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An aqueous nanoparticle dispersion is a complex fluid whose mobility in porous
media is controlled by four key factors: the conditions necessary for the stability of
nanoparticle dispersions, the kinetics of nanoparticle aggregation in an unstable
suspension, the rheology of stable or unstable suspensions, and the interactions between
the nanoparticles and oil/water interface and mineral surfaces. The challenges in
controlling nanoparticle transport come from the variations of pH and ionic strength of
brine, the presence of stationary and mobile phases (minerals, oil, water and gas), the
geochemical complexity of reservoir rocks, and pore-network.

The overall objective of this work is to achieve a better understanding of
nanoparticle transport in porous media based on a systematic experimental and
theoretical study of above factors. For this purpose, the critical conditions for the aqueous
stability of nanoparticles are identified and fit by a theoretical model, which describes the
interaction energy between silica nanoparticles. Above critical conditions nanoparticle
aggregation becomes significant. A model for the aggregation kinetics is developed and

validated by experiments.
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A mechanistic model for predicting the viscosity of stable and unstable silica
nanoparticle dispersions over a wide range of solid volume fraction is developed. This
model is based on the concept of effective maximum packing fraction.

Adsorption experiments with silica nanoparticles onto quartz, calcite and clay
surfaces and interfacial tension measurements provide insightful information on the
interaction of the nanoparticles with minerals and decane/water interface. The extent of
nanoparticle adsorption on mineral/water and decane/water interfaces is evaluated based
on DLVO theory and Gibbs’ equation. Visual observations and analytical methods are
used to understand the interaction of nanoparticles with clay.

The characterization of nanoparticle behavior in bulk phases is built into an
understanding of nanoparticle transport in porous media. In particular, the rheology of
nanoparticle dispersions flowing through permeable media is compared with those
determined using a rheometer. In the presence of residual oil, the retention of silica
nanoparticles at water/oil interface during steady flow is investigated. The results from
batch experiments of nanoparticle adsorption are used to explain the flow behavior of

these nanoparticles in a glass bead pack at residual oil saturation.
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Chapter 1: Introduction

1.1 PROBLEM STATEMENT

A nanoparticle is an aggregate of atoms bonded together with a size between 1
and 100 nm. Emerging nanotechnology is bringing new ideas to the application of
nanoparticles in the petroleum industry as subsurface applications of nanotechnology
appear especially promising in the alteration of reservoir rock and fluid properties, such
as, the wettability and interfacial tension, or monitoring reservoir properties, and
removing subsurface hydrocarbon contaminants.

A better understanding of reservoir rock and fluid properties is essential to
accurately characterize the reservoir, design enhanced oil recovery processes, and
improve risk evaluation. Nanoparticles can offer a way of controlling oil recovery
processes that is unmatched by current or previous technology. Nanoparticles can be
functionalized to perform as sensors. They can collect spatial distribution of pressure,
temperature, and fluid saturation when injected into a reservoir. In-situ mapping of
modified nanoparticles can also provide important information on the rock heterogeneity.
In addition, they offer a means of interrogating small-scale physics.

Although recent advances in nanotechnology show potential applications in
hydrocarbon formation characterization and enhanced oil recovery, the behavior of
nanoparticles in porous media and governing factors have not been well understood. The
stability of nanoparticles in the aqueous phase (Figure 1.1-A) can be influenced by a
significant variation of harsh environmental conditions, i.e., temperature, pressure,
salinity and pH, during their transport from the surface facility into a reservoir. The
rheological behavior, i.e., stress-strain rate relationship of a nanoparticle suspension

(Figure 1.1-B), may vary in time due to a possible change in the nanoparticle
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concentration (due to phase separation or deposition of nanoparticles) or the effective
particle size (due to aggregation). Another factor that can cause a change in particle
concentration is the partitioning of nanoparticles onto fluid-solid and fluid-fluid
interfaces. In the former process, the presence of nanoparticles may destabilize the thin
oil film coating on the rock surface and hence alter the wettability (Figure 1.1-C). The
adsorption of nanoparticles on a rock surface and their structural ordering at the three-
phase region, may contribute to an enhanced motion of the contact line (Figure 1.1-D).
The latter process may change the interfacial tension between an aqueous phase and an
oleic phase. Therefore, the presence of nanoparticles would have a direct effect on the
displacement of the oleic phase in a porous media through modifying capillary and
viscous forces (Figure 1.1-E).

The success of nanoparticles in such applications depends on the ability to place
them in the right location in a reservoir. Therefore a systematic study, with both
elements of modeling and experiments, will provide a better understanding of the
dynamics of nanoparticles in porous media. The results of this research bring new insight
to the characterization of the stability of nanoparticles in the aqueous phase, the
adsorption at fluid/fluid and fluid/mineral interface and the characterization of
nanoparticle transport. The findings of this research help enable new possibilities to apply

nanoparticles for improved oil recovery.
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1.2 OBJECTIVE

The overall objective of this dissertation is to characterize and demonstrate
control the mobility of nanoparticles in porous media based by a thorough understanding
of the conditions necessary for the stability of nanoparticle dispersions, the aggregation
kinetics for unstable suspensions, the rheology of stable or unstable suspensions as a
function of particle size, volume fraction and surface type, and the interactions between
the nanoparticles and oil/water interface and mineral surfaces, Figure 1.2. This
understanding is extended to the challenges facing the control of nanoparticle transport
such as the variations of pH, ionic strength of the brine, presence of crude oil, variety of
minerals present in the reservoir rocks and the pore-network structures, and a possible

alteration of mineral surface wetting and spreading due to nanoparticle adsorption.
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Figure 1.2- The objectives of this research include the determination of the stability of
silica nanoparticle dispersions, their rheology and the interaction of nanoparticles with
minerals and oil/water interface to characterize the transport of nanoparticle dispersions
through a permeable media.

1.3 RESEARCH APPROACH

The research objective was carried out through a systematic approach with both
elements of experiments and modeling. The aqueous stability of nanoparticle dispersions
was evaluated by visual observations and quantitative methods using non-intrusive
analytical techniques: attenuated total reflectance, Fourier transform infrared (ATR-
FTIR) spectroscopy, an ultraviolet-visible (UV-Vis) spectrophotometer, zeta potential
analyses, and dynamic light scattering (DLS). These techniques were used to study the
effects of pH, temperature and electrolytes on colloidal stability. Dynamic light scattering
(DLS) gave the size distribution of nanoparticles in the suspension. Any change in the
size and shape of nanoparticles was detected by DLS and UV-Vis as the intrinsic
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nanoparticle size, pH and temperature of the suspension change. The aggregation kinetics
was determined by measuring the change, over time, in the effective size of an aggregate
using DLS. Zeta potential measurements were used to characterize the surface charge of
nanoparticles. Experimental observations were validated by DLVO theory. The results
were also compared with molecular dynamics (MD) simulations to better understand the
details in the underlying mechanisms. The local structure of solvents near the
nanoparticles in the presence of electrolytes was obtained through MD simulations which
shed light on the understanding and modeling of critical conditions for colloidal stability.

Rheological characterization of nanoparticle dispersions first involved
experimental studies. Rheology data gave the relation between the shear rate and shear
stress of stable nanoparticle dispersions. The effects of particle size, surface type and
temperature on this relationship were quantified. These effects were incorporated into a
scaled Newtonian viscosity model that was validated against the experiments.

A phase behavior study was carried out for unstable silica nanoparticle
dispersions as a function of electrolyte concentration. The samples in the phase region of
gelation were studied experimentally and existing non-Newtonian models were used to
explain the viscosity-shear rate relation observed.

The adsorption of silica nanoparticles onto representative mineral surfaces (quartz
and calcite) was studied experimentally by measuring the concentration of nanoparticles
in dispersion using a UV-Vis spectrophotometer. The adsorption of nanoparticles at the
decane/water interface was evaluated by interfacial tension (IFT) measurements. The
effects of particle size, concentration and surface type on the adsorption were studied in
detail. The results of adsorption experiments were validated with Gibbs equation of
adsorption and DLVO theory. Inverse gas chromatography was used to measure the

surface energy of mineral powders. Then contact angle measurements of a decane droplet
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on quartz or calcite plate immersed in water (or aqueous nanoparticle dispersion) were
carried out using a goniometer to investigate the influence nanoparticles exert to change
the original wetting of mineral surfaces.

Flow experiments of nanoparticle dispersions through an unconsolidated medium
incorporated all the knowledge acquired with the understanding and modeling of the
thermodynamics, i.e., stability and transport, i.e., rheology properties of nanoparticles and

their interactions with minerals and fluid/fluid interface.

1.4 OUTLINE OF THE DISSERTATION

The outline of this dissertation follows the research approach explained above.
The methods used to identify and evaluate the stability of aqueous nanoparticle
dispersions are introduced in chapter 2. The effects of pH, electrolyte concentration and
type, nanoparticle size, concentration and surface type on the colloidal stability are
presented. The effect of temperature on stability is also discussed. DLVO theory for the
interaction energy between particles is applied in this chapter to nanoparticle dispersion.
The match of the theory with experimental data and the limiting factors in DLVO theory
which may be better addressed through MD simulations are also discussed.

In chapter 3, systematic study on the characterization of the shear rheology of
silica nanoparticle dispersions is presented. The effects of particle size, concentration,
and surface type and temperature on the viscosity of silica nanoparticle dispersions are
quantified. A methodology for predicting viscosity of silica nanoparticle dispersions at a
given solid volume fraction based on the concept of effective maximum packing fraction

is introduced. This concept is used to scale all the measured viscosity data.



The aggregation behavior of colloidally unstable nanoparticle suspensions is
discussed in chapter 4. A systematic study of the aggregation of silica nanoparticle
dispersions and their rheological behavior under the pH and NaCl conditions that can
occur in hydrocarbon reservoirs is discussed. The effect of the size of the primary silica
nanoparticles, NaCl and particle concentration on the aggregation kinetics of silica is
determined by measuring the change in aggregate size as a function of time. A new
model to describe the aggregation kinetics is proposed and experimental data or theory is
used to determine the model parameters. The proposed model provides the framework to
collapse all of the data onto a single curve by using dimensionless numbers. The rheology
of unstable silica suspensions is also modeled using the effective maximum packing
fraction concept coupled with effective aggregate volume fraction.

Chapter 5 covers the study of the equilibrium phase behavior of silica
nanoparticle solutions in the presence of sodium chloride (NaCl). The experiments of the
rheology of solutions in the gel region are presented. This chapter focuses on the
determination of the onset of gelation as a function of silica and NaCl concentration and
temperature. The rheological parameters such as storage/loss modulus and viscosity of
these silica nanoparticle gels are obtained experimentally and used to understand the
structure of nanoparticle networks and their behavior under applied strain and shear rate.
The viscosity results are matched with existing non-Newtonian models.

Chapter 6 presents the study on the interaction of unmodified and surface
modified silica nanoparticles with mineral surfaces and decane/water interface.
Adsorption experiments with the silica nanoparticles onto quartz and calcite surfaces are
presented. Interfacial tension (IFT) measurements are also given to provide insightful
information on the interaction of silica nanoparticles with decane/water interface. The

effects of particle size, concentration and surface type of silica nanoparticles are studied
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in detail. This chapter highlights the importance of surface modifiers on silica
nanoparticles and the design of experiments when studying the adsorption of
nanoparticles with minerals or water/hydrocarbon interface. Modeling of the adsorption
of nanoparticles on minerals is done by using DLVO theory and Gibbs equation is used
for the determination of the adsorption of nanoparticles at decane/water interface from
IFT results. The restrictions in DLVO theory are discussed. Contact angle measurements
are also presented to confirm the findings from nanoparticle dispersion/mineral and
nanoparticle dispersion/decane interactions.

Chapter 7 presents the adsorption of nanoparticles on clay minerals. The swelling
behavior of clays in the presence of nanoparticles is discussed. Visual observations and
analytical methods such as ATR-FTIR and x-ray diffraction (XRD) are used to
understand the interaction of nanoparticles with clay minerals. The adsorption of
nanoparticles on clay surface is studied experimentally wusing a UV-Vis
spectrophotometer as discussed in chapter 6. Adsorption isotherms are built based on the
experimental results.

In chapter 8, the behavior of nanoparticle dispersions during flow through an
unconsolidated medium are discussed. The model developed for the bulk rheology of
silica nanoparticle dispersions is applied to flow through glass bead or sand packs. The
rheological behaviors of the dispersions are compared with those determined using a
rheometer. A correlation between the nanoparticle concentration and dispersion viscosity
in porous media for various nanoparticle sizes is presented. The effects of pore structure
and shear rate are also studied.

In chapter 9, the retention of silica nanoparticles at water/crude oil interface is
investigated. Similar methodology, as stated in chapter 6, is applied. Interfacial tension

(IFT) measurements are used to investigate the adsorption of silica nanoparticles at the
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crude oil/water interface. The effects of nanoparticle surface type and concentration and
dispersion pH on the IFT are presented. The adsorption isotherms are obtained using
Gibbs equation. The effect of nanoparticles on the phase behavior of water and crude oil
is discussed. Contact angle measurements show the ability of the nanoparticles to change
the wettability of a mineral surface. The results from batch experiments are used to
explain the flow behavior of these nanoparticles in glass bead pack at residual oil
saturation.

In chapter 10, the possible areas of future research are discussed based on the
findings presented in this dissertation. Recommendations based on both experimental and
theoretical study are presented. I believe that the fundamental understanding of the
stability of nanoparticle dispersions, interactions of nanoparticles with minerals and
oil/water interface and the rheology of these dispersions acquired, as a result of the
systematic research approach presented in this work, will contribute to the development
of applications of nanotechnology in oil and gas industry as well as bring a new

perspective to future research.
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Chapter 2: Stability of Aqueous Silica Nanoparticle Dispersions

In this chapter, I present quantitative methods for nanoparticle stability analysis
using non-intrusive analytical techniques: attenuated total reflectance, Fourier transform
infrared (ATR-FTIR) spectroscopy, ultraviolet-visible (UV-Vis) spectrophotometer, zeta
potential analyses, and dynamic light scattering (DLS). These techniques are used to
study the stability of silica nanoparticle dispersions and the effects of pH, temperature
and electrolytes that would be encountered in brines in oil field reservoirs.

Spectral analysis of the Si-O bond at wavenumber of 1110 cm™ with the ATR-
FTIR indicates a structural change on the surface of silica particles as the dispersion pH
changes, which agrees with zeta potential measurements. A critical salt concentration
(CSC) is defined for different salts, NaCl, CaCl,, BaCl, and MgCl,, above which the
silica dispersion becomes unstable. Three distinct stages of aggregation occur in the
presence of salt: clear dispersed, turbid and separated phases. Divalent cations Mg”", Ca®*
and Ba®" are more effective in destabilizing silica nanoparticle dispersions than the
monovalent cation Na*. The CSC for Na" is about 100 times more than for Ca®*, Ba*"and
Mg**. Among the divalent cations studied, Mg”" is the most effective at destabilizing the
silica particles. The CSC is independent of silica concentration, and lowers at high
temperature. Surface modification by sulfonate or polyethylene glycol (PEG) improves
stability for monovalent and divalent cations. However, PEG gives much larger CSC than

sulfonate modified nanoparticles at relatively low temperature, 25°C.

2.1 INTRODUCTION

In the recent years, nanotechnology has drawn the attention of many researchers
to develop innovative solutions to satisfy the growing demand for hydrocarbons. The

potential application of nanoparticle dispersions has significantly advanced into the
11



upstream oil and gas industry, from drilling, formation characterization, to improved
hydrocarbon and geothermal heat recovery (Mokhatab 2006). The success of all of the
petroleum engineering applications rests on the transport of nanoparticles in wellbores
and in hydrocarbon formations. The mobility of nanoparticles in natural formations is
strongly influenced by the dispersion stability of nanoparticles in a continuous phase.
Typical subsurface conditions such as temperature, pH, and electrolyte concentration
vary over wide ranges. It is thus difficult to control the stability of nanoparticle dispersion
particularly at high salinity and high temperature.

Silica, Si0O,, dispersions have been of interest in colloidal science because of their
many applications and because their anomalous behavior of aggregation may not be
predicted by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Derjaguin and
Landau 1941; Verwey and Overbeek 1948) (Healy 2006). An aqueous nanoparticle
dispersion is defined to be stable when the number of particles in a unit volume is
constant with respect to time (Kissa 1999). The stability of silica dispersions depends on
the structure of the silica surfaces and associated water molecules that define the
characteristics of the near surface region (Hofmann et al. 1934; Zhuravlev 1987;
Yalamanchili et al. 1996; Asay and Kim 2005; Hair 2006). The presence of silanol
groups (Si-OH) on a silica surface was postulated by Hofmann in 1934. These
hydrophilic silanol groups on a silica surface act as binding sites (H" bonds) for water.
From experimental observations with silica gels, aerogels, and porous glasses, Zhuravlev
(1987) concluded that a silanol group was the most probable compound on the surface of
amorphous, fully hydroxylated silica, and that one OH group corresponded to one surface
Si atom. The protonation and deprotonation of these silanol groups determines the
surface charge of silica nanoparticles and the extent of the repulsive energy to keep them

dispersed in the solution. For a given surface charge, the aggregation of silica
12



nanoparticles occurs because of the presence of electrolytes. The increasing rate of
aggregation of silica nanoparticles with concentration of electrolytes is known but not
well understood (Roberts 2006). The interparticle interactions of two silica nanoparticles
have been recently investigated through molecular simulations to understand the stability
of dispersion (Jenkins et al. 2007, 2008; Lane et al. 2009). Jenkins et al. (2007, 2008)
have shown that the electrical surface charge of silica nanoparticle in the presence of
background sodium, Na', concentration affects the ordering of water molecules around
the silica surface and the particle-water interactions (oscillatory interparticle forces).
Lane et al. (2009) studied the forces acting on surface coated silica nanoparticles and
concluded that surface coating suppressed the force oscillations. The study of the effects
of pH, temperature, cation type and electrolyte concentration on the stability of silica
nanoparticle dispersions is yet to be explored.

In this chapter, a systematic study of the stability of silica nanoparticle dispersions
is presented. The effect of pH on the colloidal stability of silica is determined by different
analytical methods. A critical salt concentration (CSC) is identified for monovalent
(NaCl) and divalent cations (CaCl,, MgCl, and BaCl,) above which silica nanoparticle
dispersion becomes unstable. Development of quantitative methods for determining the

CSC is discussed. The effect of temperature on the CSC is also investigated.

2.2 MATERIALS AND METHODS

The material under study is an aqueous dispersion of silica particles as provided
by 3M, Co (St. Paul, MN, USA). The mean diameters of primary particles are 5, 8 and 25
nm, which have an unmodified (bare) surface or a modified surface with sulfonate
covalently attached to a short alkyl chain or covalently bond polyethylene glycol (PEG).

The shape and size of silica particles were examined by a scanning transmission electron
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microscope (STEM). A droplet of the unmodified silica nanoparticle dispersion was dried
on a commercial copper transmission electron microscope (TEM) grid with carbon film
support. The images of silica nanoparticles are in Figure 2.1 at two magnifications. The
result from dynamic light scattering (DLS) measurements also shows a mean diameter of
25nm with a polydispersity index of 0.077 indicating a narrow size distribution. Iler
(1979) argued that the capillary forces during drying do not affect the shape of particles.
Van Blaaderen (2006) and Vrij (2006) observed that drying does not influence the radius
of particles determined with TEM measurements and that the shape of silica particles

depends mainly on the method of synthesis.
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Figure 2.1- The bright field scanning transmission electron microscopy (STEM) images
of dried silica dispersions at (a) 350k magnification and (b) 700k
magnification.

A stock solution containing 41.13% by weight silica nanoparticles was diluted
with deionized water to the desired silica concentration. Then, the pH of the silica
dispersion samples was adjusted by adding a dilute hydrochloric acid (HCI) solution.
NaCl, MgCl,, BaCl, and CaCl, were the inorganic salts used in the experiments to

determine the effects of electrolytes on aqueous dispersion stability. All chemicals were
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of analytical grade quality. The stock solutions of the inorganic salts and the silica
dispersion samples were mixed to reach the desired electrolyte concentrations. Typical
ranges of salinity and hardness from natural hydrocarbon reservoir brines were used in
our experiments.

A spectrum 100 FTIR spectrometer was used to identify chemical functional
groups present in the silica nanoparticles and their dispersions. Samples were positioned
in direct contact with an attenuated total reflectance (ATR-FTIR) diamond crystal. The
ATR-FTIR spectra were then recorded from 4000 to 600 cm ™' at a resolution of 2 cm ™.
A baseline correction was applied to ATR-FTIR spectra before each measurement.

We also used an ultraviolet-visible spectrophotometer (UV-Vis) of to analyze
optical absorbance of silica dispersions. The absorbance-time relationship provided a
means to study the aggregation of silica dispersions.

A zeta potential analyzer was also used with a dynamic light scattering option to

determine the zeta potential and effective particle diameter of silica nanoparticle

dispersions.

2.3 RESULTS AND DISCUSSION

In this section, I present the results on the effect of pH on aqueous stability of
silica nanoparticle dispersion, phase behavior of silica nanoparticle dispersions in
presence of electrolytes, the effect of divalent cations, particle size and surface

modification on critical salt concentration (CSC) and the effect of temperature on CSC.

2.3.1 The Effect of pH on Aqueous Stability of Silica Nanoparticle Dispersion

Figure 2.2 shows the respective ATR-FTIR transmittance spectra of deionized
water, a dry silica sample, and a silica dispersion sample with a pH of 9.65 after dilution
of stock solution to 1wt% silica. The dry silica sample was prepared by evaporating water

15



from the silica dispersion at 120°C for 12 hours. Deionized water shows a broad peak at
3330 cm™ and a sharp peak at 1629 cm™ because of the stretching and bending vibrations
of the O-H bonds in the water molecules. Comparing the spectra of deionized water and
the silica dispersion reveals the presence of silica nanoparticles by a characteristic Si-O
peak at 1100 cm™. The deionized water curve coincided with the silica dispersion at the
peaks corresponding to vibrations of O-H bonds. In the spectrum of the silica powder,
two peaks corresponding to Si-O bond vibration occur at 793.4 and 1055.3 cm™'. Morrow
and Molapo (2006) also observed similar peaks at 1100 and 800 cm™ for a silica thin
film. A small and broad peak at 3300 cm™ and a small peak at 1650 cm™ in the spectrum
of the silica powder indicate the presence of adsorbed water that remains after drying.
The transmittance corresponding to the Si-O peak at 1100 cm™ in the silica dispersion is
large compared to silica powder because of the small concentration of silica nanoparticles
(1 wt%) in the dispersion. For a given nanoparticle concentration, the area of the Si-O
peak varies with the degree of hydroxylation of silica nanoparticle surface as pH changes.
Moreover, the Si-O peak at 793.4 cm™ observed with powder silica particles is
suppressed by water in silica dispersions (Figure 2.2). Therefore, only the Si-O peak at
1100 cm™ is used to evaluate the effect of pH on the aqueous stability of a silica

nanoparticle dispersion.

