ψ decreases as more nC60
aggregates are deposited on the grain surface, resulting in a reduction of katt ψ, where katt ψ
approaches a value of 0 as S approaches Smax (Li et al., 2008). This principle can be
incorporated into a model which will explain the delay in breakthrough shown in Berea when
compared to Bentheimer.
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Berea Sandstone as porous media has a strong impact on breakthrough of iron oxide
nanoparticles. It contains clay, which increases the magnitude of attachments sites by orders of
magnitude. This increases the amount of attachment sites which delays the breakthrough of
iron oxide nanoparticles. Charge is relevant to the transport and mobility of iron oxide
nanoparticle through porous media. Negatively charged clay particles are screened by the
positive charge from the electrolytes in groundwater matrix, and this cancelation of charge
pushes Van Der Waals bonding, which is dependent on the surface area of the soil particles,
and clays because of their small particle size, always have the largest surface area of any soil
particle.
Bentheimer sandstone, in contrast, has significantly lower clay content when compared
to Berea sandstone. The content by weight of clay is important but so is the way in which the
clay content is found within the intact core. If the clay particles are in a large agglomeration,
then the surface area of each particle will be mitigated. The large surface area, combined with
the charge, determine the impact clay particles will have on nanoparticle attachment.
Therefore, the relative clay content, combined with the location of the clay can explain the
difference between Berea and Bentheimer retention capacity. By weight, Bentheimer has 2.5%
clay particles, (Thomas et al 2012), by weight compared to 7% in Berea (Peska 2015).
Even within the percent by weight of clay particles, there are different clay minerals.
Not all clay particles will affect transport equally. There are 2:1 clays which are more likely to
swell, when compared to 1:1 clays, which have little to no shrink swell capacity. 2:1 to refer to
the layering of the clay, which contain an octahedral sheet contained sandwiched within two
tetrahedral sheets. A 1:1 clay, has one tetrahedral sheet connected to an octahedral sheet.
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These structural differences have an impact on transport within the groundwater
matrix. Clays with a 2:1 structure are less weathered and have a greater Cation Exchange
capacity (CEC) and Specific Surface Area (SSA) when compared to 1:1 clays. Bentheimer
contains a negligible amount of 2:1 clays, .18% Montmorillonite. Most of the clay in Bentheimer
is 1:1 clay, containing Kaolinite at 2.5%. (Peska, 2015). Berea sandstone, comparatively, has a
significant amount of 2:1 clays. Out of the 7% weight of clay, 3% is composed of Illite and 1%
chlorite; both are 2:1 clays (Thomas et al 2012).
Illite, when formed in certain environments has a, fibrous morphology, capable of
capturing particles within its tangled structure (Wilson 2014). The main difference in clay
content between Bentheimer and Berea, is Illite. Both sandstone cores contain Kaolinite. This
difference would suggest that Illite and is structure encourages retention of particles in the
presence of salts, more so than Kaolinite. In an experiment run with finely crushed limestone,
different clays (Kaolinite, Illite, Montmorillonite) were evaluated for their impact on the
mobility of Al2O3 and TiO2 nanoparticles (Bayat 2015). Illite was found to be the clay particle
capable of causing the highest retention of both types of nanoparticles. Analysis of the columns
after injection of nanoparticles showed that Illite and its unique morphology had trapped the
iron oxide nanoparticles.
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Figure 8. XRD analysis of the fibrous morphology of Illite clay (Wilson 2014).
The Illite morphology shows how the physical structure of the clay can augment
retention capacity outside of charge or specific surface area. For example, Montmorillonite has
a higher SSA (200 m2/g), when compared to Illite (100 m2/g), but in the column experiment
with limestone, Illite had a greater effect on the retention of the nanoparticles. Illite has a
significantly higher SSA, compared to Kaolinite (10 m2/g) (Mitchel 2005). Kaolinite is a 1:1 clay
which is highly weathered and has a very low Cation exchange (.038 meq/g) compared to Illite
(.27 meq/g), while also lacking a fibrous morphology capable of trapping nanoparticles.
A three-fold increase in surface area between Kaolinite and Illite is significant in terms of
impact on transport and retention. Illite can be two orders of magnitude larger SSA compared
to silt particles and one order of magnitude larger SSA when compared to Kaolinite particles.
Even though there is only 3% of Berea sandstone intact core containing Illite, and of that not all
may available for contact with the aqueous iron oxide nanoparticles, there is enough surface
area available to have a significant impact on retention of the iron oxide nanoparticles based on
its morphology, its SSA and its CEC compared to Kaolinite.
Illite has a, fibrous morphology capable of capturing particles within its tangled
structure (Wilkinson 2002). This experimentally verified observation buttresses qualitatively,
what was previously quantitatively verified with SSA measurements. What is more, the authors
quantified delay in breakthrough in the same media between Illite and Kaolinite. Both
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Bentheimer and Berea have Kaolinite at similar percent weight. However, Kaolinite has been
shown to also affect retention at similar percentage of weight that is present in both
Bentheimer. While the presence of Kaolinite does not appear to inhibit transport of iron oxide
nanoparticles in Bentheimer, the author of the paper, illustrated a difference in breakthrough
that was comparable to the delay in breakthrough found in these experiments.
Lower retention is repeatable and constant in Bentheimer cores, when compared to
Berea cores, irrespective of the concentration of iron oxide nanoparticles. The difference in
percentage of iron oxide nanoparticles which breakthrough between the two sandstone cores
derives from the delay in breakthrough caused by increased retention in Berea intact core
sandstone. When comparing breakthrough curves for both Bentheimer and Berea the
maximum concentration measured for each is always approximately the same. Such a
phenomenon is important because the delay is caused by a saturation point in which the
available location for iron oxide nanoparticles to be transport is increased in Bentheimer.
An easier way to visualize this phenomenon is to picture the Bentheimer intact core
being stretched in length when compared to Berea, even though as a point of fact, in
experiments, they are approximate in dimension. If the length of the Bentheimer intact core
was increased, Pore Volume breakthrough would not be delayed. Having a higher percentage of
particles with large SSA, means the ‘effective length’ of the column is increased, even though
the measurable dimensions of the Berea and the Bentheimer are the same.
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Figure 9. The basis for Specific Surface Area is based on the basic concept of available of
attachment in a given area (Fasihnikoutalab 2015).