16



Deionized Water
100 e

E T — pa -
C /

90
o~ 80
X C
B 70
~—~ C
() C
L 60 | \
c C \‘\ |
a 50 = |
= ! i
£ 40 | - 1 ,
= : 3350-3225 cm 1629 cm™® 793.4cm™
S 30 ([ —siica Powder
© r
— r e N

20 g Deionized Water Silica Powder 1100 cmt

10 Silica Nanoparticle

0 F Dispersion (1wt%) ‘ ‘ ‘ ‘

4000 3500 3000 2500 2000 1500 1000 500
Wave Number (1/cm)
Figure 2.2- ATR-FTIR transmission spectrum of dried silica powder, 25nm unmodified

silica particle dispersion, and deionized water. Stretching and bending
vibrations of water molecules show peaks at 3330 and 1629 cm™

5

respectively. The silica powder has the Si-O bond vibrations at 793.4 and
1055.3 cm™. Only the Si-O at 1100 cm™ is detectable in case of the silica
dispersion.
We measured the infrared light (IR) transmittance of two respective series of 0.5
and 1 wt% silica particle dispersions, whose pH varied over a wide range from 2.5 to 10.
All of these samples exhibit a stable clear phase, indicating an indiscernible effect of pH
on the stability of silica nanoparticle dispersion. However, a plot of Si-O peak area,
which is the area under the peak at 1100 cm'l, versus pH, as shown in Figure 2.3,
suggests a significant variation of silica nanoparticle surface structure with pH. The peak
area first decreases sharply as pH increases, and then levels off at around a pH=7,
regardless of particle concentration. A small increase in the peak area at a given pH is

because of an increase in particle concentration.
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Figure 2.3- The area under the Si-O peak at 1110 cm™ as a function of pH for 0.5 and 1
wt% particle concentrations. The change in the slope of the peak area of the
Si-O bond around pH=7 indicates a structural change of the silica
nanoparticle surface.

The surface charge of metal-oxide particles in water may vary from positive to
negative as pH increases because of surface deprotonation (Hunter 2001). The isoelectric
point is defined as the pH at which the surface is neutrally charged. The measured zeta
potential, which represents the potential at the shear plane (Hunter 2001) of the silica
nanoparticles, is plotted versus pH as shown in Fig. 2.4. It is around -45mV as pH
decreases from 10 to 6, but sharply increases with further decrease in pH. This trend is
observed for both 0.5 and 1 wt% particle concentrations, which is consistent with the
relationship between IR transmittance and pH (see Figure 2.3). Furthermore,
extrapolating the potential curve to the smaller pH range in Figure 2.4 suggests that the

silica surface approaches the isoelectric point at a pH around 3.4.
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Figure 2.4- Zeta potential of silica particle dispersions as a function of dispersion pH.
The vertical error bars in the graph are the mean standard errors of the zeta
potential measurements. The isoelectric point (IEP) is estimated as pH=3.4
by extrapolation of linear regression fit to points at pH=8 or smaller. The
zeta potential measurements below pH=4 exceeded the conductance limit of
the zeta potential analyzer therefore zeta potential measurements are not in
this pH range.

The pH-induced aggregation of silica particles is not seen by visual observation
because of the possible nanometer-sizes of aggregates. Another way to identify the
presence of nanoparticle aggregation is through ultraviolet-visible spectroscopy (UV-Vis)
and dynamic light scattering (DLS). Figure 2.5a shows the light absorbance of silica
dispersions as a function of pH for two different particle concentrations at 400 nm. The
variation of absorbance with pH could be clearly observed at this wavelength. From this

figure the absorbance does not significantly change with pH. This suggests the absence of

particle aggregation, which is confirmed by the results from the DLS measurements in

19



Figure 2.5b. The effective particle diameter increases by a factor of 1.36 as pH decreases
from 10 to 2. Therefore, particle aggregation is not responsible for the observed slight
change of the effective particle diameter with pH despite of the significant pH-induced
reduction of particle surface charge (see Figure 2.4). The effective diameter determined
by DLS is the diameter of the nanoparticle plus the thickness of a layer of water and ions
that are bound, with varying degrees of strength, to the particle. The latter is partially
determined by the surface potential of particles, which is in turn influenced by pH as
shown in Figure 2.4. This most likely explains the relationship between the effective

particle diameter and pH shown in Figure 2.5b.
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Figure 2.5- (a) UV-Vis absorbance of 0.5 and 1 wt% silica particle dispersions at 400nm
wave length as a function of pH, (b) The effect of pH on effective particle
diameter for 0.5 and 1 wt% silica dispersions by DLS measurements.

The silica nanoparticles used in the experiments on the effect of pH made a stable
clear phase with water. The effective particle diameter was close to the actual diameter of

nanoparticles (Figure 2.5b). These clear dispersions had an absolute zeta potentials much

smaller than 40mV, which indicates the degree of the stability of a dispersion (ASTM
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Standard 1985). When the extent of the repulsive energy is smaller compared to the van
der Waals attraction energy the dispersion becomes unstable giving rise to the
aggregation of particles. As discussed above, the silica nanoparticles exhibit a stable
dispersion in the pH range studied. Kitchener (1971) drew attention to this anomalous
stability of silica dispersions, in contradiction with DLVO theory (Derjaguin and Landau
1941; Verwey and Overbeek 1948), around pH 2-3 where their zeta potential is minimal.
Kitchener (1971) discussed that the existence of polysilicic acid filaments on the silica
surface formed in situ, could be the reason for this extraordinary stability around the
isoelectric point.

These thin silica hairs on the surface (Iler 1979) could push the double layer
repulsion out to extend further than van der Waals attraction and also generate an

additional short-range steric repulsion (Israelachivili et al. 1996).

2.3.2 Phase Behavior of Silica Nanoparticle Dispersions in Presence of Electrolytes

Electrolytes could also destabilize particle dispersions by compressing the
electrical double layer. As the electrolyte concentration increases, the energy barrier is
lowered to an extent that kinetic energy of particles dictates the kinetics of particle
aggregation (Derjaguin and Landau 1941; Verwey and Overbeek 1948). In this section,
the effect of NaCl as an indifferent electrolyte on the stability of silica nanoparticle
dispersions is evaluated. The NaCl is indifferent because it does not adsorb on the
particles.

Figure 2.6 shows the phase behavior of silica dispersions that are different in
NaCl and particle concentrations. For small particle concentration (e.g. 0.5 wt% particle
in Figure 2.6), the addition of NaCl up to around 1.5 wt% does not destabilize the

aqueous dispersion of silica nanoparticles. However, a further increase in NaCl
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concentration leads to a phase transition. This phase behavior suggests that 1.5 wt% NaCl
represents a critical salt concentration (CSC) above which particle aggregation and
sedimentation visually occurs. When the NaCl concentration is increased above its CSC,
three distinct subsequent stages of particle aggregation could be observed: (1) an early-
time stage characterized with a single clear phase (e.g. vials shown in Figure 2.6 with 0.5
wt% particle concentration and 3 wt% NaCl at 1 hour), (2) a precipitation stage with a
single turbid phase (e.g. same vials 10 days later), and (3) a sedimentation stage with two
separate phases (e.g. the same vials after 41 days). The subsequent occurrence of the
precipitation and sedimentation stages is accelerated by either increasing NaCl or particle
concentration. For example, Figure 2.6 shows that for 2 wt% NaCl concentration the
particle dispersion with 2 wt% particle concentration approaches the end of the
precipitation stage after 10 days while the dispersion with 0.5 wt% particle concentration
is still in the early-time stage. However, these two factors were found not to significantly
influence the CSC for NaCl.

Particle aggregation occurs during the early-time stage when the electrolyte
concentration is above its CSC. However, the formation of nanometer-sized aggregates
may not be visually observed. In addition, a CSC could be determined accurately through
DLS measurements of effective particle diameter. It is important to determine the light
absorption characteristic of silica particle aggregates in the UV-Vis range as the UV-Vis
spectrophotometer provides a convenient technique for studying aggregation kinetics. For
the above purposes, DLS and UV-Vis measurements were conducted on a series of
particle dispersions with different electrolyte concentrations. The results are in Figure

2.7.
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Figure 2.6- Photographs of sealed tubes that show the phase behavior of unmodified
silica nanoparticle dispersions at various NaCl and nanoparticle
concentrations at (a) 1 hour, (b) 10 days and (c) 41 days. Three distinct
sequential stages of aggregation, i.e., single clear phase, a turbid single
phase and two separate phases.

Figure 2.7 shows that the absorbance profile for 0.5 wt% particle concentration at
400nm wavelength is characterized by a transition from a uniform to a sharp increase as
NaCl increases above a critical value. This critical value does change with time (i.e. from
2 wt% at 1 hour to 1 wt% after 43 days) and eventually reaches an approximate value of
1 wt%, which defines the equilibrium CSC for NaCl. The variations of effective particle
diameter in time and with NaCl concentration are in Figure 2.7. The effective particle
size increases sharply from 25 nm to 200 nm with NaCl concentration above CSC. The
effective particle diameter profiles are very close to the UV-Vis light absorbance profiles.
Both techniques give almost the same CSC. Therefore, the UV-Vis spectrometry is also

used in determining the kinetics of particle aggregation.
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Figure 2.7- Effective particle diameter and UV-Vis absorption at 400nm wave length of
0.5 wt% unmodified silica dispersions in the presence of NaCl. A significant
increase in effective diameter and absorbance occur initially at 2 wt% NaCl
but this critical concentration shifts to an equilibrium value (CSC) of 1 wt%
at 43 days.

Figure 2.8 shows the light absorbance for a 0.5 wt% particle dispersion in the
presence of 3 wt% NaCl (above the NaCl CSC). The rate of increase in absorbance
reflects the kinetics of particle precipitation. In the sedimentation stage, the gravitational
potential overcomes the dispersive interparticle and particle-solvent interactions. The
sedimentation of nanoparticles was clearly observed after around 190 hours. Plaza et al.
(2002) carried out stability experiments with hematite/yttrium oxide core-shell particles
by measuring their optical absorbance. They suggested that the slope of an absorbance
curve carries the most significant information about particle-particle aggregation. A
positive slope indicates a doublet of particles that has larger extinction cross section than
two individual particles sufficiently far apart. In our experiments with 1, 2 and 3 wt%

NaCl at 0.5 wt% silica concentration, we observed a negative slope during the early-time
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stage (i.e. first one hour) which may indicate that a doublet of silica particles has a
smaller extinction cross section than two individual particles far apart in the dispersion
(Plaza et al. 2002). This negative slope is not visible in Figure 2.8 because of the large

time scale.

1 Ml‘
0.8 - /
(]
S 06 |
s ‘
8 x
2 04 x
< .
02 [ AA
Om ‘

0 25 50 75 100 125 150 175 200 225

Time (hr)

Figure 2.8- UV-Vis light absorption of a 0.5 wt% unmodified silica particle dispersion
with 3 wt% NaCl as a function of time.

2.3.3 Effect of Divalent Cations on Critical Salt Concentration (CSC)

Figures 2.9 and 2.10 show phase behavior images of silica particle dispersions in
the presence of MgCl, and CaCl,, respectively. There was no background NaCl in these
experiments. For both Mg2+ and Ca®’, an increase in concentration above a critical value
gives rise to particle aggregation, consistent with the phase behavior observed for NaCl

(see Figure 2.6). A silica particle dispersion exhibits an equilibrium clear phase for
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divalent cation concentration lower than 0.02 wt%, which is one hundred times lower
than that for the monovalent cation (CSC for NaCl is 1 wt%). For a divalent cation
concentration above 0.04 wt%, the particle aggregation is so effective that the early-time
stage is almost absent; sedimentation begins only after 1 day. Among these cations, Mg
exhibits the greatest effect on particle dispersion destabilization. Furthermore, comparing
phase transitions of Mg®" (Figure 2.9) and Ca”" (Figure 2.10) at a given electrolyte and
particle concentrations reveals that an increase in particle concentration accelerates
aggregation for divalent cations. An increase in nanoparticle concentration shortens the
average distance travelled by a particle between collisions, resulting in an increase in
aggregation rate for a salt concentration above CSC. However, the particle concentration
does not influence the CSCs for these cations. Elimelech (1998) argues that particle
concentration should not affect critical coagulation concentration if the electrolyte is
indifferent. In other words, if there is not any specific adsorption of counterions onto the
surface of a particle, the extent of the repulsive energy is not changed and hence the

concentration of particles does not affect critical salt concentration.
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0.5 wt% particle 1.0 wt% particle 2.0 wt% particle

Time= 1hour

Time=1 day

Time=7 days
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wt% wt% wt%

Figure 2.9- Photographs of sealed tubes that illustrate the phase behavior of silica
dispersions with MgCl, at 1 hour, 1 day and 7 days at 25°C. Three distinct
sequential stages of aggregation are observed at various MgCl, and
nanoparticle concentrations. The transition between a stable and an unstable
dispersion (aggregation followed by sedimentation) occurs around 0.03 wt%
MgCl, for all three nanoparticle concentrations.
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Figure 2.10- Photographs of sealed tubes that illustrate the phase behavior of silica
dispersions with CaCl, at 1 hour, 1 day and 7 days at 25°C. Three distinct
subsequent stages of aggregation are observed at various CaCl, and
nanoparticle concentrations. The transition between a stable and an unstable
dispersion (aggregation followed by sedimentation) occurs around 0.05 wt%
CaCl, for all three nanoparticle concentrations.

Figure 2.11 shows the absorbance at 400 nm wave length as a function of
concentration of the chloride salts for Mg®", Ca®’, and Ba®" for 1 wt% particle
concentration. The CSCs, determined at a point of sharp change in the UV-Vis
absorbance profiles in Fig. 11, are 0.0125 wt% for MgCl, and 0.025 wt% for both CaCl,
and BaCl,. These values are confirmed by the measured effective particle diameter as a
function of salt concentration as in Figure 2.12. From this figure the aggregate size is
much more sensitive to the addition of divalent than monovalent cations.

Colic et al. (1998) studied the influence of monovalent cation size (Li", Na', K,
Cs") on short range repulsive forces in silica slurries at large salt concentrations. The
authors argued that the layer of structured water molecules around the silica particle’s

surface favors the accommodation of small ions that prefer to be surrounded by organized
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water at pH greater than isoelectric point (IEP). Hence, smaller cations can penetrate
deep into the water layer at the particle surface resulting in less repulsive force compared
to larger ions that reside outside the hydration layer (Torrie et al. 1989). The mechanism
for the short-range repulsion would be the collapse of the counterion cloud. Our
observations on the stability of silica dispersions with divalent cations Mg*", Ca** and
Ba’" agree with this theory. Mg being the smallest cation with highest affinity to water
induces the smallest repulsive force and, hence, exhibits the least CSC compared to Ca*"

and Ba>".
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Figure 2.11- UV-Vis absorbance of a 1 wt% silica dispersion in the presence of different
salts (NaCl, MgCl,, CaCl, and BaCl,) at 400nm wave length at 25°C. Mg*"
exhibits the smallest CSC while the CSCs for Ca** and Ba”" are both about
0.025 wt%.
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Figure 2.12- Effective particle diameters for a 1 wt% silica dispersion as a function of
NaCl, MgCl,, CaCl, and BaCl, concentrations at 25°C. An increase in the
effective diameter indicates aggregation of the silica particles.

The significant difference in CSC between the monovalent and divalent cations
could be further explained by the DLVO theory (Derjaguin and Landau 1941; Verwey
and Overbeek 1948). The interaction potential between two spherical nanoparticles

includes the attraction (V) and repulsion energies (Vr) as described by Equations. 2.1

and 2.2, respectively

A 1 1 1
VA:—ELXZ _1+?+2|n(1—FJJ (21)
V, =27,6,84° In| 1+exp(-2xa(x-1)) | (2.2)
V, =V, 4V, 2.3)
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where x is the ratio of the center-to-center distance of spheres, r, to the diameter of the
sphere, 2a; xis the inverse of Debye length; &, ¢, is the dielectric permittivity; and A is
the Hamaker constant. For silica dispersion the calculated value of A is 6.02 x 10! J in
agreement with previously proposed constants for silica (Franks 2002; Dumont 2006).
The diffuse layer potential, ¢ , is obtained from zeta potential measurements. Equation
2.2 shows that the magnitude of the repulsive energy depends on the Debye length, which
decreases with increasing electrolyte concentration. In Equation 2.3, V7 is the total

interaction energy.

Figure 2.13 presents the normalized interaction energy (V; /KT ) between two

identical spheres as a function of dimensionless distance x. Here, k is the Boltzmann
constant, and T the temperature. A secondary minimum in energy occurs at NaCl
concentrations greater than 1 wt% (Figure 2.13b). In Figure 2.14, we present the area
under the DLVO curve as a function of electrolyte concentration. This figure also shows
the relationship between electrolyte concentration and the amount of energy (V; /KT )
required to bring two nanoparticles from infinity to a critical distance, x., that is shorter
than that at which particle aggregation is highly promoted because of the increasing
attraction energy as x decreases. The gradient of the interaction potential with respect to
x becomes positive for x which is smaller than x.. The integration term, the area under the
DLVO curve, decreases first sharply then much more gradually as -electrolyte
concentration increases, Figures 2.14a and 14b. This gradually decreasing slope, in the
region between 0.5 and 1.5 wt% NaCl in Figure 2.14a, is the region where the transition

of a stable dispersion into an unstable state occurs. The range of electrolyte concentration
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for this transition region is significantly reduced as the cation’s valence increases and is

consistent with the measured CSCs for Na', Ca2+, and Mg2+.
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Figure 2.13- Two-particle interaction potential as a function of dimensionless separation
distance according to DLVO theory for (a) NaCl concentrations. The
secondary and primary minima are shown clearly in the (b) small scale
range of the y-axis, a zoom-in of (a).
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33



2.3.4 Effect of Particle Size on CSC

The effect of particle size on the stability of aqueous silica nanoparticle
dispersions is also studied. As shown in Figure 2.15, the effect of divalent cations in
lowering CSC is still present at small particles diameters such as 5 and 8 nm. However,
the effect of particle size on CSC is not significant when the results of CSC of a given

electrolyte are compared in Figure 2.15 for 5, 8 and 25 nm unmodified particles.
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Figure 2.15- The effect of particle size and divalent cations on CSC of unmodified silica
nanoparticle dispersions. The values on x-axis are the diameter of silica
particles that were studied.

DLVO theory is used to explain the CSC for Snm particles. The electrostatic
repulsion energy term in Equation 2.2 cannot be used because the condition of xa >10

is not satisfied for 5 nm particles. Instead, Equation 2.4 is used where the electrostatic
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repulsion term is approximated for the case where xka <5 (Lu 2008). The van der Waals
attraction in Equation 2.1 holds true and by adding Equation 2.1 to 2.4 the total

interaction potential is obtained. The results are presented in Fig. 2.16.

Vi =27,6,a° exp(—«h) for ka<5 (2.4)

When the potential curves are compared for 25 (Figure 2.13) and 5 nm (Figure
2.16a) particles, the absence of a secondary minimum in the potential curve for 5 nm
particles is observed. However, the maximum in potential curves are much smaller for 5
nm than for 25 nm particles. This result is expected since DLVO theory predicts that
interaction potential decreases as particle size decreases (He et al. 2008). Although
smaller particles are predicted to be more susceptible to aggregation, the difference in
CSC is not significant. This could be explained by the absence of a secondary minimum
for 5 nm particles. Moreover, the transition region from a stable dispersion to an unstable
dispersion (Figure 2.16b) occurs at similar regions for 5 and 25 nm unmodified particles,

which also agrees with our experimental results on CSC.
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Figure 2.16- (a) The total interaction potential as a function of dimensionless distance
according to DLVO for 5nm unmodified particles and NaCl (b) Relationship
between electrolyte concentration and the amount of energy (V; /KT )

required to bring two nanoparticles from infinity to a critical distance, x., for
NaCl.

36



2.3.5 Effect of Surface Modification on CSC

The effects of surface modification on CSC of NaCl, MgCl, and CacCl, are studied
at 3 different particle sizes such as 5, 8 and 25 nm diameter. Figure 2.17 presents the
results for sulfonate modified silica nanoparticle dispersions. The effect of particle size is
insignificant for sulfonate modified silica nanoparticles as discussed previously for
unmodified silica nanoparticles. Moreover, an increase in CSC is observed for all
electrolytes studied when compared to CSC’s for unmodified silica nanoparticles (Figure

2.15). This improvement in CSC is more significant for divalent cations than monovalent

cations.
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Figure 2.17- The effect of particle size and divalent cations on CSC of sulfonate coated
silica nanoparticle dispersions. The values on the x-axis are the diameter of
silica particles studied.

Another type of surface modification studied is polyethylene glycol (PEQG),
covalently bond to the surface of silica nanoparticles. A significant improvement in CSC

for both monovalent and divalent cations are observed with PEG modified silica
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nanoparticles at 25°C (Fig. 2.18). Comparing the results of CSC’s for sulfonate and PEG
modified silica nanoparticles, a significant improvement in CSC’s for PEG modified
particles is observed. However, at higher temperature such as 70°C, CSC of PEG
modified particles shifts to lower concentrations. The effect of temperature on CSC for
PEG modified particles is discussed in details below. A very important finding is
observed with MgCl, at 70°C. The dispersions stay clear but the size measurements

shifted to larger values as shown in Figure 2.18.
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Figure 2.18- The effect of divalent cations and temperature on CSC for 5Snm PEG
modified silica nanoparticle dispersions.
The interaction forces between unmodified or modified silica particles have been
an important research area. Valle-Delgado et al. (2005) measured the interaction forces
between silica surfaces at different salt concentrations using atomic force microscopy

(AFM). They observed short range repulsive forces at separation below 2 nm and
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compared these experimental results with the theoretical models available in literature.
The origin of the short range repulsive hydration forces could differ from system to
system. The authors concluded that in the case of silica, the formation and rupture of
hydrogen bonds between silanol groups on the surface and neighboring water molecules
were responsible for the short range repulsive hydration forces.

Manciu and Ruckenstein (2001) suggested that the colloidal stability at high
electrolyte concentrations could be a result of hydration repulsive force due to ion pairs
present on the particle surface (surface dipole density). They studied the model developed
by Schiby and Ruckenstein (1983) using information of adsorption of sodium dodecyl
sulfate available in literature. They concluded that at the same surface density of ion
pairs, the magnitude of the hydration force was influenced by the dipole moment of the
surface ion pairs and the local dielectric constant next to the surface.

Vigil et al. (1994) studied the interactions between silica surfaces. They proposed
that the surface of hydrophilic silica swelled, meaning that a 1 to 2 nm thick silica gel
layer of silanol and silicilic acid grew on the surface due to water adsorption. Therefore,
the origin of the short range repulsive force was related to the steric repulsion force
between protruding surface groups, silica hairs. Furthermore, the authors suggested based
on the adhesion measurements that the protruding reactive groups on both silica surfaces,
which were brought together, slowly sintered in the presence of water. At large
separations, DLVO forces were found to be effective but at smaller separations steric
repulsion was dominant and the outer Helmholtz plane (OHP) was believed to be pushed
out by 1 nm from the surface by the water swollen silica gel layer. This shift in OHP

enhanced the contribution of electrical double layer repulsion to the net force.
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To determine the stability of sulfonate or PEG coated silica nanoparticles
theoretically, we need to modify the DLVO theory by adding a steric potential term. It is

known that the steric potential is a function of Flory-Huggins parameter defined as
2
X= _m(gp - 5solvent ) (25)

where 5p and o,

solvent

are the Hildebrand solubility parameters for the polymer and solvent

respectively, V,, the molar volume, R the universal gas constant and 7 is. The solvent is

considered as a good solvent for the given polymer for y <0.5. Then, for L<h<2L, the

steric potential is defined by Lu (2008) as

327kTa Vi (1 h)°
Vo=t TZ(E—;()(L——) (2.6)

where a is the particle radius, k& the Boltzmann constant, v molecular volume of
dispersing medium, V; average volume fraction of polymer segment in the adsorbed
layer, & particle separation distance, L length of polymer.

For short particle separations, where h<L the steric potential and elastic

interaction energy of polymer chains are as follows

v, = 3718 o0 (1— ;(JLL—E— |nLEJJ 2.7)
v 2

2
Velastic:272.—k-|-a|—2pvf2 Dln 2(3_h/|—j —6|n(3_h/|—j+3(l_ﬂj (28)
M L L 2 2 L

w
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where M,, is the molecular weight and p is the density of adsorbed polymer dispersant. In
the case where the separation distance h is larger than 2L (h>2L) there is no steric
interaction.

From the above equations, we can say that the magnitude and sign of the steric

interaction is a function of L%— ;(J Therefore, the determination of the Flory-Huggins

parameter is crucial to predict the steric interaction. Instead of using Hildebrand
solubility parameter, which does not take into account the energies from dipolar and
hydrogen bonds, we calculated Hansen solubility parameters (Hansen, 2007). The results

for sulfonate and PEG are as follows

;t/ Sulfonate — 2 01

Xrec =4.8

. 1 . : . .
Calculating the term [E— ;(J we obtain negative values for steric interaction (Vg

<0) which indicates that the surface coating of silica nanoparticles with these molecules
brings an additional attractive part to the total interaction potential. This result contradicts
with the experimental observation where an improvement in colloidal stability occurred
for sulfonate and PEG coated particles. As stated by Hubbard (2002), in the presence of
polymers and surfactants, the understanding of stabilization is much more incomplete.
Therefore, molecular dynamics (MD) simulations may greatly contribute to our
understanding of colloidal stability of surface modified nanoparticle dispersions.

Another surface modification studied is alumina modified silica nanoparticles.
They were purchased from Sigma-Aldrich as an aqueous dispersion. The zeta potential of
alumina modified silica nanoparticles is +45 mV as measured by zeta analyzer. These
nanoparticle dispersions are not stable at pH greater than 6 which is the isoelectric point

for alumina. Therefore the stability measurements are carried out at pH 5 and below. The
41



effect of divalent cations on CSC is shown in Figure 2.19. One important remark is that
the CSC is same for NaCl, CaCl, and MgCl, and is around 1 wt%. This result is expected
because the particles are positively charged and the counterions matter for stability, being
CI for all those salts. Therefore a divalent anion SO42' is introduced. Then, CSC shifts
from 1 wt% to 0.25 wt%. Similar observations are made at 70 °C. The effect of pH on
CSC is also studied for alumina modified silica nanoparticles. The results are presented in
Figure 2.20 where the effective particle diameter is plotted against electrolyte
concentration for dispersions at pH 3.2, 4.2 and 5.2 at 25 and 70 °C. The CSC is

independent of pH for the range studied.
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Figure 2.19- The effect of divalent cations, anions and temperature on CSC for Snm
alumina modified silica nanoparticle dispersions.
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Figure 2.20- The effect of pH on the CSC for NaCl for Snm alumina modified silica
nanoparticle dispersions.

2.3.6 Effect of Temperature on Critical Salt Concentration

To investigate the effect of temperature on the CSC, DLS is used to measure
particle size on a series of 1 wt% unmodified silica dispersions with different salt types
(NaCl, CaCl, and MgCl,) and concentrations at 25 and 70°C. The results, shown in
Figure 2.21, indicate that the CSC is significantly reduced as temperature increases. This
observation may be explained based on relative magnitude of the energy barrier and the
average kinetic energy of nanoparticles as shown in Figures 2.13 and 2.14. An increase of
the average kinetic energy with temperature gives rise to the particle collisions that result
in aggregation. As a consequence, a higher energy barrier (i.e. lower salt concentration) is

required to maintain the aqueous stability of a nanoparticle dispersion.
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Figure 2.21- DLS measurements of 1 wt% silica dispersion in the presence of different
salts (NaCl, CaCl, and MgCl,) at 25°C and 70°C. DLS measurements are
taken after 18 days.

Figure 2.22 presents the results on CSC’s of NaCl, CaCl, and MgCl, at 25 and
70°C for 25 nm diameter unmodified silica nanoparticle dispersions on a bar chart. The
effects of divalent cations and high temperature are significant in lowering CSC as
observed from this figure. The effect of particle size for unmodified nanoparticles on
CSC at 70 °C is shown in Figure 2.23. As observed with nanoparticles at 25 °C, the effect
of size is not very significant for the ranges studied. However, CSC’s are lower at this

temperature than those at 25°C (in comparison with Figure 2.15).
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Figure 2.22- Critical salt concentration (CSC) for 25 nm diameter unmodified silica
nanoparticle dispersions. The effects of divalent cations and temperature are
presented.
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Figure 2.23- The effect of particle size and divalent cations on CSC of unmodified silica
nanoparticle dispersions at 70°C. The values on x-axis are the diameter of
silica particles that was studied.

The silica nanoparticles modified with sulfonate still have larger CSC’s at 70°C
than those for unmodified nanoparticles at the same temperature. However, CSC’s at
70°C (Figure 2.24) are much lower when compared with sulfonate coated silica
nanoparticles at 25°C (Figure 2.17). The particle size does not significantly influence

CSC’s for sulfonate modified silica nanoparticles at 70 °C (see Figure 2.25).

46



10 ¢
F H 25nm Modified

S 0 25nm Unmodified

g 1l

g <

> I

o =

g 8— 0.1 g

& Q

= L

S 001 ¢

5 F

0.001

NaCl CaCl2 MgClI2

Figure 2.24- The effect of divalent cations on CSC of unmodified and sulfonate modified
silica nanoparticle dispersions at 70°C.
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Figure 2.25- The effect of particle size and divalent cations on CSC of sulfonate coated
silica nanoparticle dispersions at 70°C. The values on x-axis are the
diameter of silica particles that we studied.
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The results on the effect of temperature on CSC’s of PEG coated particles are
presented in the previous section. It was observed that up to the CSC at 2 wt% MgCl, the
dispersion consists of very stable and well dispersed aggregates of average diameter 60
nm. Below 2 wt% MgCl, the dispersion is extremely stable. We believe that the
explanation for this observation lies in the interaction between PEG, the electrolytes

Mg, CI” and the surface structure of silica nanoparticle.

2.4 CONCLUSIONS

In this chapter, the stability of silica nanoparticles in aqueous solutions under
changing pH, salt concentration (NaCl, MgCl,, CaCl, and BaCl,), particle size, surface
type and temperature are presented using ATR-FTIR, UV-Vis spectrophotometer, DLS
and a zeta potential analyzer. Spectral analysis of the Si-O bond at 1110 cm™ with the
ATR-FTIR indicates a structural change on the surface of silica particles because of the
change in the pH of the solution, which agrees with zeta potential results. Changing the
pH does not affect the aggregation in the absence of electrolyte for the range of pH
studied. However, the addition of different types of salts (NaCl, CaCl,, MgCl, and BaCl,)
causes aggregation of the silica nanoparticles.

It was observed a critical salt concentration (CSC) for a given electrolyte below
which the silica nanoparticles are well dispersed in an aqueous phase and above which
flocculation of silica nanoparticles occur and the aggregates settle by gravity. The CSC
depends on electrolyte type, but is not influenced by silica nanoparticle concentration.

Divalent cations Mg™, Ca™ and Ba®" are more effective in destabilizing (i.e.
causing aggregation) the nanoparticle dispersion than the monovalent cation Na'". The

CSC for Na" is about 100 times larger than that of divalent cations. Among these divalent
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cations, Mg®" is the most effective in aggregating the silica particles. The presence of the
CSC for the electrolytes studied in this work could be explained by the DLVO theory.

Surface modification (sulfonate or PEG) improves stability for monovalent and
divalent cations. However, PEG gives much larger CSC than sulfonate surfactants at
relatively low temperature, 25°C. For positively charged alumina modified silica
nanoparticles CSC is same for NaCl, MgCl,, and CaCl2 but much lower for Na,SO4. The
valence of the counterions determine the CSC.

An increase in temperature from 25°C to 70°C increases the aggregation rate, and
hence lowers the CSC. The reduction in CSC is more significant for monovalent cation
Na' than it is for divalent cations Mg”" and Ca”". This suggests that the effect of cation
valance is dominant over the effect of thermal energy within the range of temperature

used in this work.
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Chapter 3: Shear Rheology of Silica Nanoparticle Dispersions

The effects of particle concentration, particle size and temperature on the shear
rheology of suspensions of silica nanoparticles are studied. Sterically or electrostatically
stabilized silica nanoparticle dispersions with sizes ranging from 5-75 nm and particle
volume fractions ranging from 0.22-25% exhibited a constant viscosity within the shear
rate range of 1-200 s™'. There is a non-linear relationship between the concentration and
the viscosity of these dispersions that depends on the radii and surface energy of these
nanoparticles. It is proposed that an effective maximum packing fraction model based on
the concept of an effective particle radius, which takes into account the thickness of the
electrical double layer and the surface coating material. The viscosities of all the
dispersions collapse onto a universal curve as a function of the volume fraction

normalized by the effective maximum packing fraction.

3.1 INTRODUCTION

The rheological behavior of colloidal dispersions has practical applications to
many fields (Mokhatab 2006). Recent advances in engineering of nanoparticles have
expanded potential application of nanoparticle dispersions into the characterization and
production of natural hydrocarbon formations. Current subsurface technologies are
insufficient to measure matrix and fracture properties between wells or to monitor
changes in fluid saturation as reservoir pressure changes with respect to hydrocarbon
production. An improved understanding of spatial distribution of fluids in the reservoir
and their properties could significantly increase hydrocarbon recovery rates. This has
inspired the use of sensors composed of nanoparticles to enhance knowledge of
subsurface systems. For example, paramagnetic nanoparticles may be used as contrast

agents to determine hydrocarbon saturation in reservoir rock with downhole magnetic
52



imaging (Prodanovic ef al. 2010). In addition to reservoir characterization, the use of
polymeric nanoparticle has been found to increase the efficiency of hydrocarbon
displacement during water flooding (Moon 2008). In the above applications, propagation
and emplacement of nanoparticles are strongly influenced by the mobility of
nanoparticles which is partially defined by rheological principles of particle dispersions.

Fundamental studies on the mobility control of nanoparticles in reservoir rocks
have been carried out with silica nanoparticles because of their low fabrication cost and
controlled stability at reservoir conditions through silica surface modification. The
injection of silica particles in an aqueous phase is preferable for most subsurface
applications. The rheology of nanofluids is one of the most important transport properties
which would determine the operating conditions during the injection process and the flow
behavior in subsurface environments. The modeling of nanoparticle transport in such
media requires a comprehensive understanding of the rheological behavior of these
nanofluids as a function of the size, concentration, and surface properties of particles at
varying environmental temperature. While the rheology of larger colloidal dispersions
has been experimentally and theoretically studied (Russel ef al. 2007; Chow 1993; Petrie
1999; Larson 2005; Bergenholtz 2001; Stickel 2005), the viscosity of suspensions of
silica nanoparticles has not been well characterized (Namburu ef al. 2007).

It has been reported that nanofluids, defined as suspensions of nanoparticles with
at least one of their critical dimensions less than 100 nm (Choi 1995), exhibit both
Newtonian behavior (e.g., AlLOs/water (Das et al. 2003; Wang et al. 1999);
AlyOs/ethylene glycol (Wang et al. 1999); copper nanofluids/water (Xuan and Li 2000);
and ALOs/propylene glycol (Prasher et al. 2006) and non-Newtonian behavior (e.g.,
carbon nanotube/water (Ding et al. 2006); carbon nanotube/epoxy resin (Ma et al. 2008);

TiOy/water (He ef al. 2007; Tseng and Lin 2003); CuO nanorod/ethylene glycol (Kwak
53



and Kim 2005); Al,O3; /mixture of methyl ketone and toluene (Studart et al. 2006)).
Newtonian behavior was observed in these studies at shear rates above 150 s'. The
results from these previous studies suggest that the properties of the base fluid and
nanoparticle-fluid interactions play a significant role in determining the rheological
properties of nanofluids. The particle concentration and shape are strong influencing
factors. Jung and Kim (2008) studied the rheological properties of diamond/ethylene
glycol, alumina/transfer oil and silica/water nanofluids over a wide range of shear rate
(from 0.1 to 1000 s™). These nanofluids were shear thinning, especially at higher particle
concentrations (i.e. between 3 and 6 wt %). However, at lower particle concentrations,
Newtonian behavior was observed. In that study very few data are shown and there is no
theory explaining the observations. Non-Newtonian behavior was also observed with
TiO,/water nanofluids (2007), where the viscosity leveled off at higher shear rates (>100
s).

There are very few studies investigating the effect of particle size on the viscosity
of nanoparticle dispersions. Prasher et al. (2006) showed that nanoparticle volume
fraction directly affected the viscosity of alumina-based nanofluids (alumina
nanoparticles dispersed in propylene glycol) but the size of nanoparticles did not have a
significant influence on the viscosity. However, Lu and Kessler (2006) observed that 38-
nm alumina particles dispersed in water/glycerol mixture with ammonium poly
(methacrylic acid) and poly (acrylic acid) as dispersants show greater viscosity than 0.2-
pm-alumina particle dispersions at the same solid volume fraction. Different dispersing
phases were used in these studies, which may account for the discrepancy in the reported
particle size dependence of dispersion viscosity. Moreover, the TiO,/water system
exhibits a different behavior as reported by He et al (2007). They observed

experimentally that the effective viscosity increases with particle size at a given particle
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volume fraction. McPhie et al. (2006) used molecular dynamics simulations to study
shear rate dependence of the solution viscosity of nanoparticle dispersions. The authors
observed that the viscosity of the dispersion became shear thinning as the solute to
solvent mass ratio or size ratio increased. The hydrodynamic radius was calculated to be
larger than bare spherical radius of particles assuming a perfect slip boundary condition.
Rudyak et al. (2009) carried out molecular dynamics (MD) simulations to investigate the
effective viscosity of nanoparticle dispersions. Their results showed that larger
nanoparticles have lower viscosity than smaller nanoparticles. The authors argued that the
motion of molecules of the carrier medium was strongly correlated with the thermal
motion of nanoparticles. The fluid molecules around the nanoparticles move in the same
direction as the particle. Relaxation correlation function hence decreases and the viscosity
of the suspensions increases. The volume of this region is ten times the volume of the
particle for the system that the authors studied (Rudyak et al. 2009). Rudyak et al. (2009)
observed an increase in viscosity as particle size decreases

Although the silica nanoparticles are inexpensive with many practical
applications, few rheological studies have been performed with silica nanofluids (Moon
2008; Liu et al. 1994; Fagan and Zukoski 1997; Chevalier et al. 2007; Thwala et al.
2008; Starck et al. 2007). Non-Newtonian behavior has been observed with silica
nanoparticles dispersed in ethylene glycol and water mixture at sub-zero temperatures
(Moon 2008), silica particles of 500 nm dispersed in glycol (Thwala et al. 2008) at low
shear rates, and aqueous silica dispersions coated with zwitterionic polymers (Starck
2007).

However, the role of surface treatment, particle size and temperature of silica
nanofluids is not well understood. In this chapter a systematic study on the

characterization of the shear rheology of silica nanoparticle dispersions is presented. The
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effects of particle size, concentration, and surface type and temperature on the viscosity
of silica nanoparticle dispersions are quantified. A methodology is proposed for
predicting viscosity of silica nanoparticle dispersions at a given solid volume fraction
based on the concept of effective maximum packing fraction. This concept is used to

scale all the measured viscosity data.

3.2 MATERIAL AND METHODS

Aqueous dispersions of different size (5, 8, 25 and 75 nm diameter) and surface
type of silica particles (unmodified or sulfonate modified) were provided by 3M, Co (St.
Paul, MN, USA). The shape of silica nanoparticles was found to be spherical as
determined by scanning transmission electron microscope (STEM) images. The
unmodified silica nanoparticles have a bare surface, and they are electrostatically
stabilized in an aqueous medium resulting in a particle zeta potential value of -45 mV at
pH = 9. The surface modified silica nanoparticles coated with sulfonate surfactant were
well dispersed in an aqueous solution at pH = 8.5 in which they have a zeta potential
value of -45 mV. Stock solutions of the nanoparticle dispersions were diluted to the
desired concentration by weight percentage. All samples remained stable (i.e.,
nanoparticles stayed well dispersed in water) during the experiments. This was verified
by measuring the effective particle sizes before and after the experiments using the
dynamic light scattering technique. A dispersion is considered stable if the particle size
remains unchanged.

A strain controlled rheometer with double-wall Couette fixture was used to
determine the rheology of the nanoparticle dispersions at different shear rates. Most

experiments were carried out at 25°C to evaluate the effect of shear rate, silica particle
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concentration, size and surface type on the viscosity. Additional experiments were
conducted at 50 and 80°C to observe the effect of temperature. The maximum volume

fraction of silica nanoparticles used in these experiments was 0.25 by volume.

3.3 RESULTS AND DISCUSSION

It was observed that at a given particle size (e.g., 25 nm in Figure 3.1) and
concentration (maximum of 24% by volume), silica nanoparticle dispersions exhibit a
Newtonian behavior within the shear rate range studied (1-200 s™). This range represents
typical shear rate values for flow in a wellbore and permeable hydrocarbon formation as
shown in Table 3.1. In this table the shear rates for wellbore and reservoir flows were
calculated using Equations 3.1 and 3.2, respectively. A detailed description of these

equations can be found in Lake (1989).

. 4y

Vwan = E (3 1)
e 1/2

Vi = 4v(8—kj (3.2)

where 7, is the wall shear rate; v is the average velocity; R is the pipe radius; 7,,is the

equivalent shear rate in permeable media; ¢ is the porosity; & is the permeability.
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Figure 3.1- Viscosity of 25 nm unmodified silica particle dispersions as a function of
shear rate at different particle concentrations. Shear rate-independent
viscosity indicates a Newtonian behavior of the dispersions.

Table 3.1- Shear rates encountered in hydrocarbon recovery applications

Flow in Pipes Flow in Porous Media

Pipe Flow Rate | Shear Permeability | Porosity | Velocity | Shear

Diameter | (ppl/d) Rate (Darcy) (%) (ft/d) Rate

(in) (Eq.3.1) (Eq.3.2)
(1/s) (1/s)

3-5 1000-6000 | 10-250 0.0001-3 10-40 0.5-2 0.5-650

As shown in Figure 3.2, the viscosity of silica nanoparticle dispersions displays a
nonlinear behavior with respect to nanoparticle concentration. Several viscosity models

available in the literature are evaluated to fit our experimental data. The viscosity models
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proposed by Einstein (1956), Mooney (1951), Chong et al. (1971), Thomas (1965),
Fedors (1974) and Krieger and Dougherty (1959) are listed in Table 3.2.

16
- O 25nm Unmodified Silica
14 ¢ ,
6‘: r Modified Chong et al. Model
8 12 ; — = Chong et al. Model (1971)
> L = = = Mooney Model (1951)
‘U:; 10 ; — - Einstein Model (1956)
(@] - — =—Fedors Model (1974)
(L/)) 8 L - - - Thomas Model (1965)
S r Krieger-Dougherty Model (1959)
6 [
4 r
2 [ g B ooTaiis
i
0
0 5 10 15 20 25 30

Volume Fraction of Nanoparticles (%)

Figure 3.2- Comparison of the fit of viscosity models present in the literature to the
experimental data of 25 nm unmodified silica dispersions.

Figure 3.2 shows the performance of these models (Equations 3.3-3.8 in Table
3.2) with respect to the experimental data. As seen from this figure, these models
underestimate the viscosity of the silica dispersion. Previous studies on the rheology of
nanoparticle dispersions (Prasher et al. 2006; Murshed et al. 2008) have emphasized that
Einstein’s (1956) model (Equation 3.3) underestimates the viscosity of these dispersions.
Mackay et al. (2003) studied the viscosity of polystyrene nanoparticle dispersions and
also found that the hydrodynamic contribution of nanoparticles to the viscosity does not

follow Einstein’s (1956) model.
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The viscosity model proposed by Chong et al. [35] is modified based on the

maximum packing fraction. For the 25 nm unmodified silica particles (Figure 3.2), @y, 1S

determined from experimental results as 0.328. The large deviation in ¢, (0.328) from

the random close packed concentration of 0.63 for nominally spherical particles can be

explained with the concept of an effective particle diameter (Equation 3.9). The details

are presented in the following section where we discuss the effect of particle size on the

viscosity of silica dispersions. The modified model shows excellent agreement with the

experimental data (Figure 3.2).