Specific Surface Area is the second big variable separating the retention values between
Berea and Bentheimer. Berea has 3 times the SSA compared to Bentheimer. This means that
there is a higher capacity to withhold particles within. This is not limited to iron oxide
nanoparticles, but most particles are going to be withheld in sediment when SSA increases. SSA
correlates directly, to the type of sediment within the intact core. Three particles, in differing
ratios, are used to identify different soils. Sand has the lowest SSA because it is the biggest
particle. Clay has the highest SSA because, it is the smallest particle. When determining SSA, a
fixed unit of dimension is analyzed. When observing that fixed unit between sand and clay, the
increased surface area is measurable in clay when compared to sand. Essentially, sand has so
much of the area unavailable to be defined as measurable surface area, because it lies beneath
the surface area of the particle.
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4.2 Effects of salinity on Iron oxide nanoparticle transport
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Figure 10. Measured effluent breakthrough curves for pulse injections of 500 ppm iron
oxide nanoparticles at a pore water velocity of 12 m/day for same batch of particles in three
different Intact Cores. The API brine in Berea is experiment 3. The 2 M NaCl in Berea is
experiment 2. The .009 M NaCl in Berea is experiment 1.

Salts, and their inherent charge, are a consequential component to transport within the
groundwater matrix. When iron oxide nanoparticles are come in to contact with salts, there
are factors which can force the nanoparticles out of solution through aggregation. According to
the DLVO theory, the sum of the Van der Waals attractive forces and the repulsive forces from
the electrostatic double layer determines the attachment behavior of particles (Hotze et al.,
2010). In the presence of divalent cations, there is a strong suppression of the electrical double
layer and van der Waals forces dominate, which lead to aggregation (Wang et al. 2008).
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Furthermore, the slight improvement in iron oxide nanoparticle mobility in the absence
of divalent cations in experiment 7 (Table 1) reveals that the bridging complexation, in which
the Ca2+ serves as a bridge between the cation-exchange locations (Torkzaban et al., 2012) on
the negatively charged clay surface and the negatively charged poly(AMPS-co-AA) group on the
iron oxide nanoparticles, is not a major contributor to the retention mechanism of these iron
oxide nanoparticles. Based on the results of experiment 7 (Table 1), the greatly improved
recovery of iron oxide nanoparticles seen with background solution of 0.009M NaCl is likely due
to the substantially reduced ionic strength. At low ionic strengths the electrical double layer
extends far out from the particle, resulting in repulsion forces that inhibit attachment (Hotze et
al., 2010).
4.3 Straining effects on iron oxide nanoparticles transport
Physical straining, which can be one of the causes for nanoparticle retention, occurs
when the pore throat sizes between grains is not large enough to allow the passage of particles.
Straining is important when dp/d50, the ratio of particle diameter to the grain diameter at
which 50% of the sample’s mass is smaller, is greater than 0.0017 or 0.008 (Bradford et al.,
2002; Xu et al., 2006). Because d50 cannot be determined for consolidated media, the pore
throat size to particle size was evaluated instead to determine the presence of straining. The
median pore radius of Berea sandstone is 7.41 μm (Thomas et al 2012), compared to 12 µm in
Bentheimer.
Porosity, is defined as the amount of air space within a given area of sediment. Pore
radius, is defined as the width of the average air tunnel through a given area of sediment.