Table 3.2- The existing viscosity models of colloidal dispersions evaluated in this study

" :i:1+2.5¢ Einstein (1956) Eq.3.3
o
Mooney (1951) Eq.3.4
17, =exp 2.5L ; & = 0.63
)
¢max
r 2 Chong et al. (1971) Eq.3.5
77( = 1_|_ 0.75 ¢/¢max ’ ¢max — 0.63
i P
i P 2 Fedors (1974) Eq.3.6
n = 1+1.25—} ;@ =0.63
L (¢max_ )
1, =1+ 2.54+10.05¢° + Aexp(Bg) Thomas (1965) Eq.3.7
A=0.00273 and B=16.6
Krieger-Dougherty Eq.3.8

¢ —[171¢max
n, = [1——j i @ =0.63; [17]=2.5 for spheres

¢max

(1959)
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3.3.1 The Effect of Temperature on the Viscosity of Silica Nanoparticle Dispsersions

The effect of temperature on the viscosity of silica nanoparticle is important for
potential applications of these dispersions in high temperature hydrocarbon reservoirs.
Therefore, the dependence of the viscosity of silica nanoparticle dispersions on the
temperature has been investigated in this study. Figure 3.3 shows the relative viscosity as
a function of the silica nanoparticle (25 nm diameter, unmodified surface) volume
fraction at different temperatures (e.g. 25, 50 and 80 °C) and the theoretical predictions
based on the modified Chong et al. model (1971). The results show that an increase in
temperature greatly affects the viscosity of the suspending medium (water) rather than the
particle-fluid interaction. Hence, the relative viscosity concept (1/no) succesfully scales
the experimental data at different temperatures in a single curve, indicating that the
temperature does not affect the viscosity of silica nanoparticle dispersions. A similar
observation was reported by Prasher et al. (2006) in their experimental study with
alumina-based nanofluids, i.e. the relative viscosity of alumina-based nanofluids was

independent of temperature.

61



[
(@]

97 © T=25C
£ 8| O T=50C
E A A T=80C
2 — Modified Chong et al. Model o
n 6
3
2 o
>
q>) 4
<
o 2
x

1

0

0 5 10 15 20 25 30
Volume Fraction of Nanoparticles (%)

Figure 3.3- Relative viscosity, the ratio of the viscosity of silica dispersion to the
viscosity of water, is plotted as a function of nanoparticle volume fractions
at three different temperatures: 25, 50 and 80°C. The relative viscosity of 25
nm unmodified silica particles is independent of temperature.

3.3.2 The Effect of Particle Size on the Viscosity of Silica Nanoparticle Dispsersions

The dependence of dispersion viscosity on particle size has not been taken into
account in the models presented previously (see Table 3.2) because of the hard sphere
assumptions. As a consequence, the viscosity is a unique function of the maximum
packing fraction, independent of the particle size. In this study we find that the effect of
particle size and the electrical double layer on the viscosity of unmodified silica
nanoparticle dispersions is significant. It should be noted that the silica colloids used in

our experiments are electrostatically stabilized with negative charges on the surface at pH
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= 9. To capture these effects, we proposed an effective maximum packing fraction, g |

to be incorporated into the modifed Chong et al. (1971) model as follows:

n =[1+ 0.75ﬁ} . (3.9)

max

Figure 3.4 summarizes our experimental results carried out with four different
sizes of unmodified silica nanoparticles: 5, 8, 25 and 75 nm. The lines correspond to the
modified Chong et al. (1971) model by fitting ¢ to the experimental data. An
important observation from this figure is that the viscosity increases as nanoparticle size
decreases at a given nanoparticle volume fraction. The deviation from the hard sphere

assumption (@) could be confirmed by comparing the experimental results with the

curve at the lower end corresponding to @,.. = 0.63. As particle size gets smaller, the

effect of ¢ becomes more significant.

max
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Figure 3.4- The viscosity of unmodified silica dispersions is plotted as a function of
particle volume fraction for various particle diameters of 5, 8, 25 and 75 nm.
The viscosity decreases as particle size increases at a given volume fraction
of nanoparticles. The lines represent the modified Chong ef al. model by
fitting the effective maximum packing fraction to experimental data. The

estimated ¢ values are presented in Table 3.3.

3.3.3 The Effect of Surface Modification on the Viscosity of Silica Nanoparticle
Dispsersions

The surface coating of silica nanoparticles with small alkyl chain attached to
sulfonate group yield notable results when compared with unmodified silica dispersions.
Only 5 and 25 nm silica particles are presented in Figure 3.5 for simplicity. The variaton
of viscosity with particle volume faction is similar for both bare and surface modified
silica nanoparticles. However, it could be clearly seen from this figure that the magnitude

of volume fraction effect is significantly different between unmodified and modified
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silica nanoparticles. Surface coated silica dispersions have lower viscosity than
umodified silica dispersions. Starck et al. (2007) studied the rheological behavior of silica
nanoparticles coated with zwitterionic polymers. At concentrations greater than saturation
coverage of polymer, the silica particles are sterically stabilized. The authors observed
that the viscosity of the suspensions is lower than in the polymer-free suspension. This
observation is in agreement with our experimental results for sulfonate coated silica
nanoparticle dispersions. The estimated ¢° values are 0.302 and 0.437 for 5 and 25 nm
surface modified particles, respectively. A summary of the properties of the experimental
systems studied and the effective maximum packing fractions estimated is presented in

Table 3.3. The variation of ¢ is to account for differences in surface properties of the

max

nanoparticles. The nanoparticle volume fraction ¢ represents the true solid volume

fraction.

Table 3.3- The summary of experimental systems studied

Particle diameter / Maximum solid volume | Effective maximum
Surface type fraction packing fraction, ;gx
5nm / Unmodified 0.081 0.163
8nm / Unmodified 0.164 0.284
25nm / Unmodified 0.240 0.328
75nm / Unmodified 0.248 0.471
5nm / Sulfonate 0.099 0.302
8nm / Sulfonate 0.190 0.347
25nm / Sulfonate 0.222 0.437
75nm / Sulfonate 0.191 0.498
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Figure 3.5- The dispersions of silica nanoparticles with surface modification by sulfonate
group attached to a short chain of hydrocarbon, exhibit smaller viscosities
compared to unmodified silica dispersions value at a given volume fraction.

3.3.4 The Unified Model

We propose a correlation between ¢ and ¢ based on a simple cubic packing

of spherical particles with an electrical double layer (Equation 3.10).

¢ma><eff = ¢max - \3 (3 10)
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where x’ is the Debye length; a is the silica nanoparticle radius; and 4 is a constant. The

effect of particle radius could be clearly seen in Equation 3.10; as particle size increases

g approaches the hard sphere maximum packing fraction, @y

The effect of electrical double layer on the viscosity of alumina/water nanofluids
was studied by Anoop et al (2009). The electroviscous effects are found to be
responsible for the additional increase in viscosity when compared to Einstein’s model
(1956). The authors modified the intrinsic viscosity by introducing a term based on
electrical double layer. Our model agrees closely with their experimental results of
alumina/water nanofluids.

For the case of sterically stabilized particles, we propose an equation where the
effective length of the surface coating material / is taken into account, similar to the effect

of electrical double layer thickness described in Equation 3.10, namely

1

The conceptual models proposed for the electrostatically and sterically stabilized

¢maxeff = ¢max (3'1 1)

silica nanoparticle dispersions are presented schematically in Figures 3.6a and 3.6b
respectively. A simple cubic packing of particles is assumed in this study since the largest
nanoparticle concentration used is less than 25% by volume and the nanoparticles are

well dispersed in water.
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Figure 3.6- Schematic view of the proposed model of effective maximum packing
fraction for (a) unmodified and (b) surface modified silica particles.

The reduced volume fraction of silica nanoparticles ¢/ g  captures the effect of

size and surface type on the viscosity. In Figure 3.7 all the experimental data with four
different silica nanoparticle sizes and two different surface types collapse onto a single
curve that agrees very well with the unified model. The experimental data of 500-nm
silica particles with surface modification by monoethylene glycol (MEG) (Thwala et al.
2008) are also presented in Figure 3.7. The effective maximum packing fraction is
calculated from Equation 3.9 where / is 7.8 nm as reported by the authors (Fagan and
Zukoski 1997). The proposed model works well for silica particles whose sizes range

from 5 to 500 nm.

68



20

5nm Unmodified
8nm Unmodified
25nm Unmodified
75nm Unmodified

[
(&)
T T T [ T T T

5nm Modified /
8nm Modified

25nm Modified

75nm Modified

500nm Modified- Thwala et al. (2008)
—— Combined Eqgs.9-11

X OD> o 0OO0OCDP OO

Relative Viscosity (n/n,)
o 5

0 61 02 03 04 05 06 07 08 09

Reduced Volume Fraction of Nanoparticles (¢/¢°"

max)

Figure 3.7- Viscosity ratio as a function of volume fraction of silica nanoparticles of
various sizes (5, 8, 25 and 75 nm) and two different surface types
(unmodified and sulfonate coated). Data from Thwala et al. (2008) for much
larger particles are also shown. The volume fractions are normalized to the
corresponding effective maximum packing fraction. All the data collapse
onto a single curve that is well represented by our unified model.

The parameters 4 and / were computed based on experimental data. The results
are shown in Figure 3.8 as a function of particle radius. The parameter / increases as
particle size increases. Although the surface modifying material is the same for 5, 25 and
75 nm particles, the surface coverage of sulfonate is greater for larger particles. Therefore
the outer surface of modified nanoparticles may be more hydrated by water for larger
particles. This may explain why the parameter / increases slightly as particle size
increases. The double layer thickness around the unmodified silica nanoparticle is taken

as 2 nm according to Roberts (2006), which is also consistent with the particle size
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measurements with dynamic light scattering (DLS). The parameters 4 and [ are
determined by Equations 3.10 and 3.11 based on the fitting of effective maximum
packing fraction to the experimental data. The O(1) values for 4 and the magnitudes of /
are consistent with the conceptual picture of the effective particle diameter set by either

an electrostatic double-layer or a steric layer. Normalized effective maximum packing

eff
fraction ¢m@‘/ is presented in Figure 3.9 as a function of dimensionless length y for
P a
surface modified and A’(% for unmodified silica particles. The nonlinear dependence

eff
of P on dimensionless length described by Equations 3.10 and 3.11 is shown in
eff

. . . A’(rl I T ..
Figure 3.9. The relationship between "M f and A or A indicates a significant

max

eff

deviation of ¢,

from ¢, (0.63) especially at small particle sizes (Figure 3.9).

We used our viscosity model (Equations 3.9-3.10/3.11) to predict the measured
viscosity of alumina and silica dispersions at different volume fractions and sizes from
Das et al. (2003), Wang et al. (1999), Thwala ef al. (2008) and Mackay et al. (2003). The
particle sizes reported in these references were used to determine the corresponding
model parameters (4 or /) based on Figure 3.8. These model parameters were then used to
calculate the viscosity (Equations 3.9-3.10/3.11). We assumed a double layer thickness of
5 nm since the information on the electrical double layer thickness was not given in these
studies. All the calculated viscosities and their measured values from the references were
plotted versus particle volume in Figure 3.10. The relative viscosities of these dispersions
collapse onto a single curve (Figure 3.10) as represented by the unified model (Equations

3.9-3.11).
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Figure 3.8- The parameters 4 (for unmodified silica nanoparticles) and / (for modified
silica nanoparticles) of the proposed model (Equations 3.10 and 3.11) as a
function of particle radius.
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parameter |/a for modified surface and Ax"/a for unmodified surface.
The solid line is constructed using Equations 3.10 and 3.11.
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Figure 3.10- Viscosity ratio as a function of volume fraction of alumina nanoparticles in
dispersed in water (Das et al. 2003; Wang et al. 1999; Mackay et al. 2003)
and MEG coated silica nanoparticle dispersions (Thwala et al. 2008). The
effective maximum volume fractions are determined by Equations 3.9-3.11.
All the data collapse onto a single curve that is well represented by our
unified model.

3.4 CONCLUSIONS

This chapter has shown that silica nanoparticle dispersions exhibit a Newtonian
behavior for shear rates ranging from 1-200 s™' and particle concentrations ranging from
0.22-25% by volume. The relative viscosity is a non-linear function of particle volume
fraction and independent of temperature. The particle size and the surface type are also
found to significantly influence the viscosity. The dispersion viscosity increases as

particle size decreases. The unmodified, electrostatically stabilized silica nanoparticles
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exhibit greater viscosity than sulfonate coated, sterically stabilized silica nanoparticles at
a given particle size and volume fraction.

A significant deviation from the predictions of hard sphere viscosity model occurs
with our experimental results. Therefore, the electrostatic or steric interactions between
silica nanoparticles should be taken into account. A unified model is proposed to predict
accurately the viscosity of silica nanoparticle dispersions at a given solid volume fraction
by introducing the concept of effective maximum packing fraction. The model
parameters (4 or /) could be determined experimentally or numerically based on, for
instance molecular dynamics simulation. These parameters depend on nanoparticle size
and surface properties. All the experimental data are successfully scaled by normalizing
the volume fraction by the effective maximum packing fraction. A correlation is obtained

between the effective maximum packing fraction and particle radius.
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Chapter 4: Aggregation Kinetics and Shear Rheology of Aqueous Silica
Suspensions

The kinetics of aggregation of silica nanoparticle dispersions at different NaCl
and silica concentrations is studied experimentally and theoretically. Silica nanoparticles
form fractal aggregates due to the collapse of the electrical double layer at high salt
concentrations and resulting reduction in stabilizing repulsive force. A convenient model
is proposed to describe the aggregation of silica nanoparticles and the growth of their
aggregate size that depends on particle size and concentration and salt concentration. The
aggregation curves of all the suspensions studied collapse onto a single master curve by
using appropriate dimensionless diameter and time. The aggregation of silica
nanoparticles also affects the rheology of the suspension. An equilibrium approach for
sediment volume fraction is proposed to determine the maximum effective packing
fraction. The results for the relative viscosity of silica aggregates agree well with the

proposed viscosity model, which also collapses onto a single master curve.

4.1 INTRODUCTION

The potential application of nanoparticle dispersions as formation stimulation
agents, contrast agents or simply as tracers in upstream oil and gas industry requires
knowledge of the dispersion properties of these nanoparticles. Silica nanoparticles are
commonly used because of their low cost for fabrication and surface modification. The
control of the stability of nanoparticle dispersions is crucial under reservoir salinity and
temperature, which are often quite severe. Transport of nanoparticles to target zones in
the reservoir is key to achieving the goal of improved recovery. Therefore, transport
properties such as the mobility of nanoparticles and the dispersion rheology are very
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important. These properties depend on several things, such as particle size and
concentration. Therefore, determining the rate of change in the size of aggregates formed
by nanoparticles is essential for an effective displacement of unstable suspensions of
nanoparticles in reservoir rock.

The aggregation kinetics of colloidal particles is commonly modeled by fractal
dimension, stability ratio theories (Smoluchowski 1916, 1917; Fuchs 1934), or
population balance models (Hounslow et al. 1988). The absolute rates of fast or slow
aggregation regimes are determined experimentally, by turbidity or size measurements, or
numerically by a stability ratio approach. These methods take into account only the early
time of aggregation where single particles collide and form doublets. Therefore the
confirming experiments must be performed in such a way that the data correspond to the
early stage of aggregation. Under such conditions, the selection of particle size and
concentration, and electrolyte type and concentration becomes challenging, especially
when using nanoparticles, because of their size and relatively small light scattering
properties. Taboada-Serrano et al. (2005) presented a overview of the recent
contributions to the understanding of aggregation.

Aqueous suspensions of silica nanoparticles have been studied for their
aggregation behavior by light scattering (Aubert and Cannell 1986; Schaefer and Martin
1984; Lin et al. 1990; Dietler et al. 1986; Schaefer and Martin 1984; Martin 1987) and x-
ray scattering (Schaefer and Martin 1984; Dale et al. 1984). Fractal dimensions for slow
and fast aggregation regimes are calculated by these authors. Schaefer er al. (1984)
observed a power law behavior of aggregation, which was claimed to be a signature of
fractal structures. They proposed that the structure of fast aggregating clusters could
change and become more compact after a long time to approach a fractal dimension of

2.12. Aubert and Cannell (1986) also observed a restructuring to a fractal dimension from
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1.75 to 2.08 for rapid aggregation. Giordano-Palmino et al. (1994) studied the effect of an
adsorbed layer of nonionic surfactant in silica suspensions on the dispersion stability and
aggregation kinetics. Rapid flocculation was observed by a drastic increase in UV-Vis
absorbance data. The authors suggested that bridging of surface micelles were
responsible for the aggregation of these particles. Gorrepati ef al. (2010) showed how
silica precipitation proceeded under very acidic conditions (below pH 0) below silica’s
isoelectric point and at low temperature, 5°C. The authors modified Smoluchowski
equation by incorporating a geometric population balance to simulate the aggregation of
particles. An exponential increase in particle size was observed experimentally and also
predicted by their simulation study.

In chapter 2, the critical salt concentration (CSC) is defined below which the
silica nanoparticles stay well dispersed in solution. This chapter focuses on how the
aggregation of silica nanoparticles evolves in time in the presence of NaCl above the
CSC. A systematic study of the aggregation of silica nanoparticle dispersions and their
rheological behavior under the pH and NaCl conditions in hydrocarbon reservoirs is
presented. The effect of the size of the primary silica nanoparticles, NaCl and particle
concentration on the aggregation kinetics of silica is determined by measuring the change
in aggregate size as a function of time. A new model is proposed to describe the
aggregation kinetics and use experimental data or theory to determine the model
parameters. The model proposed is very convenient to use and provides a framework to
collapse all the data onto a single curve by using dimensionless numbers. The rheology of
unstable silica suspensions is modeled by using the effective maximum packing fraction

concept coupled with effective aggregate volume fraction.
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4.2 MATERIAL AND METHODS

The material under study is an aqueous dispersion of silica nanoparticles as
provided by 3M, Co (St. Paul, MN, USA). The mean diameters of the primary particles
are 5, 25 and 75 nm and they have an unmodified surface. The particles are
monodisperse. The shape of silica nanoparticles is spherical as determined by images of a
scanning transmission electron microscope (STEM). The silica nanoparticles are
electrostatically stabilized in an aqueous medium with a zeta potential of around -45 mV
at pH = 9. Stock solutions containing 16-41% by weight silica nanoparticles were diluted
with deionized water up to a desired silica concentration. In the absence of electrolyte,
the silica nanoparticles were well dispersed and did not aggregate as determined by size
measurements. Analytical grade NaCl was added to silica nanoparticle dispersions to
study the aggregation kinetics and the rheology of silica nanoparticle aggregates in
suspension.

Delsa Nano dynamic light scattering (DLS) was used to study the effective
diameter of silica nanoparticle aggregates as a function of time. The experiments were
carried out at 25°C.

A strain controlled rheometer with double-wall Couette fixture was used to
determine the rheology of the silica aggregates in suspension at different shear rates at
25°C. The effect of shear rate, aggregate size and effective volume fraction on the shear

viscosity is evaluated.
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4.3 RESULTS AND DISCUSSION

4.3.1 Aggregation Kinetics

The aggregation of silica nanoparticles takes place at salt concentrations greater
than the critical salt concentration (CSC) as discussed in detail by Metin ef al. (2011a).
For 25 nm diameter silica nanoparticles, the CSC occurs approximately at 1 wt% NaCl.
Figure 4.1 represents the effect of NaCl concentration on the aggregation kinetics of
silica nanoparticles at concentrations greater than the CSC. An S-shape curve on a semi-
logarithm of time scale occurs for all samples. As the NaCl concentration increases the
rate of aggregation of the silica nanoparticles increases as does the maximum effective

diameter of the aggregate.
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Figure 4.1- Effect of NaCl concentration on the rate of aggregation expressed as
diameter growth. The samples are at 25°C and contain 1wt% of 25 nm
diameter primary silica nanoparticles. The solid lines correspond to the
model proposed in Equation 4.7 and the dashed lines correspond to the
exponential model in Equation 4.8.

The effect of NaCl on this aggregation behavior could be explained by
considering the interaction potential between two charged spherical nanoparticles as
described by DLVO theory (Derjaguin and Landau 1941; Verwey and Overbeek 1948).
The repulsion energy, which is a function of electrical double layer thickness, x
decreases as electrolyte concentration increases. Therefore, the total interaction energy
changes as a function of electrolyte concentration. The maximum total interaction energy

or the energy barrier, Vry,,.. decreases as the electrolyte concentration increases. Reerink
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and Overbeek (1954) showed that the aggregation rate is proportional to the energy

barrier as shown by Equation 4.1. This theory was first developed by Fuchs (1934).

Wr——g el )= 4.1

In Equation 4.1, a is the particle radius, kp, the Boltzmann constant and 7 is the
temperature. The stability ratio, W, is the ratio of fast aggregation to slow aggregation
rates. The aggregation kinetics of colloidal suspensions divides into two regimes: fast and
slow aggregation. In the fast aggregation regime, the absence of potential energy barrier
occurs because large concentrations of electrolyte are present in the solution and the
double layer thickness is suppressed. Therefore, each collision between particles is
controlled by the rate of diffusion of the particles towards each other. On the other hand
in the slow aggregation regime, the presence of a potential barrier decreases the number
of successful collisions between particles, and hence the magnitude of this potential
barrier controls the kinetics of aggregation. The aggregation rate constant kg is in the
fast aggregation regime and derived by von Smoluchowski (1916, 1917) as k 8k, T .

fast —

For the slow aggregation regime, where the presence of an energy barrier
decreases the number of successful collisions between particles, the actual aggregation
rate constant, k;, can be estimated from Equation 4.1 by using the DLVO curves
presented in chapter 2. The data shown in Figure 4.2 corresponds to the slow aggregation
regime and we can compare the rate constant in Equation 4.1 to experimentally
determined k;. The latter is obtained from the rate of change of effective particle diameter

(hydrodynamic diameter) in DLS measurements at early time of aggregation (Schudel et
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al. 1997) by d—D =k,N, as presented in Figure 4.2. Here N, the initial particle

t—0

number concentration, can be calculated from initial particle weight concentration, ¢y, by

using the correlation N, =¢, =—, where p s the density of silica.
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Figure 4.2- Effective particle diameter as a function of time as measured by DLS for 25
nm diameter primary particles at early aggregation times. Lines correspond
to a linear fit to experimental data.
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Figure 4.3- Comparison of the slow aggregation rate constant, &, in Equation 4.1 and
experimental results for 25 nm unmodified nanoparticles.

Figure 4.3 presents 4, as a function of NaCl concentration for 25 nm unmodified
nanoparticles. As NaCl concentration increases, the rate constant k; also increases as
discussed above. At NaCl concentration smaller than 5 wt% we obtained a very good
agreement between the values of k; determined experimentally and calculated from the
theory presented in Equation 4.1. The concentration of NaCl is used for the calculation of
electrical double layer thickness and the maximum total interaction energy in Equation
4.1. The double layer thickness is calculated to be 0.44 nm for 1 wt% silica with 3 wt%
NaCl sample. At 5 wt% NaCl concentration, the aggregation is fast and the initial data on
aggregate size are limited by the resolution of DLS in time. At high ionic strengths, non-
DLVO repulsion may come into play such as silica hairs (Iler 1979; Vigil ef al. 1994;

Israelachivili et al. 1996). These thin silica hairs on the surface could push the double
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layer repulsion out to extend further than van der Waals attraction and also generate an
additional short-range steric repulsion.

The effect of silica concentration on aggregation kinetics is similar to the effect of
NaCl in the sense that increasing particle concentration accelerates aggregation, Figure
4.4. However, the physics behind this increase in aggregation rate is different for each
effect. From an equilibrium perspective, we have shown that the CSC is independent of
particle concentration but we cannot explain our observations from the concept of CSC
because it is not a kinetic parameter. The model presented in Equation 4.1 does not
explain these observations either because the DLVO theory is about interaction potential
between 2 particles. The parameters in Equation 4.1 are not a function of particle
concentration. However, k; is a function of silica nanoparticle concentration and as the
particle concentration increases the aggregation rate increases significantly. Experimental
results of k; as a function of silica nanoparticle concentration by weight percent, ¢y, is in

Figure 4.5. The correlation is given in Equation 4.2.

k, =5x10*°¢c,** (4.2)

To understand the effect of particle concentration on aggregation kinetics, we take
a close look at how these nanoparticles come in contact and how aggregation develops.
The particles must travel a certain distance with a certain diffusivity to come close to
each other, and then form an aggregate with a probability of sticking that depends on the
extent of the energy barrier, V7,4, For a fixed electrolyte concentration, the extent of the
energy barrier and hence the sticking probability are fixed. However, the mean distance
that particles travel before each collision will be small at large particle concentrations,

which in turn will increase aggregation rates. Therefore, we argue that the effect of
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separation distance between particles is significant on the aggregation behavior of silica
nanoparticles at different concentrations. Note that the largest nanoparticle concentration
we studied is 5 wt%, for which the diffusion coefficient may be the same as that of a

more dilute concentration, 1 wt%.
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Figure 4.4- Effect of silica concentration on the kinetics of aggregation. The samples are
at 25°C and contain 3wt% NaCl. The primary particle diameter is 25 nm.
The lines are from the model proposed in Equation 4.7.
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Figure 4.5- The slow aggregation rate constant, &, as a function of initial silica particle
concentration. The solid line corresponds to Equation 4.2.

To model the experimental observations on the aggregation kinetics of silica
nanoparticle dispersions not only at the early time of aggregation but also at late time, we
propose a model for the growth of an aggregate size as a function of time. We assume
that there are enough particles in the vicinity of the aggregate and hence the growth is not
diffusion limited (see Figure 4.6). The mass of the aggregate scales as moc oD . Since
we assume that the fractal dimension, dj, 1s 2.05 (Aubert and Cannell 1986; Martin 1987)

we can simplify the equation above asm = aD?.
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Figure 4.6- Schematic for the growth of an aggregate of diameter D in a cell of volume

B.

The rate of change in mass of the aggregate is then given as

2
%—T:4ﬂmpk(2j n (4.3)

where m 1s the mass of an aggregate, m, the mass of a single particle, k the rate constant
and 7, the number concentration of single particles in a volume f of the dispersion. The

rate of change of the number concentration of single particles can then be expressed as

an, __ 1 dm__K7Tpen i pon, (4.4)
dt m,f5 dt p

The mass of an aggregate, m, can be expressed in terms of diameter of the

aggregate, D by the correlation m =~ aD?, Equation 4.5 so that
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dD B mpkzr
dt 2«

Dn, =k,n,D (4.5)

At the early time of aggregation, where #; can be assumed constant, Equation 4.5
has an analytical solution with an exponential growth term for the diameter. This
equation explicitly shows why such an exponential growth is observed experimentally in
the aggregation study of silica nanoparticle solutions.

Equation 4.5 can be expressed as a function of diameter by dividing Equation 4.5

by Equation 4.4 and solving the resultant equation with the condition at infinite time that

n;=0 and D=D__, so that

eq ?

dD _ k2 2 2

E_—ED(D -D,) (4.6)
Equation 4.6 has an analytical solution in the following form with the initial

condition of D=D,, the diameter of the primary particles at the beginning of the

aggregation stage at =0.

D(t) _ 1

(4.7)

The model in Equation 4.7 is used to fit our experimental data for aggregate size
as a function of time as measured by DLS. Then, the model parameter, k; is determined.
The results are shown in Figures 4.1 and 4.4 for different NaCl and silica concentrations,

respectively.
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At the beginning of the aggregation, our model well represents the change in
aggregate diameter in time. However, as D approaches D.,, the model in Equation 4.7
deviates slightly from experimental data. In the proposed model, we do not allow
aggregates to collide with each other unless they grow big enough that adjacent
aggregates become a part of a network. On the other hand, in the experiments, aggregate-
to-aggregate collisions occur and D,, is reached earlier than prediction.

We present the fitting parameter k; as a function of NaCl and nanoparticle
concentration in Figure 4.7. As discussed previously, an increase in the aggregation rate

occurs as NaCl or nanoparticle concentration increases.
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Figure 4.7- The model parameter, k», in Equation 4.7 as a function of NaCl and silica
concentration for 25 nm diameter primary particles.

For the early time of aggregation of nanoparticles, where D << D,, Equation 4.6

dD k2 Dezq . . . st I(2 Dezq
reduces to P D with an analytical solution of D(t) = D,e® where S ==

This equation is same as the class-II exponential growth model in reaction limited
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aggregation (RLA) regime (or slow aggregation regime) for which general analytical
solutions of the Smoluchowski equation have not yet been obtained (Martin 1987).
Aggregation processes are thought to be described by the Smoluchowski equation
(Martin 1987) with the reaction kernels determining the characteristics of the aggregation
behavior. In the slow aggregation regime, the aggregate size will grow exponentially in

time as

D ~ D,e" (4.83)

where ¢ is an exponential constant determining the rate of aggregation kinetics and is
2

2 eq

similar in magnitude to the rate constant S= in Equation 4.7. The exponential

growth is widely used in the literature to describe the aggregation in reaction limited
regime.

At late time aggregation, a limiting value for aggregate diameter is reached. In
this period, the model in Equation 4.7 slightly underestimates the growth of aggregates. If
individual aggregates grow large enough they may undergo significant sedimentation
before aggregates collide with each other and span the space. The ratio of gravitational
force to Brownian diffusion is expressed as a gravitational Peclet number, Pe, as follows

(Poon and Haw 1997)

4 d+1
Pe, = 27Apga’ (| D (4.9)
9%,T | D,
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where Ap is the density difference between the particles and dispersion medium. A
maximum size that an aggregate could reach can be expressed depending on particle
concentration. The aggregates grow and span space at this critical size, D., which is a
function of particle volume fraction, ¢ and fractal dimension, dr as follows (Poon and

Haw 1997)

D, ~ 2ag,” "' (4.10)

If this critical size occurs when Peg<1 then D, is the limiting length scale for D.,.
Otherwise, gravitational force will limit D,,. In our experiments, Pe, is smaller than 1 for
silica concentrations equal and greater than 2 wt%. Within that range of silica
concentration, our experimental results show that D,, is almost same as D. from Equation
4.10. Therefore we can predict the maximum aggregate size reached before
sedimentation becomes prevalent. Note that D, decreases as nanoparticle concentration
increases.

2

The parameters in Equation 4.7, the rate constant S = %and the equilibrium
diameter D,,, are presented as a function of silica and NaCl concentrations in Figures 4.8
and 4.9 for 25 nm silica nanoparticles. A power law relationship occurs between the rate
constant and NaCl or silica concentrations. However, the equilibrium diameter seems to
change slightly (is at same order of magnitude) over the range of NaCl and silica
concentrations studied. Figure 4.8 also compares the rate constant ¢ in Equation 4.8 with
the rate constant, s, in our proposed model. There is good agreement between these two
constants and these two theories since they both represent an exponential growth in time

as discussed previously. The comparison between D, and D. is in Figure 4.9 as a
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function of silica concentrations. A good agreement again occurs between these two

arameters for silica concentrations greater than 2 wt% where Pe, is less than 1.
p g g
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Figure 4.8- The equilibrium diameter and comparison between the rate constant,

k,D2
S= % , in Equation 4.7 and c the exponent of the slow aggregation

regime in Equation 4.8, as a function of NaCl concentration at 1 wt% silica
particles of 25 nm primary diameter.
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Figure 4.9- The equilibrium diameter and comparison between the rate constant,
k,D2

S =

, in Equation 4.7 and the constant ¢ in Equation 4.8 as a function

of silica concentration at 3 wt% NaCl. The primary silica particles are of 25
nm in diameter.

Once the rate constant, s, in the proposed model and its relation with ¢ in the

widely used the exponential model are determined, the parameters constituting s,
k,D2

e

s=——" are investigated where k; is
k, = k—ﬂ (4.11)
s

The parameters £ and & can be determined from Equations 4.12 and 4.13.

D.
k~| —— iexp Vi (4.12)
I )2ka KgT
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where / is the width of the secondary minimum in the DLVO curve. The diffusion

coefficient, Dy is calculated from Einstein-Stokes equation as Dy, = 6kBT
ura
n D, \'(D;
= [ Da bd (4.13)
n, (0.8D, 6,

where 7 is the number of single particles forming an aggregate of size D., and ny is the
initial number of single particles per total volume. We calculate £ from Equation 4.13
and compare with that obtained from Equation 4.11. The parameter k is determined from
Equation 4.12 and k, from experimental data. The values for fagree well for various
silica concentrations at 3 wt% NaCl, Figure 4.10. However, we observe a deviation
between the values obtained by these two approaches for NaCl concentrations at 4 and 5
wt% with 1 wt% nanoparticle concentration. Similarly, we can determine &k from
Equation 4.12 and compare it with Equation 4.11 where f1is calculated from Equation

4.13. The results are in the same order of magnitude, Figure 4.10.
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Figure 4.10- The comparison of parameter £ obtained by Equations 4.11-4.12 with
Equation 4.13 as a function of silica concentration at 3 wt% NaCl. The
primary silica particles are 25 nm in diameter.

The effect of primary particle size on the aggregation growth of silica
nanoparticles is in Figure 4.11. Both attractive and repulsive interaction potentials are
functions of particle size and enhanced colloidal stability occurs at larger particle sizes
(He et al. 2008). A significant difference in aggregation time is observed between 25 and
75nm diameter primary particles at 5 wt% NaCl. Although the aggregation times for the
5 and 25nm particles at 4 wt% NaCl are similar, the sediment volume fraction is almost 1
for small particles (Snm diameter) at the end of aggregation at equilibrium. However,
bigger particles (25 and 75nm diameter) formed a sediment with a volume fraction less
than 0.5 after the aggregates settled. The size measurements by DLS are evaluated for
homogeneous turbid phase before the aggregates sediment out of the suspension. The
time frame of measurements was short enough compared to aggregation time to collect

representative data of aggregates.
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Figure 4.11- Effect of particle size on the kinetics of aggregation at 25°C. The samples
contain 4wt% NaCl for the samples with the primary particle diameter of 5
and 25 nm and 5wt% NaCl for those with 25 and 75nm diameter. The
change in aggregate diameter, measured by DLS in time is presented. The
lines are from the model in Equation 4.7.

The data on aggregation of silica nanoparticles at different particle sizes and

electrolyte concentrations are scaled by using dimensionless parameters of time
D?-D?
eq

D2

2eq

Dy
J( — 2]. We obtain these dimensionless
D°-D
eq 0

r=k,D’t and diameterD, =[

parameters by grouping similar terms in Equation 4.7. Figure 4.12 collapses all the curves

onto a single curve. The line in Figure 4.12 corresponds to Equation 4.14.

D =e" (4.14)

norm
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Figure 4.12- Scaling of the aggregation data by Equation 4.14. The samples are at 25°C
and contain primary silica particles of 5, 25 and 75 nm diameters.

4.3.2 Shear Rheology of Silica Suspensions

In chapter 3, a model for the rheology of stable silica nanoparticle dispersions is
presented. The unified model could collapse all the data onto a single curve by using the
concept of maximum effective packing fraction (Metin ef al. 2011b). It was shown that
the viscosity of silica nanoparticle dispersions is a strong function of particle volume
fraction. Here, the rheology of unstable silica dispersions is studied and a model is
proposed.

The aggregation of silica nanoparticles affects the rheology of the suspension
because the size of the aggregate changes in time. In suspensions undergoing significant

aggregation, the volume fraction of the aggregate becomes the effective solid volume
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fraction. We present our results on the shear rheology of unstable silica nanoparticle
suspensions. Figure 4.13 shows the viscosity of 1 wt% silica nanoparticles as a function
of shear rate at various aggregate sizes. The aggregation rate is slow compared to time
required to take steady shear viscosity measurement because of which we can assume
equilibrium during each steady shear rate measurement. Newtonian behavior is observed
within the shear rate ranges studied. The viscosity of the suspension is low (< 2cP);
therefore, the accuracy of the rheometer restricts the shear rate range where we can obtain

a reliable and reproducible data.
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Figure 4.13- Viscosity of 1 wt% unmodified silica nanoparticle with 3 wt% NaCl at

different aggregation stages as presented by the effective diameter of the
aggregate in Figure 4.1.
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Figure 4.14- Evolution of average viscosity over the range of shear rates from 1-300 s of
1 wt% unmodified silica nanoparticle with 3 wt% NaCl in time. The line is
from Equation 4.16 combined with Equations 4.7 and 4.15.

The viscosity of the suspension changes in time (Figure 4.14) with respect to the
aggregate size. To model the rheology of unstable dispersions, the effective volume

fraction of the aggregates, @,q,, needs to be determined from Equation 4.15.
3-d;
¢Agg = ¢0 {_j (4.15)

The size of the aggregate at a specific time during the aggregation stage can be
estimated using the models we proposed above. The model for relative viscosity, 7, is

modified to take into account the effective volume fraction of the aggregate as follows
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¢Agg

=|1+0.75 8
7 " (¢:1:x_¢Agg)

(4.16)

where ¢° is the maximum effective packing fraction and is a function of particle size

for stable nanoparticle dispersions, where the extent of electrical double layer or steric
layer is important (Metin et al. 2011b). However, for the unstable unmodified silica
nanoparticle suspensions, the thickness of electrical double layer is reduced significantly
because of the presence of electrolytes and the aggregates can be assumed as hard spheres
in terms of interactions. We can estimate the maximum effective packing fraction by an
equilibrium approach. The phase behavior of 25 nm unmodified silica nanoparticles at 3
wt% NaCl for 0.5-3 wt% silica concentration is presented in Figure 4.15. As the
nanoparticle concentration increases the aggregate volume or the sediment volume
fraction increases as well.

Let us assume that # single silica particles form one aggregate. At equilibrium all
the single particles become part of aggregates and there is no free single particle in the

supernatant (Equation 4.17).

nP — A
C.' =nC, (4.17)
C:PT = n¢r$1f;xcsedv

where C,' is the total concentration of single silica particles, C, is the concentration of
aggregates, ¢° is the maximum effective packing fraction of aggregates in the sediment,

C,q 1s the concentration of sediment and v is the reciprocal of the volume of a single

aggregate. The number of particles, n, forming the aggregate is determined from
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dy
n:(o 8“’5 J where D,, is the equilibrium aggregate diameter as described by the
- 0

aggregation kinetics model. From the equilibrium approach, it is possible to determine

the volume fraction of aggregates in the sediment by simply plotting C," vs. nC_,v=Y
eff

as shown in Figure 4.15. The slope corresponds to ¢,

equals to 0.68. This result is close

to a cubic packing of aggregates within a sediment and indicates that the structure of the

sediment is the same for all silica concentrations studied.

3wt% NaCl

Figure 4.15- Test tubes containing 3 wt% NaCl and 0.5-3 wt% silica nanoparticles of 25
nm diameter. As silica concentration increases the sediment height also
increases.
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Figure 4.16- The determination of the aggregate volume fraction by the proposed
equilibrium approach. The slope of the line corresponds to the aggregate
volume fraction, ¢&" =0.68.

Once the maximum effective packing fraction is determined, it is possible to
estimate the relative viscosity of the unstable silica aggregates from Equation 4.16 and
collapse all the data onto a single curve regardless the size of primary particles or
electrolyte concentration as shown in Figure 4.17. The data presented in Figure 4.17

correspond to a homogeneous turbid phase of the aggregation.
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Figure 4.17- Comparison of the proposed model with experimental data of relative
viscosity of silica nanoparticle dispersions.

4.4 CONCLUSIONS

The aggregation kinetics of unmodified silica nanoparticles of 5, 25 and 75nm
primary diameter are studied as a function of particle and NaCl concentration above the
CSC. The aggregation kinetics is strongly influenced by initial particle size, particle and
salt concentrations. The proposed model is very convenient to use and successfully
described the aggregation kinetics. The model parameters; equilibrium diameter and rate
constant, were determined using experimental data and also estimated independently
assuming DLVO theory. The proposed model provided the framework to collapse all the
data onto a single master curve of dimensionless diameter and time. The early time of

aggregation follows an exponential growth that is a characteristic of the slow aggregation
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regime. This behavior is successfully captured by the proposed model, is consistent with
the Smoluchowski theory. The parameters in the proposed model are shown to be
calculable independently from the proposed equations.

Maximum effective packing fraction is estimated from an equilibrium approach
model of sediment volume fraction to be 0.68. The results for the relative viscosity of
silica aggregates in turbid phase agree well with the proposed viscosity model and
collapse onto a single curve. Unstable particle suspensions exhibits Newtonian behavior,

which could be predicted by our viscosity model developed for stable dispersions.

Footnote:

Analytical solution to the model proposed in this study with an arbitrary fractal
dimension, dy

d

HypergeometricZFl[—i,1,1—£, b 1
d, d; | D, kt

d,{— + =—— +const.

2D? 2D?
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Chapter 5: Phase Behavior and Rheological Characterization of Silica
Nanoparticle Gel

Over a certain range of salinities, silica nanoparticle suspensions form a gel. An
accurate description of nanoparticle solution phase behavior is necessary before
advancing their uses in the petroleum industry. In this chapter, the equilibrium phase
behavior of silica nanoparticle solutions is presented in the presence of sodium chloride
(NaCl) and phase regions are classified as a function of salinity and nanoparticle
concentration. Rheology experiments of silica nanoparticle gels are carried out. Gelation
time decreases exponentially as a function of silica, salinity, or temperature. Following a
power law behavior, the storage modulus, G’, increases with particle concentration.
Steady shear measurements show that silica nanoparticle gels exhibit non-Newtonian,

shear thinning behavior.

5.1 INTRODUCTION

As discussed in chapter 2, in the presence of electrolytes, the nanoparticle
dispersions become unstable above a critical salt concentration. Over a certain range of
salinities, the unstable solutions form a gel. Previous efforts (e.g. Jurinak and Summers
1991, Burns et al. 2008, Dai et al. 2010, Stavland et al. 2011) focused on silica gel
controlled by pH at high silica concentrations. In contrast, this work is focused on the
effect of salinity on the gelation at much lower silica concentrations. Note that the
stability of the silica nanoparticle dispersions used in this work is not sensitive to pH as
discussed in Chapter 2.

In this chapter, the results of equilibrium phase behavior of silica nanoparticle

dispersions in the presence of sodium chloride (NaCl) are presented. The rheology of
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particle dispersions in the gel region is also investigated. The characteristic time for the
onset of gelation as a function of silica and NaCl concentration and temperature are

determined.

5.2 MATERIALS AND METHODS

The material under study is aqueous dispersions of silica nanoparticles. The
nanoparticles provided by 3M, Co. (St. Paul, MN) have a mean diameter of 5 and 25 nm.
We also tested NexSil5 silica nanoparticles purchased from Nycol for rheology
measurements.

Rheological measurements were carried out on a strain controlled rheometer using
a parallel plate fixture. The diameter of the parallel plate was 50 mm and the set gap
between the lower and upper plate was 1 mm. The measurements were conducted at 25,
40, 55 and 75 °C. A solvent trap was used to prevent the evaporation of water from the
solution. Dynamic and steady shear experiments were carried out. The nanoparticle
dispersion was mixed with NaCl solution and placed on the lower fixture of the parallel
plate. A dynamic time sweep test was first conducted at the frequency 1 rad/s and 1%
strain. We measured the time evolution of storage and loss modulus, G’ and G”’, for
10,000 seconds after the onset of gelation. Then, frequency sweep and strain sweep tests
were carried out. After these tests, steady shear rates were applied and viscosity was

recorded as a function of shear rate.
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5.3 RESULTS AND DISCUSSION

The results on phase behavior of silica nanoparticle suspensions as a function of
NaCl and nanoparticle concentration are presented in this section. The rheological

measurements of samples in the gel region are discussed in detail in the next section.

5.3.1 Phase Behavior
There are three phases in the nanoparticle phase diagram. Below the critical salt

concentration (CSC), the nanoparticle dispersion is stable and appears as a homogeneous
clear liquid. Above the CSC, the suspension is unstable. The unstable suspensions have
two distinct behaviors. At salinities above the CSC but below the upper gelation salt
concentration, the unstable solution forms a gel phase. Above the upper gelation salt
concentration, the solution forms a viscous liquid. The major difference between the two
phases is that the gel does not flow when the sample is tilted but the viscous liquid does.
In the viscous liquid region, we think that the network of aggregates, which is essential
for gel formation, is absent because the repulsive electrostatic interaction between
aggregates 1s screened at very high salt concentration. Therefore, the dynamically
arrested state of clusters may be absent and the aggregates can no longer act as building
blocks of a gel network (see Campbell et al. 2005 for discussion of dynamic arrest). It is
known that strongly-aggregating colloidal suspensions form gels, whose stability depends
on the volume fraction of the particles (Senis et al. 2001). Within the gel region, two
types of gels are observed. At lower silica concentrations, the solution has two phases. A
solid gel phase is topped by a clear supernatant liquid. At higher silica concentrations, the
solution is a single-phase gel. Two-phase gels are a result of insufficient number of
aggregates to incorporate the entire volume of water into the gel. Figures 5.1 and 5.2
show example phase behavior diagrams for the 25 nm and 5 nm particles, respectively, at
25 °C. The monodisperse silica nanoparticles have a wide gel region with respect to

salinity. The boundary between single-phase and two-phase gel is only a function of
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silica concentration for 5 nm particles and a function of both silica and NaCl

concentration for 25 nm particles.
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Figure 5.1- Phase behavior diagram of 5 nm unmodified silica nanoparticles at 25 °C.
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Figure 5.2- Phase behavior diagram of 25 nm unmodified silica nanoparticles at 25 °C.
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When particle volume fraction is small, isolated large flocs may form which are
denser than the suspending medium, and can form a sediment under gravity. However,
for large particle volume fraction, gelation usually occurs and sedimentation is then
avoided unless the gel structure is so fragile that it collapses under its own weight
(Larson 1999). The structure of the aggregates within the sediment, such as the solid
volume fraction, is discussed based on the equilibrium approach in chapter 4. To
establish the relationship between the sediment volume fraction and the particle
concentration, the force balance on a sediment layer under gravity was suggested by
Senis and C. Allain (1997). Figure 5.3 is a schematic presentation of sedimentation and

gelation of aggregates.