57

While helpful, as a property, neither can adequately explain the difference between Berea and
Bentheimer. The porosity is comparable between the two intact cores, and the pore throat
radius of both, experimentally, has shown to be an irrelevant variable because it hasn’t caused
straining. Straining is defined as the blockage of particles moving through pore throats which
are smaller in width compared to the particle moving through the sediment. Experimental
analysis with Dynamic Light Scattering showed that, during an intact core experiment, iron
oxide nanoparticle size did not change as it moved through the column as evidenced by size
measurements showing a constant particle size before and after being run through column.

Experiment
1 – 1000 ppm
IO NP in API
brine
2 – 1000 ppm
IO NP in API
brine, with
HEC-10
preflood
3 – 1000 ppm
IO NP in
0.009M NaCl
4 – 100 ppm
IO NP in API
brine
5 – 1000 ppm
IO NP in API
brine
6 – 1000 ppm
IO NP in API
brine at 50˚C
7 – 1000 ppm
IO NP in 2M
NaCl
8 – 100 ppm
IO NP in API
brine

Before
Injection

After
Injection

Effluent
sample 1

Effluent
sample 2

Effluent
sample 3

119.4 ± 1.16

120.9 ± 0.70

94.7 ± 0.05
(2.27 PVs)

95.4 ± 1.91
(3.38 PVs)

94.3 ± 1.42
(4.46 PVs)

116.3 ± 0.32

109.1 ± 0.72

94.4 ± 1.26
(1.56 PVs)

96.5 ± 0.80
(2.68 PVs)

96.6 ± 0.86
(3.79 PVs)

147.4 ± 0.61

135.0 ± 0.40

126.1 ± 0.57
(2.30 PVs)

129.2 ± 1.32
(3.47 PVs)

126.7 ± 0.70
(4.82 PVs)

93.1 ± 1.15

91.1 ± 2.39

82.3 ± 0.94
(7.25 PVs)

81.5 ± 1.58
(14.91 PVs)

81.6 ± 1.49
(22.47 PVs)

96.4 ± 0.82

96.9 ± 1.56

97.3 ± 2.23
(2.35 PVs)

96.1 ± 2.68
(3.54 PVs)

95.4 ± 2.06
(4.70 PVs)

98.5 ± 0.51

97.0 ± 0.86

98.7 ± 2.21
(2.06 PVs)

98.6 ± 2.10
(3.09 PVs)

97.4 ± 2.04
(4.11 PVs)

103.8 ± 2.41

104.7 ± 1.62

102.1 ± 3.13
(2.14 PVs)

102.9 ± 1.66
(3.23 PVs)

102.6 ± 2.14
(4.29 PVs)

91.0 ± 1.78

92.6 ± 1.53
(10.56 PVs)

90.0 ± 1.71
(13.60 PVs)

93.1 ±
1.17 (14.31
PVs)

90.5 ± 1.46
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9 – 250 ppm
IO NP in API
brine

91.4 ± 1.21

91.3 ± 1.20
(6.83 PVs)

92.1 ± 1.88

90.6 ± 1.09
(11.49 PVs)

90.8 ±
1.38 (14.75
PVs)

Table 3. Order of experiments run during Lisa Han’s thesis work, outlining the change in
iron oxide particle size after being run through Berea Intact core in order to analyze straining
effects on transport.