Setiling of . Seftling gel . Stable gel
individual
aggregates

.a. S

*

Figure 5.3- Schematic presentation of sedimentation and gel behavior of aggregates as
proposed by Senis and Allain (1997).

The force balance on a sediment layer under gravity is
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where Ap is the density difference between the particle and the fluid, g the gravitational
acceleration, ¢ the solid volume fraction, o, the stress, z the vertical direction, D the
diameter of the test vial, o;, wall stress, o." the yield stress, f; op and x are constants. If

the friction at the wall is neglected, then the integration of Equation 5.1 gives

Uk -k
H, :L(Ej _ K (B} e 52)
A k-1 A,

where H; is the height of the sediment, H the total height of the solution and A is the
characteristic length. Equation 5.2 was fit to experimental data for 25 nm unmodified
silica nanoparticles (Figure 5.4). The model parameter «, can be determined as presented
in Table 5.1. The results are in the same order of magnitude as the ones reported by Senis

and Allain (1997).
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Figure 5.4- The volume fraction of sediment, C.,, vs. particle volume fraction for 25 nm
unmodifed silica nanoparticle dispersions. The lines correspond to Eq. 5.2.

Table 2.1- The model parameter xin Eq. 5.2 for 25 nm unmodified silica nanoparticles.

K
3wt% NacCl 14.6
4wt% NaCl 3.5
5wt% NacCl 2.2
6wt% NacCl 5.0

A map of sediment volume fraction as a function of silica and NaCl concentration
is presented in Figure 5.5. The sediment volume fraction significantly depends upon the
silica nanoparticle concentration. Above 3 wt% silica concentrations, almost all the
volume is occupied by the sediment and a gel is observed. The critical particle
concentration ®** above which the suspension forms a gel that does not collapse under
gravity occurs at Hs/H=1. This critical gel concentration is determined for 25 nm

unmodified silica nanoparticle suspensions at various NaCl concentrations using
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Equation 5.2. The points on the map in Figure 5.5 correspond to ®** as a function of
NaCl. The calculations coincide with experiments (see Figure 5.5). The unstable
suspensions made with 5 nm silica nanoparticles show gel behavior at silica
concentrations much smaller than that of 25 nm particles, as shown in Figure 5.6. For a

given nanoparticle concentration by weight, the number of nanoparticles for 5 nm

3
nanoparticle dispersions are (%j =125 times larger than for 25 nm nanoparticle

dispersions. Therefore, it is not surprising that gelation occurs at a much smaller particle
concentration in 5 nm nanoparticle dispersions because there are enough particles to form
a network of aggregates even with a small concentration. Equation 5.2 cannot be applied
because the sediment height ratio, or sediment volume fraction, reaches 0.9-1 very
quickly. The experimental results for the sediment volume fraction are presented as a 2D

map in Figure 5.6.
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Figure 5.5- The map of the volume fraction of sediment as a function of NaCl and silica
concentration for 25 nm unmodified silica nanoparticles. The points on the
map correspond to @** as a function of NaCl.
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Figure 5.6- The map of the volume fraction of sediment as a function of NaCl and silica
concentration for 5 nm unmodified silica nanoparticles.

5.3.2 Rheological Measurements

In addition to understanding the equilibrium behavior of the solutions in order to
correctly identify the gel region, it is also important to understand the kinetics of the
gelation. A way to explore rates of structural rearrangement within a complex fluid
without significantly deforming the fluid’s microstructure is to apply small-amplitude

oscillatory shearing (Larson 1999). The sinusoidally varying stress can be represented as

o(t) = 7, [G '(w)sin(at) + G "(w) cos(at) | (5.3)
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Shear stress of?) is proportional to the amplitude of the strain . In Equation 5.3
G’(w) is called storage modulus and is in phase with the strain. G (@) is the loss modulus
and is in phase with the rate of strain. The storage modulus represents storage of elastic
energy and the loss modulus represents the viscous dissipation of that energy (Larson
1999). The ratio G”/G’>>1 represents materials that are liquid-like and the ratio
G”/G’<<I represents solid-like materials.

Early on, aggregate size grows exponentially in time until these fractal aggregates
become large enough to form a network and fill the entire volume of the solution. The
system then crosses over to the critical growth associated with gelation (Martin and
Wilcoxon 1989). Measurements taken with DLS and UV-Vis confirm the exponential
growth of aggregate size in time before the onset of gelation

Dynamic time sweep tests were conducted to quantify the gelation time as a
function of silica concentration, salinity, and temperature. Only the 5 nm particles were
studied because they gel at smaller nanoparticle concentrations than 25 nm particles. For
the silica concentration scan, the temperature was constant at 25 °C with a salinity of 3
wt% NaCl. For the salinity scan, the temperature was constant at 25 °C with a silica
concentration of 4 wt%. The samples studied are presented graphically in Figure 5.7. For

the temperature scan, the silica concentration was 3 wt% with a salinity of 3 wt%.
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Figure 5.7- Schematic presentation of the samples studied during rheology experiments.
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Figure 5.8- Dynamic time sweep test and UV-Vis absorbance of 4 wt% silica and 5 wt%
NaCl.

The onset of gelation is determined by using a UV-Vis spectrophotometer and

strain-controlled rheometer. The evolution of G’ and G” are recorded as a function of
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time and the onset of gelation is determined based on the sudden increase of G’, as shown
with an arrow in Figure 5.8. The onset of gelation, estimated by evaluating the sudden
change in G’ in the rheology experiments, agrees well with that determined by the change
in absorbance at a specific wavelength (700 nm in this case) as measured by a UV-Vis
spectrophotometer. It has been shown in chapter 2 that a change in aggregate size could
be captured by measuring the absorbance using a UV-Vis spectrophotometer. Here in
Figure 5.8 the increase in absorbance corresponds to the increase in aggregate size and
when the network is formed, a plateau is reached. The transition corresponds to the onset
of gelation as determined by G’ in rheology experiments. After the gelation time, G’
increases significantly, while the ratio G”/G’ becomes much smaller than 1 which
indicates that the sample has a solid-like behavior. The storage modulus increases during
the dynamic measurements suggesting that the gel network gets stronger and stronger
over time. Maley et al. (2005) also showed that colloidal silica gels stiffen with time
through light scattering and rheological measurements. The authors argued that there was
no change in the gel structure but the interparticle spring constant was time-dependent
and responsible for the increase in G’. According to their hypotheses, the kinetics of bond
formation is reaction limited, which leads to an increase in the contact area between
network forming particles.

The onset of gelation or the gelation time decreases as silica concentration
increases (see Figure 5.9). This observation is in agreement with the way in which the
kinetics of the aggregation of silica nanoparticle suspensions change as a function of
silica, as discussed in chapter 4. At low salt concentration, 3 wt% NaCl, the change in
gelation time is more significant than it is at 5 wt% NaCl, Figure 5.9. Polydisperse
unmodified silica nanoparticle dispersions were purchased from Nycol. NexSil5 has a

bimodal size distribution with peaks at 3 nm and 18 nm diameter with an average
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hydrodynamic diameter of 16 nm. The effect of particle size distribution on gelation time
is also presented in Figure 5.9. The polydispersity seems to increase the gelation time but
the rate of decrease in gelation time as nanoparticle concentration increases is the same as

that for monodisperse Snm 3M particles.
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Figure 5.9- Gelation time as a function of silica concentration at 25 °C as measured using
a rheometer.

An increase in salinity decreases the gelation time (see Figure 5.10). This
observation is also in close agreement with the way in which the kinetics of aggregation
of silica nanoparticle suspensions change, as discussed in chapter 4. The gelation time
changes in order of magnitude as the NaCl concentration is increased. Polydisperse
particles show more significant decrease in gelation time than a suspension with
monodisperse particles (see the slope in Figure 5.10). They also have a smaller window

of gelation (Metin et al. 2012).
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Figure 5.10- Gelation time as a function of salinity for 4 wt% silica suspensions at 25 °C
as measured using a rheometer.

Temperature is another important factor that significantly effects the gelation
time. An increase in temperature decreases the gelation time (see Figure 5.11). The
activation energy (E,) for kinetically controlled cross-linking was used by Amiri ef al.
(2011) to characterize the temperature dependency of the gelation time for silica

suspensions.

E
Int, =—2+A 5.4

where 1, 1s the gelation time, R the gas constant, 7" temperature in Kelvin and 4 is a
constant. The activation energy is calculated using data in Figure 5.11 to be 84 and 73
kJ/mol for mono disperse 3M particles and polydisperse NexSil particles. These apparent
activation energies for bridging of aggregates are within the range of 37.5 to 83 kJ/mol as

reported by Silva and Vasconcelos (1999), Wang and Zhang (2009) and Amiri et al.

124



(2011). The decrease in gelation time at high temperature was attributed to larger
Brownian motion of the particles resulting in faster collisions as discussed in chapter 4.
Similar results for gelation time were reported for silica particles suspended in ethanol by

Smith and Zukoski (2006).
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Figure 5.11- Gelation time as a function of temperature for 3 wt% silica suspensions
with 3 wt% NaCl as measured using a rheometer. The lines correspond to
Equation 5.4.

The gelation time can change in order of magnitude with changes in the primary
control variables. The dependence of gelation time on silica, NaCl concentration or
temperature follows an exponential decrease (Figures 5.9-5.11). Other rheological
quantities that are important for strongly flocculated gels include: linear and nonlinear
storage moduli at high and low frequencies and shear rate dependent viscosity. The

dependencies of these on particle size, particle concentration, and particle-particle
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interactions are of obvious importance for the processing of colloidal gels (Larson 1999).
The silica nanoparticle gels show solid-like behavior which is shown by the profile of
storage and loss modulus in Figures 5.12-5.15 (see Larson 1999 for detailed explanation
of properties of complex fluids). The profile of storage and loss modulus (G’ and G”) as a
function of strain is strong strain overshoot (Hyun et al. 2002) with most of the samples

studied: G’ and G’ increase followed by a decrease (Figures 5.12-5.15).
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Figure 5.12- Storage modulus G’ as a function of silica concentration at 25 °C.
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Figure 5.13- Loss modulus G” as a function of silica concentration at 25 °C.
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Figure 5.14- Storage modulus G’ as a function of NaCl concentration at 25 °C.
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Figure 5.15- Loss modulus G” as a function of NaCl concentration at 25 °C.
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Strain hardening arises from strong secondary bonding effects, like the formation
of shear induced network, then the structure breaks down resulting in the decrease in G’
and G”’. Initial increase in loss modulus with strain is attributed to structural changes
(breakdown of agglomerates to a larger number of smaller size units), which are more
dissipative. Destruction of structure or breakdown of the filler network occurs at higher
strain and the loss modulus decreases because of further breakdown of the structure
(Yziquel et al. 1999). It is shown in chapter 4 that aggregate size decreases as the silica
concentration increases. That could be the reason why G’ increases as silica
concentration increases based on the above argument — smaller units being more
dissipative. Martin and Wilcoxon (1989) discussed that at small strain Brownian motion
is able to restore the structure to the equilibrium value during oscillation cycle. Therefore,
the storage modulus remains constant. After a certain strain, the strain amplitude becomes
significant and the Brownian motion is no longer capable of restoring the microstructure.
Then the storage modulus decreases (critical strain) and the loss modulus continues to
rise with strain amplitude. The silica nanoparticle gels show similar behavior as discussed
above.

The critical strain appears to be constant as a function of silica and NaCl
concentration. The samples withstand minimum critical strain of 10% before the structure
breaks. On the other hand, the critical strain does not have a clear dependency on salt
concentration for both types of particles studied. Below the critical strain, G’ increases
with particle or NaCl concentration (Figures 5.16-5.17). This power law behavior was
also reported by Shih et al. (1990) with boehmite alumina gels. The authors considered
the structure of a gel as a collection of flocs, which are fractal objects closely packed
throughout the sample. A continuous network of particles is formed before settling

occurs, with the resulting suspension having a very high viscosity and a finite shear
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modulus. The authors observed a power law behavior of G’ vs ¢"’. In our experiments, m
1s calculated to be 5.9, 4.2 for 3, 5 wt% NaCl 3M and 5.1 for 3 wt% NaCl NexSil
particles. An increase in m shows that the elasticity increases more rapidly and the

network becomes more resistive (Yziquel ef al. 1999).
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Figure 5.16- Storage modulus G’ as a function of silica concentration at
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Figure 5.17- Loss modulus G” as a function of NaCl concentration at 25 °C.
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The storage modulus for all samples can be scaled using the ratio strain/critical

Stl‘ain, 7/7/(; and Gr:G )/G ,at 0.1% strain (FlgureS 518'519)
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Figure 5.18- Scaling the storage modulus G’ as a function of strain at varying silica
nanoparticle concentrations 25 °C.
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Figure 5.19- Scaling the storage modulus G’ as a function of strain at varying NaCl
nanoparticle concentrations at 25 °C.

For a solid-like complex fluid, the steady shear stress is independent of shear rate
-1
and the shear viscosity, 77, decreases with increasing shear rate, y, as nocy . A

decreasing shear viscosity with increasing shear rate is called shear thinning (Larson
1999). The viscosity for each gel as a function of steady shear rate was measured 10,000
seconds after gelation time had been reached. All of the gels exhibited shear thinning

=
behavior with 77 oc ¥ . For most of the gels, such as 4.6 wt% silica and 5wt% NaCl 3M

samples, a power law model given in Equation 5.5 fits the data well (Figure 5.20).
However, the Carreau model given in Equation 5.6 could also represent some of the
samples, such as 3wt% NaCl 3M samples as shown in Figure 5.20. The Newtonian
plateau region at low shear rates is missing for all the samples. That is why the Carreau

model may not be an appropriate choice.
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n=Ky" (5.4)

where K and n are empirical parameters.

L/ 1 (5.5)

Mo — 1., (1+(K17)2 )ml/z

where 7, and 7, are viscosities at zero and infinity shear rates respectively and represent

the Newtonian plateau regions. Other empirical parameters in Equation 5.5 are K; and m;.

The parameters of the Carreau model fit to the sample 3 wt% silica, 3 wt% NaCl are

350000 cp, 30 cp, 20 s and 2 for 7,, 77, , K; and m; respectively. This sample is the only

one showing a significant plateau at high shear rates and steeper slope than -1.
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Figure 5.20- Viscosity profile for 3M nanoparticle gels at varying nanoparticle and NaCl
concentration. The solid line is power law model and the dashed line
corresponds to the Carreau model fit for 3 wt% silica, 3 wt% NaCl sample.

5.4 CONCLUSIONS

We studied the phase behavior of silica nanoparticle suspensions as a function of
silica and NaCl concentrations. Monodisperse 3M silica nanoparticles have a wider
window of gelation with respect to salinity than polydisperse NexSil particles.

The time to the onset of gelation depends strongly on silica and NaCl
concentration and temperature. The gelation time decreases exponentially as a function of
silica, NaCl concentration or temperature.

The storage modulus, G’, increases with particle concentration following a power

law behavior. The critical strain stays the same for silica concentrations studied. The
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samples withstand a minimum critical strain of 10% before the structure breaks.
However, the critical strain does not have a clear dependency of salt concentration for
both types of particles studied.

Steady shear measurements show that silica nanoparticle gels exhibit non-
Newtonian, shear thinning behavior which could be described by the power law model or

the Carreau model depending on the particle and NaCl concentration.
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Chapter 6: Adsorption of Surface Functionalized Silica Nanoparticles
onto Mineral Surfaces and Decane/Water Interface

The adsorption of silica nanoparticles onto representative mineral surfaces and at
the decane/water interface was studied. The effects of particle size, concentration and
surface type on the adsorption were studied in detail. Silica nanoparticles with four
different surfaces (unmodified, surface modified with anionic (sulfonate), cationic
(quaternary ammonium (quat)) or nonionic (polyethylene glycol (PEG)) surfactant) were
used. The adsorption of all the nanoparticles (unmodified or surface modified) on quartz
and calcite surfaces was found to be insignificant. Interfacial tension (IFT) measurements
are used to investigate the adsorption of silica nanoparticles at the decane/water interface.
Unmodified nanoparticles or surface modified ones with sulfonate or quat do not
significantly affect the interfacial tension (IFT) of the decane/water interface. It also does
not appear that the particle size or concentration influences the IFT. However, the
presence of PEG as a surface modifying material significantly reduces the IFT. The PEG
surface modifier alone in an aqueous solution, without the nanoparticles, yields the same
IFT reduction for an equivalent PEG concentration as that used for modifying the surface
of nanoparticles. Contact angle measurements of a decane droplet on quartz or calcite
plate immersed in water (or aqueous nanoparticle dispersion) showed a slight change in
the contact angle in the presence of the studied nanoparticles. The results of contact angle
measurements are in good agreement with experiments of adsorption of nanoparticles on
mineral surfaces or decane/water interface. This study brings new insights into the
understanding and modeling of the adsorption of surface modified silica nanoparticles

onto mineral surfaces and water/decane interface.
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6.1 INTRODUCTION

The retention of nanoparticles in porous media will play an important role in
selecting the types of nanoparticles or surface modifying agents for said nanoparticles.
Silica nanoparticles are good candidates for such applications due to their low cost of
fabrication, their ready availability, and the ability to modify their surfaces by known
chemical methods. The surface modification of silica nanoparticles would allow one to
control their hydrophilicity and also to improve their salt tolerance. There exists a critical
salt concentration (CSC) below which previously studied silica nanoparticles stayed well
dispersed in water (Metin et al. 2011). The surface modification significantly improves
CSC especially for divalent cations (Ca®" and Mg*"). Therefore, they can be injected in
reservoir rocks where brine salinity is large and remain as a stable dispersion.

The interaction of nanoparticles with liquids (water/oil interface) or solids
(mineral surfaces) determines the mechanisms of retention of nanoparticles in reservoir
rocks. Characterization of the surface charge of nanoparticles by measuring their zeta
potential, tracking nanoparticles in the bulk phase or at interface by UV-Visible
spectroscopy provided means to analyze the effect of pH, surface modification of
nanoparticles and their sizes on the stability of nanoparticles at fluid interfaces. A
comprehensive literature review on nanoparticles at fluid interfaces is presented by
Bresme and Oettel (2007).

Lin et al. (2005) presented an experimental study on the structure of
hydrophobically surface modified 4.6nm cadmium selenide nanoparticle assembly at
fluid interfaces. They observed that nanoparticles assembled at the interface of two
immiscible liquids (toluene and water) as a densely packed monolayer. In the case of
particles with different sizes, larger particles displaced smaller particles at a rate

consistent with their adsorption energy. The assembly at the water/toluene interface was
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liquid-like with no long-range order. Lee et al. (2006) studied the monolayer behavior of
500nm silica particles in the presence of a cationic surfactant at the air/water interface.
They compared chemically grafted and physically modified nanoparticles and found that
modification methods and chain length of modifying agents determined the structure of
particle layering at the interface.

Reincke et al. (2006) discussed three types of interactions that are dominant for a
charged nanoparticle (less than 16nm gold nanoparticles) at a water/oil interface: energy
of water/organic, water/particle and particle/organic interfaces, electrostatic repulsion
between particles and van der Waals interactions between particles at the interface. They
reported that big particles adsorbed more strongly to the interface than small particles.
Binks and Fletcher (2001) studied the theoretical adsorption of amphiphilic spherical
particles (Janus particles) at the oil/water interface. Later, Binks and Whitby (2005)
found that precipitated silica particles with a primary particle size ranging from 3.5-
101nm could stabilize oil-in-water emulsions. The emulsion stability was controlled by
changing the pH or particle charge. The authors observed that adding cationic surfactants
improved the emulsion stability. The average diameter of emulsions increased as the
silica nanoparticle size increased. Bresme and Quirke (1999) analyzed the wetting
behavior of spherical particles at liquid/water interface by using MD simulation. Young’s
equation provided an accurate estimation of the contact angle even for particle of size 1.5
nm. Contact line tension appeared to have no effect on the contact angle when the surface
tensions were on the order of that of water.

Particle structuring in a wedge film and the role of structural component of
disjoining pressure on displacement of the contact line were studied by Wasan and

Nikolov (2003).
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The authors observed by video microscopy, a crystal like ordering of 1 um
diameter latex particles in the liquid film-meniscus region of wedge-like shape, which
resulted in a structural component of disjoining pressure. Then, the authors argued that
the structural component of the disjoining pressure was strong enough for a nanofluid
composed of 8 nm diameter micelles to move the contact line at oil droplet/glass/aqueous
micellar solution interface. This particle structure formation in the wedge film was
confirmed by the theoretical results of Boda et al. (1999). Further theoretical studies
followed their research (Chengara et al. 2004; Vafei et al. 2006; Matar et al. 2007; and
Sefiane et al. 2008). However, it is not clear that the structural disjoining pressure is the
only mechanism influencing this enhanced spreading of a droplet in the presence of
nanoparticle suspensions. Vafei et al. (2006) conducted contact angle measurements of
droplets containing 2.5-nm bismuth telluride nanoparticles, which are surface modified
with thioglycolic acid, on glass and silicon wafer substrates in air. The authors observed
that the variation in contact angle depended on the solid surface material and nanoparticle
size. At a given concentration, smaller diameter nanoparticles resulted in greater changes
in contact angle than larger diameter nanoparticles would. The authors argued that greater
amount of smaller diameter nanoparticles can fit into this region than larger diameter
ones. The spreading of a sessile droplet on solid surface was also studied theoretically by
Yang et al. (1991), Blake et al. (1997), de Ruijter et al. (1999a,b), Hwang et al. (2001),
Choi and Kim (2006) and Voronov et al. (2006, 2007).

In this chapter, the interaction of unmodified or surface modified silica
nanoparticles with mineral surfaces and decane/water interface is investigated.
Adsorption experiments with the silica nanoparticles were conducted onto quartz and
calcite surfaces. Interfacial tension (IFT) measurements provide insightful information on

the interaction of silica nanoparticles with decane/water interface. The effects of particle
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size, concentration and surface type of silica nanoparticles are also studied in detail. The
importance of surface modifiers on silica nanoparticles and the design of experiments are
highlighted when studying the adsorption of nanoparticles with minerals or
water/hydrocarbon interface. Contact angle measurements confirm our findings from

nanoparticle dispersion/mineral and nanoparticle dispersion/decane interactions.