Lisa Han, a former master’s student working on this project, used DLS to analyze
particle size before and after transport through the intact core. Based on the hydrodynamic
diameter distribution curve of the injected Iron oxide nanoparticle solution and effluent
samples, which reveals peaks of the influent solution shifted slightly to the right of the peaks of
the effluent sample solutions (Figure 5), some of the larger particles were filtered out during
the experiment. The average hydrodynamic size of the injection solution was approximately
120 nm while the effluent solution was approximately 95 nm. Larger particles in the range of
1000 to 10000 nm were observed in the influent solution that was not seen in the effluent
samples (Figure 11), further indicating the filtering of larger particles.
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Figure 11. Hydrodynamic diameter distribution curve for 1000 mg/L iron oxide
nanoparticle injection solution in API brine and effluent samples at different pore volumes as
observed in Experiment 1 from batch 1 of iron oxide nanoparticles found in Table 3 (Han 2016).

Straining, alone, as evidenced by the low retention of iron oxide nanoparticles
measured in the experiment run with a low ionic background solution (.009 M NaCl) does not
impact transport. What the data suggests, is a synergistic impact straining and electrolyte
strength. When the straining can have some impact on plugging pore throats, and the double
layer is already limited via ionic strength, the chances of aggregation are increased. The fact
that the 1000 nm particles were filtered out during transport shows they were retained in the
intact core system. They were most likely taken out right at the inlet face. It’s certainly possible
that the majority of pore throats were at least partially clogged by the small percentage of
particles that were 1000 nm or bigger.
Even though the average pore radius for Berea sandstone intact cores is 7.41 µm, there
could be pore throats that are approximately 1 µm. Without high enough electrolyte
concentration, the pore throats which were blocked by the 1000 nm particles may not impact
the aggregation of the iron oxide nanoparticles via ‘facecaking’. The particles would simply
move to the open pore throats, but if when the electrolyte concentration is high enough, the
particles start a chain reaction, in which the small amount of pore throats that are blocked
become points of aggregation which leads to neighboring pore throats being blocked until
there is visible aggregation of iron oxide nanoparticle across entire inlet face.
This information is backed up by the lack of ‘facecaking’ and lack of delay in
breakthrough for iron oxide nanoparticles moving through Bentheimer sandstone intact core
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with the same electrolyte concentration which caused ‘facecaking’ in Berea cores. The average
pore throat is larger in Bentheimer, which means even with the double layer suppressed by the
cations, there is a larger diameter to overcome for a chain reaction leading to aggregation.
There isn’t a large difference in pore throat radius, which would suggest the presence of clay,
specifically Illite particles around the inlet of the Berea intact core, can have a synergistic effect
on facecaking for Berea.
The extent to which ‘facecaking’ at the inlet is responsible for causing the delay in
breakthrough through aggregation is difficult to quantity. When analyzing Bentheimer cores
compared to Berea, after injection, and run in the same conditions, facecaking wasn’t as
significant in the Bentheimer core, but it wasn’t completely negligent either. Even with
negligible ‘facecaking’ there was no corresponding delay in iron oxide nanoparticle
breakthrough when run in Bentheimer. This suggests ‘facecaking’ alone is not entirely
responsible for the delay in iron oxide nanoparticle breakthrough in Berea cores. Because
‘facecaking’ is a qualitative observation rather than a measurement, it might account for the
entirety of the delay in breakthrough.
However, it is much more likely that a host of factors are responsible for differences in
retention between Berea and Bentheimer. Permeability, SSA and CEC are all significantly
different between the two intact cores. Permeability is related to porosity but has more control
over flow and retention of particles. Permeability is the connectivity of the air space within a
given area of sediment. By using only porosity, there is no way to determine how well
connected the space within sediment will be, and therefore, the similarity between Bentheimer
and Berea and their porosity values don’t explain the difference in retention. The permeability
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values between Bentheimer and Berea are an order of magnitude different. Berea has a much
lower permeability value. This difference in permeability, in situ, means there are ‘dead ends’
within the intact Berea core. These ‘dead ends’ within the Berea intact core, are going to fill
with iron oxide nanoparticles, and then these iron oxide nanoparticles will not breakthrough at
the same rate as iron oxide nanoparticles run in Berea intact core.
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Figure 12. Permeability change for Berea intact core experiment due to ‘facecaking’ of
iron oxide nanoparticles at the inlet of the column using 25 P.S.I pressure transducer.
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Figure 13. Permeability change for Berea intact core experiment due to ‘facecaking’ of
iron oxide nanoparticles at the inlet of the column using 25 P.S.I pressure transducer.