6.2 MATERIALS AND METHODS

The materials studied were aqueous dispersions of silica particles as provided by
3M, Co (St. Paul, MN, USA). The mean diameters of primary particles are 5, 25 and 75
nm, which have an unmodified surface or a modified surface with sulfonate, polyethylene
glycol (PEG) or quaternary ammonium and PEG. The latter one will be referred to as
“quat” throughout this chapter. The surface modifications describe the surface of the
particles after using alkoxysilanes as surface modifying agents. The zeta potential of
these silica nanoparticles was determined using a Malvern Zetasizer. The values are
presented in Table 6.1. We used Iceland spar calcite and Ottowa quartz sand for these
studies. The zeta potential of the mineral powders were also and were found to be -55
mV for quartz and -31 mV for calcite.

We used an ultraviolet-visible spectrophotometer (UV-Vis) to determine the
concentration of nanoparticles in the supernatant liquid. Interfacial tension measurements
were a Wilhemly plate. A contact angle goniometer was used to determine the contact
angle of decane droplets on mineral samples immersed in water or nanoparticle

dispersion.
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Pieces of minerals were submerged in the various nanoparticle dispersions for 24
hours. 3 ml of the supernatant was removed by pipette and centrifuged. The supernatant
liquid was then analyzed by UV-Vis spectroscopy to determine the silica nanoparticle
concentration remaining in the liquid. Principal Component analysis combined with
multiple regression was applied to construct calibration curves for the particle
concentration analysis using the Unscrambler chemometric software. The supernatant
liquid was centrifuged at 14,000 rpm for 20 minutes to separate fines generated by the
mineral grains. The nanoparticle dispersions of 0.04, 0.2 and 1 wt% were added to
mineral to 10:1 and 5:2 dispersion to mineral weight ratios. These liquid-to-solid ratios
were chosen based on the range of the ratios commonly used during sorption experiments
published in literature (Antelmi and Spalla 1999; Marczewski and Szymula 2002; Flury
et al.2004)

The calcite mineral was first ground using an agate mortar and pestle set and
sieved using meshed sieves ranging from 20 to 100 mesh for 20 minutes under the
agitation of a Ro-Tap sieve shaker. The grains were then cleaned by deionized water
before the adsorption tests. The UV-Vis absorbance of the supernatant was measured as a
part of the cleaning procedure to make sure that the substrate was cleaned with deionized
(DI) water. Then the clean calcite grains were air dried at room temperature. The same
cleaning procedure was applied to the quartz sand. We use 20/35 (841/500 micron) mesh
calcite and 20/40 (841/420 micron) mesh quartz sand. To study the effect of mineral size

we also choose 60/100 (250/150 micron) mesh calcite and quartz sand.
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Table 6.1- Zeta potential of silica nanoparticles dispersed in water

Particle Surface Zeta
Diameter Type Potential

(nm) (mV)
5 PEG -24.1
25 PEG -39.3
75 PEG -50.0
5 Sulfonate -31.3
25 Sulfonate -44.2
75 Sulfonate -52.8

5 Quat 9.3

25 Quat -1.1
75 Quat 15.2
5 Unmodified -48.7
25 Unmodified -60.3
75 Unmodified -79.8

The surface energy of clean and dry quartz sand and calcite grains were measured
using an inverse gas chromatography (IGC) method. IGC involves the sorption of a
known adsorbate (vapor) and an unknown adsorbent stationary phase (solid sample). The
principle of this method has been described in detail elsewhere (Saint and Papirer, 1982).
The experimental procedure can be briefly described as follows. The series of alkanes
used for determining the dispersive surface energy were of the High Performance Liquid
Chromatography (HPLC) grade. The cleaned calcite or quartz samples were then packed
into the column and flushed with the carrier gas, He at 105 °C for two hours to remove
any trace of moisture contamination. The column is then conditioned for another two
hours by passing the carrier gas, helium at the desired temperature and relative humidity.
The possibility of any moisture accumulation is removed because of continuous
outgassing of the column first at elevated temperature and then at the desired

temperature. Then a series of solvent pulse injections are carried out and their retention
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behavior monitored by the Flame Ionization Detector (FID) and Thermal Conductivity
Detector (TCD) placed at the end of the column. The retention times are recorded and
used to determine the total surface energy of the quartz and calcite samples (Saint and

Papirer, 1982).

6.3 RESULTS AND DISCUSSION

In this section, I present the adsorption of nanoparticles on minerals and
interfacial tension of silica nanoparticle dispersion/decane interface and contact angle

measurements.

6.3.1 Adsorption on Minerals

The batch adsorption experiments were carried out with 150 and 500 micron
calcite grains using silica nanoparticle concentrations of 0.04, 0.2 and 1.0 wt%. The UV-
Vis spectra of the 5 nm unmodified silica nanoparticle dispersions are presented in Figure
6.1 before and after contact with calcite grains. For the silica concentrations studied
(0.04, 0.2 and 1 wt%) there is no significant adsorption of nanoparticles on calcite
surfaces. The effect of grain size was studied with 60/100 mesh calcite and no significant
adsorption is observed.

The effect of electrolyte on adsorption of silica nanoparticles onto a calcite
surface was tested by adding 0.25 wt% NaCl to 0.2 wt% unmodified silica nanoparticle
dispersion. The NaCl concentration is below critical salt concentration at 0.5 wt% (CSC)
(Metin et al. 2011) to ensure that the nanoparticle dispersion is stable. Figure 6.2 shows
that there is no significant adsorption in the presence of NaCl. Moreover increasing the
size of nanoparticles (25 nm diameter) does not influence the adsorption of unmodified

silica nanoparticles on calcite surface (Figure 6.2).
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The effect of the surface modification of silica nanoparticles on the adsorption
behavior was also studied. The results show that there was no significant adsorption of

PEG or sulfonate modified nanoparticles on calcite (Figure 6.3).

1
— 1wt% 5nm Unmodified
0.8 1wt% 5nm Unmodified-after calcite
’ — 1wt% 5nm Unmodified-after quartz
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Figure 6.1- UV-Vis spectra of 0.04, 0.2 and 1wt% 5-nm unmodified silica nanoparticle
dispersion with and without NaCl before and after contact with quartz sand

or calcite grains.

146



— 25nm Unmodified- 0.2wt% silica

25nm Unmodified- 0.2wt% silica-after quartz
—— 25nm Unmodified- 0.2wt% silica, 0.125wt% NaCl
— 25nm Unmodified- 0.2wt% silica, 0.125wt% NaCl-

after quartz
— 25nm Unmodified- 0.2wt% silica, 0.5wt%NacCl

o
~

25nm Unmodified- 0.2wt% silica, 0.5wt%NaCl-after

quartz
— 25nm Unmodified- 0.2wt% silica- after calcite

Absorbance
o o
N w

o
[ -

0 Il Il Il

200 250 300 350 400
Wavelength (nm)

Figure 6.2- UV-Vis spectra of 0.2 wt% 25-nm unmodified silica nanoparticle dispersion
with or without NaCl before and after contact with quartz sand or calcite
grains.
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Figure 6.3- UV-Vis spectra of 0.04 and 0.2 wt% 5-nm sulfonate or PEG modified silica
nanoparticle dispersion after contact with quartz sand or calcite grains.

The adsorption of silica nanoparticles onto quartz sand was studied with batch
adsorption experiments. From Figure 6.1 we concluded that there is no significant
adsorption of unmodified silica nanoparticles onto quartz surface. The effect of grain size
was studied with 60/100 mesh quartz sand and no significant adsorption was observed.
Figure 6.2 shows that at 0.5 wt% NaCl concentration, there was not any significant
adsorption of silica nanoparticles on quartz surface.

The effect of the surface treatment is presented in Figure 6.3 for sulfonate and
PEG modified particles, respectively. Similar to the observations with unmodified
particles there was not any significant adsorption of surface modified particles on quartz

sand.
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DLVO (Derjaguin and Landau 1941; Verwey and Overbeek 1948) theory was
used to model the particle-mineral interactions and compare those results to the
experimental results. The electrostatic repulsion energy can be expressed for two parallel,

infinite plates with flat double layers as

EK
V, = @[(‘//12 +y; )(1-coth xh) + 2y, cos ech(zch)] (6.1)

where v, and y, are the surface potential of plate 1 and 2, x is the inverse of electrical

double layer, and % is the separation distance. For two spherical colloidal particles,

Derjaguin approximation for xa>1 gives

v _faa, (Wf“/é){ 2p, In[1+exp(—1ch)

© 4@ta) | (w+ys) \L-exp(-xh) j +In(1- eXp(Z"h))J (6.2)

where a; and a; are the radii of particles. Hogg et al. (1966) showed that Debye-Huckel
approximation works well even at large surface potentials for h>a.
Thin, slightly overlapping cloud of a spherical particle and a flat plate gives a

repulsive energy approximated by Equation 6.3.

2 ze
V, =16ca KT tanh| 225 Jtanh| =22 exp(—«xh) (6.3)
ze 4KT 4KT

where subscript s and p represent the spherical particle and the flat plate. Derjaguin’s

approximation is valid for all values of surface potentials provided that xa>> xh>>1.
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The van der Waals attraction potential between two spheres of radii a; and a; is

given in Equation 6.4.

__ A 28,3, n 28,3, +1In R’ -(a +a,)’
A 6 | R?—(a,+a,)> R°-(a,-a,)’ R —(a,—a,)*
R=a +a,+h (6.4)

A =(VA A ) (VA =)

where A;3,, the Hamaker constant of silica nanoparticle (1), water (3) and mineral (2) is
calculated from the measured dispersive surface energies of calcite (71.76 mJ/m?) and
quartz (107.78 mJ/m?). The results of 4,3, for calcite and quartz are calculated as 1.09 x
10%° and 1.62 x 10 J respectively.

Similarly, the van der Waals attraction between sphere and a planar half-space

plate can be expressed as

VA=—A132a{1+ h +2In( h JJ (6.5)

6h 2a+h 2a+h

For details of above equations please see Hunter (2001), Goodwin (2009) and
Hogg et al. (1966).

The total interaction potential V=V, +V% is calculated for the 25-nm unmodified
silica nanoparticles-calcite interaction by using Equations 6.3 and 6.5. The results are
shown in Figure 6.4 at various NaCl concentrations. Although the energy barrier is small,
the predictions by DLVO indicate that there is no adsorption without background NaCl
concentration. However, at 0.5 wt% NaCl concentration the interaction between the silica

nanoparticle and the calcite grain is attractive. This prediction does not agree with the
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experimental results as shown in Figure 6.2. The interaction potential by DLVO theory
was also calculated for 5 nm unmodified silica nanoparticle-calcite interaction. (Note that
the condition, xka>>1, in the approximation of repulsive energy is not satisfied for these
small size nanoparticles). The interaction energy is repulsive in the absence of
background NaCl concentration, however, the magnitude of the energy barrier is also
small which can be easily overcome by the kinetic energy of particles in dispersion.
Similar results in DLVO curves are obtained for 25 nm unmodified silica
nanoparticles-quartz interaction potential by using Equations 6.2 and 6.4. Experimental
results shown in Figure 6.2 agree well with DLVO predictions (Figure 6.5) for the
condition where there is no background electrolyte but we did not observe any significant
adsorption at 0.5 wt% NaCl as predicted by DLVO. For 5 nm unmodified silica
nanoparticles-quartz interaction potential the particle size is too small to satisfy the
condition xa>>1. A small energy barrier occurs which would be overcome by silica
nanoparticles promoting the adsorption on quartz. However, insignificant adsorption is

experimentally observed.
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Figure 6.4- Total interaction energy between calcite plate and 25 nm diameter silica
nanoparticles as a function of NaCl concentration (Equations 6.3 and 6.5).

152



V1/kT

Figure 6.5- Total interaction energy between 420 micron diameter quartz grain and 25
nm diameter silica nanoparticles as a function of NaCl concentration
(Equations 6.2 and 6.4).

6.3.2 Interfacial Tension of Silica Nanoparticle Dispersion/Decane Interface

unmodified and surface modified silica nanoparticle dispersions. The Wilhemy plate
method with a Kruss K100 tensiometer was used to determine the effect of nanoparticles
on the IFT of decane/water interface. The results are presented in Figures 6.6 and 6.7.
The IFT of decane/water is 45 dynes/cm. Unmodified silica nanoparticles at various
concentrations do not have any effect on IFT of water/decane interface (43 dynes/cm), as
presented in Figures 6.6 and 6.7. The surface modified silica nanoparticles with sulfonate
surface modification also do not influence the IFT either. A slight decrease is observed as

particle concentration increases but this decrease may be due to the presence of the
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sulfonate surface modifier. When the IFT in presence of sulfonate modified particles is
compared with just the sulfonate modifier in water, almost the same decrease in IFT is
observed. Therefore, the decrease in IFT corresponds to the effect of sulfonate molecules
not to the presence of the nanoparticles.

A significant decrease in IFT (24 dynes/cm) occurs with PEG modified silica
particles. To determine whether this decrease is because of the PEG itself or not, we
prepared a solution having the same PEG concentration, but without nanoparticles. This
PEG solution exhibits similar IFT values as the PEG modified nanoparticle dispersions.
Therefore, the presence of PEG, attached to silica nanoparticle or free in solution,
determines the decrease in IFT of water/decane interface. The presence of the
nanoparticle appears not to add to the IFT reduction.

The effect of particle size and concentration is presented in Figure 6.7. The results
are consistent with our findings for 5 nm particles (Figure 6.8). All the unmodified silica
nanoparticle dispersions (5, 25 and 75 nm) have almost the same IFT value as
water/decane and it appears not to be sensitive to particle concentration or size. Based on
these findings, it can be concluded that unmodified silica nanoparticles do not stay at the
water/interface.

However, with the surface modified nanoparticles, a decrease in IFT is observed
as particle concentration increases at a given size or as particle size decreases at a given
nanoparticle concentration. These trends are consistent with the increasing amount of the
surface modifiers as the nanoparticle concentration increases and the nanoparticle size
decreases. In the case of surface modified nanoparticles, deviations from IFT of
water/decane occur, especially in case of PEG modified silica nanoparticles, as seen in
Figure 6.8. The type and amount of surface treatment attached to silica nanoparticles

determines the extent of the change in IFT of water/decane interface. The degree of IFT
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change is identical for aqueous solutions of surface modifying material in the absence of
nanoparticles.

Insignificant adsorption of unmodified silica nanoparticles at the decane/water
interface shows that the silica nanoparticles are not amphiphiles and the surface
modification alone determines the adsorption of silica nanoparticles on interfaces as

observed with the PEG modified silica nanoparticles (Figure 6.9).
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Figure 6.6- IFT of decane/water in presence of 5 nm silica unmodified or surface
modified nanoparticles.
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Figure 6.7- IFT of decane/water in presence of nanoparticles. The effect of nanoparticle
size and concentration is shown.
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Figure 6.8- The effect of 5 wt% 5nm nanoparticles on IFT of water/decane.
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Figure 6.9- Schematic presentation of adsorption of PEG to water/decane interface (a) in
the absence of silica nanoparticle and (b) attached to silica nanoparticle.
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The concentration of PEG in aqueous solution and PEG attached to silica
nanoparticles partitioned to the interface was quantitatively determined by using

thermodynamic theory of partitioning (Gibbs equation):

(6.6)

where R is the universal gas constant; N4 the Avogadro number; 7T the temperature; C,
bulk concentration in number of nanoparticles/volume of dispersion; y interfacial tension
and 77 is the nanoparticle or PEG concentration at interface. The results are presented in
Figure 6.10. The PEG modified nanoparticles and PEG solution without nanoparticles
show same adsorption behavior, which leads us to conclude that only PEG molecules
adsorb at the interface, not the nanoparticles (see Figure 6.9). The line corresponds to
Langmuir isotherm (Hunter 2001) in Equation 6.7 that is used to fit our data. The model
parameters, K and 7, are 30 and 1.2 (molecules/nm®) respectively. Assuming a surface
coverage of PEG molecules as 1 molecule of PEG/nm” nanoparticle, a monolayer of PEG
modified nanoparticles occur at the water/decane interface. Either the nanoparticles
would place near interface and/or the interface would deform slightly for PEG molecules
on the nanoparticles to uniformly cover the interface. This is a consequence of the
spherical shape of nanoparticles and short length of PEG molecules (2-3 nm). Monolayer
coverage is also in agreement with Langmuir isotherm. We can conclude that the results
obtained from Gibbs’ equation correspond to the adsorption of PEG molecules/nm?
interface but not nanoparticles/nm” interface. If the latter was correct then 30 layers of 5
nm nanoparticles with a cubic packing would need to be at the interface corresponding to

the maximum adsorption of 1.2 nanoparticle/nm’.
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Figure 6.10- Adsorption of PEG or PEG modified silica nanoparticles on decane/water
interface. The line corresponds to Langmuir isotherm.

6.3.3 Contact Angle Measurements

The contact angle goniometer was used to monitor and measure the contact angle
of decane droplet on quartz or calcite plate immersed in silica nanoparticle dispersions.
The contact angle is measured through the denser phase (water or nanoparticle

dispersion). A schematic is shown in Figure 6.11. The contact angle 6=0° corresponds to
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a surface completely water wet and 6=180° corresponds to completely oil wet surface.

For effective displacement of oil by water, we need 6<90°.

minera
decane

Figure 6.11- Schematic of an oil droplet on a solid substrate (mineral) immersed in water

Calcite and quartz plates were immersed in decane for one week before the
contact angle experiments. The pictures of a decane droplet immersed in water or silica
nanoparticle dispersion are presented in Figures 6.12-6.14. The effect of particle size and
surface type on the contact angle of water/decane on a mineral was studied. The decane
droplet is injected with an inverted J-syringe underneath the substrate. However the
pictures in Figures 6.12-6.14 are digitally inverted using a Pax-it 2+ digital camera
connected directly to the microscope for visual purposes. These images are inverted
pictures of the actual droplet.

The image on the left side in each figure corresponds to the contact angle of
water/decane/mineral without nanoparticles and the image on the right side shows the
contact angle at nanoparticle dispersion/decane/mineral. Figures 6.12-6.14 show the
effect of unmodified silica nanoparticles and their size on the contact angle on quartz
plate. The contact angle does not change significantly in the presence of unmodified

nanoparticles of 5, 25 or 75 nm diameter. This observation is consistent with the present
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findings of IFT and adsorption. The unmodified nanoparticles do not change IFT of

water/decane nor do they adsorb to the quartz surface.

" Water " Nanoparticle
dispersion

Decane
droplet

Quartz plate

A

Figure 6.12- Decane droplet on quartz plate immersed in (a) water and (b) 5Snm
unmodified silica nanoparticle dispersion of 1wt%. The contact angle is (a)
59° and (b) 46°.

Figure 6.13- Decane droplet on quartz plate immersed in (a) water and (b) 25nm
unmodified silica nanoparticle dispersion of 1wt%. The contact angle is (a)
60° and (b) 52°.
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Figure 6.14- Decane droplet on quartz plate immersed in (a) water and (b) 75nm
unmodified silica nanoparticle dispersion of 0.5wt%. The contact angle is
(a) 56° and (b) 52°. The color in (b) is digitally altered to more easily see the
droplet.

Figures 6.16-6.18 show the effect of sulfonate modified silica nanoparticles and
their size on the contact angle on quartz plate. The contact angle does not change
significantly in the presence of sulfonate modified nanoparticles of 5, 25 or 75 nm
diameter. This observation is consistent with our findings of IFT and adsorption. The
sulfonate modified nanoparticles do not significantly change the IFT of water/decane
interface nor do they adsorb to the quartz surface. Similar results for contact angle are
observed with the quat modified silica nanoparticles of 5, 25 or 75 nm diameter (Figures
6.19-6.21).

Although PEG modified nanoparticles reduce the IFT of water/decane from 45 to
24 dynes/cm there is no significant change in contact angle in the presence of these
nanoparticles, under the experimental conditions. Figures 6.22-6.24 show the effect of
PEG modified silica nanoparticles and their size on the contact angle on quartz plate. The
contact angle does not significantly change in the presence of PEG modified

nanoparticles of 5, 25 or 75 nm diameter. This observation is consistent with our findings
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from batch adsorption experiments. The effect of temperature is investigated with Snm
PEG modified nanoparticles at 80°C, Figure 6.25. We did not observe any significant
change in the contact angle at the higher temperature.

Figures 6.26-6.28 show the effect of sulfonate modified silica nanoparticles and
their size on the contact angle on calcite plate. The contact angle does not significantly
change in the presence of sulfonate modified nanoparticles of 5, 25 or 75 nm diameter.
This observation is also consistent with our findings of IFT and adsorption.

A summary of contact angle measurements is presented in Figure 6.15. The
change in contact angle in the presence of nanoparticles is plotted as a function of

nanoparticle diameter. The change is less than 10 degrees.
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Figure 6.15- The change in contact angle in the presence of 1wt% silica nanoparticles
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Figure 6.16- Decane droplet on quartz plate immersed in (a) water and (b) 5Snm sulfonate
modified silica nanoparticle dispersion of 1wt%. The contact angle is (a) 34°
and (b) 20°.

Figure 6.17- Decane droplet on quartz plate immersed in (a) water and (b) 25nm
sulfonate modified silica nanoparticle dispersion of 1wt%. The contact angle
is (a) 51° and (b) 38°.
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Figure 6.18- Decane droplet on quartz plate immersed in (a) water and (b) 75nm
sulfonate modified silica nanoparticle dispersion of 0.5wt%. The contact
angle is (a) 55° and (b) 43°. The color in (b) is digitally altered to see the
droplet clearly since the light transmittance of nanoparticle dispersion is low
because of particle size.

Figure 6.19- Decane droplet on quartz plate immersed in (a) water and (b) Snm
quat/PEG (50:50) modified silica nanoparticle dispersion of 1wt%. The
contact angle is (a) 91° and (b) 14°.
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Figure 6.20- Decane droplet on quartz plate immersed in (a) water and (b) 25nm
quat/PEG (50:50) modified silica nanoparticle dispersion of 1wt%. The
contact angle is (a) 30° and (b) 20°.

Figure 6.21- Decane droplet on quartz plate immersed in (a) water and (b) 75nm
quat/PEG (50:50) modified silica nanoparticle dispersion of 0.5wt%. The
contact angle is (a) 35° and (b) 26°.
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Figure 6.21- Decane droplet on quartz plate immersed in (a) water and (b) Snm PEG
modified silica nanoparticle dispersion of 1wt%. The contact angle is (a) 20°
and (b) 14°. The quartz plate in (a) is not tilted.

Figure 6.23- Decane droplet on quartz plate immersed in (a) water and (b) 25nm PEG
modified silica nanoparticle dispersion of 1wt%. The contact angle is (a) 56°
and (b) 51°.