4.4 Effects of Polymer Coating on Iron oxide nanoparticle transport
1. nMag TEG nanoparticles
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Figure 14. Measured effluent breakthrough curves for pulse injections of 500 ppm iron
oxide nanoparticles in API brine at a pore water velocity of 12 m/day for same batch of NPs in
Bentheimer (experiment 4) and Berea (experiment 3).
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Figure 15. Measured effluent breakthrough curves for pulse injections of 500 ppm iron
oxide nanoparticles in API brine at a pore water velocity of 12 m/day for same batch of NPs in
Bentheimer (experiment 5) and Berea (experiment 6).

A one-step scalable synthesis of iron oxide nanoparticles via citric acid purification and
used a sulfonate molecule (taurine) to cap off the unreacted acrylic acid groups of the
poly(AMPS-AA) copolymer resulted in a major improvement in iron oxide nanoparticle
performance in both porous media. To mitigate Ca2+ mediated bridging to the mineral surface
thus improving their mobility through porous media. Similar to Fei et.al. thermal decomposition
of iron acetate in TEG was used to synthesize 14 nm primary iron oxide nanoparticles. However
instead of nitric acid, citric acid was used to break and stabilize the nanoclusters. This was
followed by addition of thin layer of silica via sol gel reaction to enhance the surface reactivity
and oxidation resistance. After functionalizing the surface with amines via APTES condensation,
poly (AMPS-AA) copolymer was grafted via amide bond formation using EDC as catalyst. The
unreacted acrylic acid groups of the AMPS-AA copolymer were replaced with sulfonate via EDC
catalyzed taurine-acrylic acid reaction.
3. Block Co Polymer nanoparticles
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Figure 16. Measured effluent breakthrough curves for pulse injections of 500 ppm iron
oxide nanoparticles in API brine at a pore water velocity of 12 m/day for same batch of NPs in
Bentheimer (experiment 7) and Berea (experiment 8).

Block co-polymer architecture of AMPS and AA may provide while simultaneously
decreasing the large requirement of polymer to nanoparticle ratio used in the synthesis. Using
the block architecture, the acrylic acid sites are isolated to the interior of the nanoparticles
whereas the AMPS blocks are situated at the exterior of nanoparticles. Such configuration
might alleviate the adsorption due to Ca2+ mediated bridging of acid sites. In addition, the block
design provides multiple attachment points as opposed to a single grafting site in end-grafting
approach by Lee et al.
In terms of improvement in steric repulsion, 63% of the iron oxide nanoparticle mass is
contributed by polymer. This is significantly higher than our previous polymer grafting approach
via multipoint attachment of acid sites randomly distributed in the random copolymer chain to
the amino groups, which yielded total polymer mass of only 32.9%. The polymer content
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obtained by using block copolymer architecture is 1.9 times higher than the grafted polymer
content obtained using random copolymers. This also means that block copolymer architecture
enables the achievement of higher grafting density than random copolymer or end-grafted iron
oxide nanoparticles. With end-grafting approach in an example by Lee et al., the total polymer
mass grafted is also lower. Furthermore, the end-grafting approach presented by Lee et al.
requires large polymer to nanoparticle weight ratio of 500:1, the grafting of the block
copolymer in the presents study was performed at polymer to nanoparticle ratio of 10:1, thus
significantly reducing the materials needed to produce the iron oxide nanoparticles. It is also
likely that the block architecture presents multiple acid sites near to the amino groups which
might also yield multiple attachment points for each chain
In this study, we developed novel block copolymer of poly(methacrylic acid-b-AMPS) for
colloidal stabilization of iron oxide nanoparticles in high salinity and high temperature
conditions. The polymer stabilized nanoparticles exhibit long term stability in API brine for up to
6 weeks at elevated temperature 90 degrees Celsius. The block copolymer architecture permits
the isolation of excess, unreacted acid sites to the interior of nanoparticles with negativelycharged AMPS shell providing enhanced steric stabilization.
4. CB-PEI nanoparticles
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Figure 17. Measured effluent breakthrough curves for pulse injections of 500 ppm iron
oxide nanoparticles in API brine at a pore water velocity of 12 m/day for same batch of NPs in
Bentheimer (experiment 9) and Berea (experiment 10).
The iron oxide nanoparticles obtained from Ferrotec were initially characterized for
charge and size. To break down the nanoclusters and get uniform homogeneous dispersions of
particles with low polydispersity, probe sonication was used. Later, the negatively charged iron
oxide nanoparticles were first adsorbed with positively charged polyethyleneimine (PEI),
crosslinked with 1,4-butabediol diglycidyl ether (BDGE) and finally capped with glycidol forming
a diol system on the periphery. The iron oxide nanoparticles showed colloidal stability not only
in API brine but also in presence of trivalent Cr3+ ions

Chapter 5: Conclusions
Previous experiments have shown that Ionic strength is the variable most responsible
for retention of iron oxide nanoparticles. This was determined in experiments run in Berea
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Intact Core and aided by past experiments run by former Master’s student Lisa Han. When run
with negligible electrolyte concentration, (.009 M NaCl), the retention of iron oxide
nanoparticles is similar between Berea and Bentheimer. These experimental results show ionic
strength is the limiting factor regarding retention. This proved to be the limiting factor, even
with the impact of clay and permeability within Berea sandstone increasing retention,
compared to Bentheimer, when Ionic strength is at 2 M NaCl or API Brine. This became the
justification for a two-step aggregation mechanism, which is appropriate because the salinity is
the first step, or the main limiting factor. The second step, being clay content and permeability,
is only a limiting factor in the presence of adequate salinity.
Low ionic strength reduces pressure, therefore preferential flow dominates, and the
iron oxide nanoparticles can navigate to low permeability of Berea and make it through the
entire intact core and avoid retention via the dead-end air voids within the Berea sandstones,
which leads to greater exposure to the negatively charged clay particles, which leads to
aggregation and subsequent retention. These two limiting factors are described under DLVO
theory.
Clay particles can have charges that can’t be measured by DLS, these are called
amphoteric charges which exist on the outside edges of clay particles and be positively charged,
which may adsorb the negatively charged Iron oxide nanoparticle. The increased permeability
of the Berea nanoparticle, combined with the increases surface area of the sediments, could
lead to a greater capacity to adsorb iron oxide nanoparticles to the positively charged surface
edges. Illite has double the specific surface area compared to Kaolinite. The increased SSA of
Illite when compared to Kaolinite, correlates very closely, with CEC properties. CEC is a rough
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measurements of the strength of the negative charge present on a given soil particle. Illite has a
greater CEC when compared to Kaolinite. This charge strength can lead to a more efficient
screening of the cations within the background solution of the experimental matrix. This means
greater CEC and SSA can be directly correlated with greater retention of negatively charge
nanoparticles.
Block Co-polymers show promise in protecting the iron oxide nanoparticles from
aggregating, more so than any other protective shell created at UT-Austin. This is caused by
their anionic coverings, which prevent the aggregation of iron oxide nanoparticles in Berea
Sandstone. Negating the impact of salinity is hugely important in making Iron oxide
nanoparticle technology viable at field scale. Experiments showing a lack of retention in Berea
when run in negligible salt concentrations are useful to understand the geo-chemical processes
taking place, but are unrealistic. Therefore it’s important to find a combination of steric
repulsion, polymers capable of keeping iron oxide nanoparticles away from each other, and
charge, which will keep the double layer functioning, in order to create useful technology.
It was experimentally determined that ionic strength is the primary limiting factor in
retention for iron oxide nanoparticles run in Berea sandstone. Therefore future work should
have a baseline experiment with negligible electrolyte concentration run with each new
formulation of iron oxide nanoparticles, to determine if this limiting factor holds true
throughout each experiment. As a rule, data would suggest that steric repulsion is adequate to
prevent aggregation in Bentheimer, but in Berea, once ionic strength reaches a threshold
concentration, a combination physical and chemical attachment renders steric repulsion
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useless as a stabilizing force. Ionic strength, now determined as the primary limiting factor
should be tested for in every experiment moving forward.
Overall, it seems that ‘facecaking’ is the major area of retention for iron oxide
nanoparticles during experiments run in Berea sandstone. The greater delay in breakthrough
the greater retention reported which can be skewed because the calculations are measuring
volume collected during the injection of the particles, and after the injection is over, particles
continue to be collected. This nuance within the data sets may exaggerate the extent of
retention. Therefore if it were experimentally feasible, the ‘facecaking’ should be taken as a dry
weight and accurately quantified into a mass balance to determine how responsible it is for the
overall retention of iron oxide nanoparticles.
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