Figure 6.24- Decane droplet on quartz plate immersed in (a) water and (b) 75nm PEG
modified silica nanoparticle dispersion of 0.5wt%. The contact angle is (a)
52° and (b) 49°. The color in (b) is digitally altered to see the droplet clearly
since the light transmittance of nanoparticle dispersion is low because of
particle size.
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Figure 6.25- Decane droplet on quartz plate immersed in (a) water at 80°C and (b) 5Snm
PEG modified silica nanoparticle dispersion of 1wt% at 80°C. The contact
angle is (a) 59° (b) 45°.

Figure 6.26- Decane droplet on calcite plate immersed in (a) water and (b) 5Snm sulfonate
modified silica nanoparticle dispersion of 1wt%. The contact angle is (a) 32°
and (b) 24°.
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Figure 6.27- Decane droplet on calcite plate immersed in (a) water and (b) 25nm
sulfonate modified silica nanoparticle dispersion of 1wt%. The contact angle
is (a) 21° and (b) 18°.

Figure 6.28- Decane droplet on calcite plate immersed in (a) water and (b) 75nm
sulfonate modified silica nanoparticle dispersion of 0.5wt%. The contact
angle is (a) 38° and (b) 36°.

6.4 CONCLUSIONS

Unmodified, sulfonate or PEG modified silica nanoparticles do not significantly
adsorb on quartz and calcite surfaces is not observed under the experimental conditions
reported in this chapter. Increase in particle size from 5 to 25 nm or addition of NaCl less
than CSC does not promote adsorption of nanoparticles on mineral surfaces.
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Unmodified nanoparticles or those with an anionic (sulfonate) or cationic
surfactant (quat) do not influence the IFT of water/decane interface. The particle size or
concentration does not have any influence on IFT. However, the presence of PEG as a
surface coating material significantly decreases the IFT. The degree of change is the same
for aqueous solutions of surface modifying materials in the absence of nanoparticles.
Based on these results, it can be concluded that silica nanoparticles are not amphiphiles.
The surface modification determines the extent of adsorption of silica particles to
interfaces.

A slight change in contact angle is observed in the presence of unmodified or
surface modified nanoparticles with anionic, cationic or nonionic surfactants (sulfonate,
quat or PEG). The size of nanoparticle does not influence contact angle.

We further the study of Wasan and Nikolov (2003), Binks and Whitby (2005) and
Lee et al. (2006) and investigate the effect of nanoparticles and surface treatment on
interfacial tension, adsorption on minerals and finally on contact angle change. We show
that surface modified silica nanoparticles have minimal interaction with minerals and the
water/decane interface and hence the change in contact angle is not significant. The effect
of surface treatment on the IFT change is isolated and conclude that the type and amount
of surface treatment attached to silica nanoparticles determines the extent of the change

in IFT of water/decane interface.
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Chapter 7: Interaction of Nanoparticles with Clay Mineral

The interaction of silica nanoparticles with montmorillonite clay was investigated
by visual swelling tests and analytical techniques such as Fourier Transform Infrared
(FTIR) and x-ray diffraction (XRD). The adsorption of silica nanoparticles onto
montmorillonite was also studied with a UV-Vis spectrophotometer. The effects of
particle size, concentration and surface type on the adsorption were presented in detail.
Silica nanoparticles with four different surfaces (unmodified, surface modified with
anionic (sulfonate), cationic (quaternary ammonium (quat)) or nonionic (polyethylene
glycol (PEG)) surfactant) were used. The adsorption of unmodified and sulfonate
modified nanoparticles on clay was found to be insignificant. However, PEG and
quat/PEG modified nanoparticles adsorbed significantly on montmorillonite. Adsorption
isotherms were calculated for those nanoparticles. Additionally it does not appear that the
particle size or concentration influences the extent of adsorption. This study brings new
insight into the understanding and modeling of the adsorption of surface modified silica

nanoparticles onto clay minerals.

7.1 INTRODUCTION

Most hydrocarbon reservoir rocks contain clay minerals in which kaolinite,
montmorillonite, illite, and chlorite are abundant in sandstone. The basic structure of clay
minerals consists of a sheet of oxygen or hydroxyl groups embedding heavy metals such
as aluminum, iron, or magnesium atoms, and a sheet of silica tetrahedral. Two sheets of
silica sandwiching on one sheet of aluminum defines a basic layer of montmorillonite.
These layers are separated by thin aqueous films that contain cations and organic

materials (Brindley and Pedro 1972). This particular structure of montmorillonite is
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mainly responsible for the expansion of montmorillonite in the presence of water. Clay
swelling has been an active area of research since 1950s. Especially in drilling and
production engineering, clay swelling has significant impacts such as wellbore instability
and formation damage. It has been suggested that the silicate structure had a permanent
negative charge due to the replacement of Si*" by AL’ or AI’" by Mg*". These
exchangeable cations were situated between the silicate layers, neutralizing their charge.
The mechanism of clay swelling was described as water molecules entering interlayer
positions to hydrate ions present in that region (Norrish 1954). The interlayer spacing
increases from 9.5 A for the dry material to 20 A corresponding to 4 layers of water in
crystalline swelling. In the second region of swelling, osmotic swelling, Na-
montmorillonite takes up 10g H,O/g clay and increases its volume by about 20 times. At
greater water content, the montmorillonite becomes a thixotropic gel,then a sol and this
may be regarded as the third stage of water uptake. Na-montmorillonite in contact with
water has been reported as taking up to 10g H,O/g clay and this may represent the
maximum water content d~ 300A of normal swelling” (Luckham and Rossi 1999).

The mechanisms and kinetics of clay swelling in petroleum-bearing formations
was discussed in detail by Civan (2007). Sensoy et al. (2009) reported that nanoparticles
at 10 wt% or higher concentrations could plug shale pore throats and reduce permeability
to minimize fluid invasion. Sharma et al. (2011) argued that the use of nanoparticles in
drilling fluids would be the first large scale application of nanotechnology in oil and gas
industry. The authors showed experimentally that unmodified nanoparticles could reduce
the invasion of water-based drilling fluids into shale.

The mechanisms for clay swelling are well defined as discussed above. However,
there is very little work published on the interaction of nanoparticles with clays and the

mechanisms are not well understood. In this chapter, the effect of unmodified and
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surface modified silica nanoparticles on the clay (montmorillonite) swelling is
investigated visually and by analytical methods such as FTIR and x-ray. Moreover, the
adsorption of silica nanoparticles on clay is quantified by wusing a UV-Vis
spectrophotometer. The results present new insight into the understanding of the

interactions of unmodified and modified nanoparticles with clay.

7.2 MATERIALS AND METHODS

The materials studied were aqueous dispersions of silica particles as provided by
3M, Co (St. Paul, MN, USA). The mean diameters of primary particles are 5 and 25,
which have an unmodified surface or a modified surface with sulfonate, polyethylene
glycol (PEG) or a mixture of quaternary ammonium and PEG. The latter one will be
referred to as “quat/PEG” throughout this chapter. The surface modifications describe the
surface of the particles after using alkoxysilanes as surface modifying agents. We used
montmorillonite clay purchased from Ward’s Natural Science Establisment, Inc, for these
studies. Throughout this chapter montmorillonite is referred as “clay”. An ultraviolet-
visible spectrophotometer (UV-Vis) was used to determine the concentration of
nanoparticles in the supernatant liquid.

Powder of montmorillonite clay mineral was submerged in the various
nanoparticle dispersions for 24 hours. The liquid of an amount of 3 ml was separated
from the mineral by pipette and centrifuge. The supernatant liquid was centrifuged 15
minutes at 9,000 rpm to separate fine clay minerals from the liquid, and then analyzed by
UV-Vis spectroscopy to determine the silica nanoparticle concentration remaining in the
liquid. A calibration curve was built using UV-Vis absorbance at a fixed wavelength as a

function of nanoparticle concentration. Different nanoparticle concentrations were used
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ranging from 0.04 to 6 wt%. The dispersion to mineral weight ratio was 100:1. This
liquid-to-solid ratio was chosen based on the extent of the swelling of clay in water that

would give enough supernatant for concentration measurements.

7.3 RESULTS AND DISCUSSION

First, the effect of nanoparticles on swelling of montmorillonite clay was studied
by visual observations by adding 0.2 g of clay to 10 g of aqueous nanoparticle dispersion.
It is known that there are two types of swelling mechanisms depending on the extent of
the increase in the basal spacing between two montmorillonite sheets: crystalline and
osmotic swelling. Crystalline swelling results from the adsorption of the monomolecular
layers of water on both the external and interlayer surfaces. In osmotic swelling, the
interlayer spacing increases abruptly to 30-40 A and continues to increase to several
hundred angstroms (several ten nanometers) with water content (Schechter, 1992). In the
presence of electrolytes, the swelling of clay is suppressed. In Figure 7.1, the effect of
NaCl concentration on clay swelling is shown. As NaCl concentration increases, the
volume of the clay sediment decreases. It is known that K" is more effective in inhibiting
clay swelling than Na' (see Figure 7.2). The effect of unmodified or modified silica
nanoparticles on clay swelling is shown in Figure 7.3 for 10 g solution and 0.2 g clay. In
the presence of unmodified nanoparticles, the clay swelling is similar to that without any
nanoparticles. At a low nanoparticle concentration (~1 wt%), all the nanoparticles
(unmodified or modified) show slightly larger sediment volume than that without any
nanoparticles. However, as nanoparticle concentration increases, PEG and quat/PEG
modified nanoparticles inhibit swelling and the sediment thickness is smaller than that

without any nanoparticles. Figures 7.4-7.7 clearly illustrate the effect of nanoparticle
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concentration on the clay swelling. Sulfonate modified or unmodified nanoparticles do
not show any effect on clay swelling. However, PEG or quat/PEG modified nanoparticles
inhibit clay swelling and as nanoparticle concentration increases, the clay swelling
becomes less significant. The presence of background electrolyte and nanoparticle is
presented in Figure 7.8. For unmodified and sulfonate modified nanoparticle, we did not
observe any improved inhibition of clay swelling. However, the presence of PEG or
quat/PEG modified nanoparticles decreased the degree of swelling as indicated by the
level of sediment height in Figure 7.8.

The interaction between PEG and montmorillonite has been studied in detail by
many researchers. Caroll (1959) showed that organic ions, glycerol or glycol, could
penetrate between the layers in montmorillonite. Liu et al. (2004) observed that in pure
PEG, only 60% of swelling height of montmorillonite in water occurred. The authors
argued that PEG penetrated into montmorillonite interlayers and caused the swelling.
When there was KCl in the solution, the addition of PEG had little effect on the swelling
height as measured by a linear swelling test. Liu et al. (2004) observed that the more
hydrophobic units there were in the polyglycols, the stronger the adsorption was on
montmorillonite layers. Water was displaced from clay and complexes are formed in the
presence of K'. Upon addition of K, the PEO hydration was significantly perturbed and
PEO-water pair interaction energy drastically decreased. Quintero (2002) argued that
PEG disrupted hydrogen bonding between water molecules and silica or alumina
functionalities on clay surface. (Quintero 2002). In water-based drilling fluids, PEG has
been demonstrated to be an effective shale inhibitor (Reid et al. 1995).

While the precise role of K is still not fully understood, its use in combination
with any of the polyols is clearly important for maximum shale inhibition (Reid et al.

1995). The authors proposed that the effectiveness may be due to the low hydration
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energy of K" compared with Na" and Ca®". They showed from infrared measurements
that water was displaced from the clay as the polyol was taken up, and thus, it could be
determined that the interaction energy between the potassium ion and the polyol was
sufficient to remove more of the water molecules solvating K than would be the case for
Na' and Ca®" where these molecules were more tightly bound (Reid ez al. 1995).

Amines can also enter into exchange reactions with clay minerals forming
organic-clay complexes (Caroll 1959). Anderson et al. (2010) showed that cationic
quaternary groups might form electrostatic interactions with negatively charged surfaces
of the clay, in addition to the hydrogen bonds and enhanced inhibition of swelling.

Our findings on the effect of PEG or quat/PEG modified silica nanoparticles on
the inhibition of clay swelling could be explained by the mechanism by which PEG or
amines interact with clay. Since quat/PEG modified nanoparticles have both amines and

PEG on the surface, they tend to be more effective than PEG-only modified silica

nanoparticles (Figure 7.3).

Figure 7.1- Pictures of 10 g solution with 0, 0.5, 0.75, 1, 1.25, 1.5 and 1.75 wt% NaCl
with 0.2 g clay.
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Figure 7.2— Pictures of 10 g solution with 0.5, 1, 1.5, 1.75, 2 wt% KCI with 0.2 g clay.

Figure 7.3 — Picture of 10 g solution of DI water, 1 wt% 5 nm unmodified, 1 and 5 wt%
sulfonate modified, 1 and 5 wt% PEG modified and 1 and 5 wt% quat/PEG
modified silica nanoparticle dispersions. Each sample contains 0.2 g clay
and there is no background NaCl in the solution. The picture was taken 4
months after preparation of samples.
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Figure 7.4 — Picture of 10 g solution of DI water, 1 and 10 wt% 5 nm unmodified
nanoparticle dispersions. Each sample contains 0.2 g clay and there is no
background NaCl in the solution. The picture was taken 4 months after
preparation of samples.

Figure 7.5 — Picture of 10 g solution of DI water, 1, 5 and 10 wt% 5 nm sulfonate
modified nanoparticle dispersions. Each sample contains 0.2 g clay and
there is no background NaCl in the solution. The picture was taken 4 months
after preparation of samples.
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Figure 7.6 — Picture of 10 g solution of DI water, 1, 5, and 10 wt% 5 nm PEG modified
nanoparticle dispersions. Each sample contains 0.2 g clay and there is no
background NaCl in the solution. The picture was taken 4 months after
preparation of samples.

Figure 7.7 — Picture of 10 g solution of DI water, 1, 5, 7.5 and 10 wt% 5 nm quat/PEG
modified nanoparticle dispersions. Each sample contains 0.2 g clay and
there is no background NaCl in the solution. The picture was taken 4 months
after preparation of samples.
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Figure 7.8 — Picture of 10 g solution of 5 wt% 5 nm particles of unmodified and 0.5 wt%
NaCl, quat/PEG modified and 0.5 wt% NaCl and 0.5 wt% KCl, sulfonate
modified and 0.5 wt% NaCl and 0.5 wt% KCI, PEG modified and 0.5 wt%
NaCl and 0.5 wt% KCI. Each sample contains 0.2 g clay. The picture was
taken 4 months after preparation of samples.

We carried out an ATR-FTIR study of clay/nanoparticle dispersion mixture to
understand the effect of nanoparticles on clay swelling. The samples were prepared as
discussed in previous section and 3 g of each sample was pipetted out from the solution
and allowed to dry at room temperature for 1 day. Then ATR-FTIR of the dry samples
was carried out. Figure 7.9 shows the spectra. Based on FTIR measurements Billingham
et al. (1997) showed that PEG readily adsorbed onto the clay surface due to the
considerable entropic driving force for adsorption. In our study, the band near 1635 cm™
corresponding to water in the clay film was observed. The diagnostic bands for PEG were
also present at 1460, 1350, 1295 and 1250 cm™. The peak assignments are given in Table
7.1. However, the results were not sufficient to make any conclusion about any structural

change in clay or water adsorption that nanoparticles may cause.
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Figure 7.9 — ATR-FTIR spectra of dried clay/nanoparticle dispersion mixture.
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Table 7.1- The peak assignments of the clay/nanoparticle mixture by ATR-FTIR.

DI-

Montmorillonite

1.5wt% NacCl-
Montmorillonite

1.5wt%
KCI-
Montmoril
lonite

Swi%e
SnmUnmod-
Montmorillo
nite

Swi%
SnmSulf-
Montmor
illonite

Swi%
SnmPEG-
Montmori
llonite

Wavenumber

(1icmy

%T

Wavenumber

(1icmy

YT

Wavenumb
er (1fcm)

T

Wavenumber
(1fcm)

T

Wavenum
ber
(1fcm)

Wavenum

ber (1/crm) | %

OH stretching of
structural
hydrooeyl groups

3630.75

9553

OH stretching of
inner surface
hydroyl groups

3622.56

80.21

362267

87.49

OH stretching of
water

3448.31

9639

OH stretching of
adsorbed and
Zeolitic water

3408.03

85.31

3411.2

89.98

3411.89

95.92

OH stretching of
zeolitic water

3369.74

97.32

CH, assymetric
stretching

2873.67

94 .66

OH deformation
of watsr

1631.48

8541

1633.3

8756

1637.51

8857

1637.07

95.08

1637.15

934

1638.15

96.84

CH, scissoring

1450.64

96.9

1456.86

96.89

CH; bending

1350.52

96.57

Si-O stretching
({longitudinal
mode)

1117.54

67.6

in-plane Si-O
stretching

1037.23

8738

1040.4

7414

1034.83

37.46

in-plane Si-0O
stretching

1014.85

7871

1015.88

51.91

Si-O stretching

991.76

14.53

AlAIOH
deformation

914.71

21.11

915.64

8277

915.23

86.12

AlFeOH
deformation

884.31

25.68

Si-0 stretching
of quartz and
silica

796.05

57.79

795.68

9523

797.64

9122

795.76

88.28

791.65

66.41

791.88

71.29

Si-0 stretching
of feldspar

725.6

70.28

Si-O

689.05

9353

We further studied the effect of nanoparticles on clay structure by XRD.
Nanoparticle dispersions were prepared from a dilution of the stock solutions to 1 wt%
using DI water in 20 ml glass vials. Then 0.2 g of clay was added to 10 g of dispersion.
The samples were left undisturbed for 2 days and XRD measurements were conducted.
The clay/nanoparticle dispersion mixture was pipetted out from the glass vials into 1 mm
diameter glass capillaries. Each sample was scanned for 10 min with 5°sec rotation
speed. The results were then analyzed using EVA software. The results are presented in
Figure 7.10. The curves correspond to water and dispersions of unmodified, sulfonate,

PEG and quat/PEG modified 5 nm particles mixed with clay as described above. The
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most significant peak was observed at a d-spacing of 20 A for all the samples. Billingham
et al. (1997) obtained a spacing of 16 A was for PEG of molecular weight 300g/mol,
corresponding to one layer of molecules lying flat between the clay lamellaec. When its
concentration was increased, the basal spacing increased to 18.6 A corresponding to 2
layers of PEG lying flat between the sheets. In our experiments, a small peak can also be
seen at larger d-spacing, 42 A. The instrument could not measure d-spacing larger than
42 A because of the size of the x-ray beam. However, all the peaks seem to be common
for all the samples studied, with or without nanoparticles. Based on these results, we

cannot make any quantitative conclusion on the effect of nanoparticles on clay swelling.
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Figure 7.10 — X-ray diffraction of clay/nanoparticle dispersion mixture in glass capillary.
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We studied the adsorption of unmodified and modified nanoparticles on clay with
a UV-Vis spectrophotometer. We did not observe any significant adsorption with 5 nm
unmodified or sulfonate modified silica nanoparticles. This result is in agreement with
the visual observations on clay swelling as presented above. However, PEG or quat/PEG
modified nanoparticles showed significant adsorption on clay. The picture of adsorption
samples is presented in Figure 7.11. A background electrolyte of 1.5 wt% NaCl was
chosen to decrease the amount of dispersed clay in solution and decrease the degree of

swelling so that we could relate the results for possible oil field applications.

Figure 7.11- Picture of 5g solution of 1.5wt% NaCl with 0.05g clay without
nanoparticles and with 5 nm PEG modified nanoparticles at 0.04, 0.06, 0.1,
0.4, 0.6 and 1wt% concentration in dispersion.
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A calibration curve was built in UV-Vis to determine the concentration of 5 and
25 nm PEG modified nanoparticles in supernatant (see Figure 7.12). The UV-Vis
absorbance spectra for 5 nm PEG modified nanoparticle dispersions is shown in Figure
7.13 before and after the dispersion was in contact with clay. The results of adsorption
are shown in Figure 7.14 for both 5 and 25 nm PEG modified nanoparticles. The effect of
particle size seems to be negligible on adsorption. Figure 7.15 presents the adsorption
isotherm for PEG and quat/PEG modified 5 nm nanoparticles. We observed that PEG or
quat/PEG modified silica nanoparticles have a strong affinity for the clay as indicated by
the shapes of the isotherms. The effect of cation type was also studied. The results
showed that the extent of adsorption of 5 nm PEG modified silica nanoparticles
decreased when K" was present (see Figure 7.16). We have shown by visual observations
that PEG modified nanoparticles were more effective in clay inhibition in the presence of
K" then Na". In addition to the above discussion on the interaction of PEG and clay in the
presence of K and Na", Parfitt and Greenland (1970) suggested that the direct interaction
between the exchangeable cations and PEG molecules was not responsible for adsorption
(ion-dipole interactions). Instead, it was proposed that the cations retained their hydration
shell and that weak bonds were involved between the primary hydration shell of the
exchangeable cation and that of the ether oxygen atoms of the polymer to give a water
bridge. Burchill er al. (1983) demonstrated through neutron scattering studies that
hydrophilic polymers were able to displace the non-coordinated water and bind to the
silicate surface as well as to the exchangeable cations through water bridge mechanism.
The adsorption of PEO onto Na- montmorillonite gave Langmuir type isotherms and the
adsorbed amount increased with the molecular weight. Cliffe ef al. (1995) showed that
the adsorption of PEG onto Na- montmorillonite gave Langmuir type isotherms without

reaching a plateau. We have presented similar adsorption behavior for PEG or quat/PEG
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modified nanoparticles on clay in Figure 7.14-7.16. In these figures, the adsorption
results are also presented in terms of a fraction of a monolayer surface coverage of
nanoparticles on clay mineral. Assuming a cubic packing of nanoparticles on clay
surface, 4x10'® and 1.6x10"° nanoparticles of 5 and 25 nm diameter respectively can pack
on 1 m? surface area of clay. The specific surface area of clay used in calculations is 560
m?/g (Edwards and Quirk 1962). It is observed that for larger nanoparticles (25 nm) the
surface coverage on clay is much smaller than with 5 nm nanoparticles (see Figure 7.14).

This suggests that 25 nm particles has more sparse packing on the clay surface compared

to 5 nm particles.
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Figure 7.12- Calibration curve for 5 and 25nm diameter PEG modified nanoparticle
dispersions by UV-Vis spectrophotometer.

190



0; — 0.4wt% 5nm PEG

0.8 0.4wt% 5nm PEG-after clay

0.7 | — 0.6wt% 5nm PEG

06 | 0.6wt% 5nm PEG-after clay
§ 05 | — 1.0wt% 5nm PEG

0.4 | — 1.0wt% 5nm PEG-after clay

0.3 r

0.2

0.1 r

0 .

200 300 400 500 600 700 800
Wavelength (nm)

Figure 7.13- UV-Vis spectra for 5 nm PEG modified silica nanoparticle dispersions
before and after in contact with clay.
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Figure 7.14- Adsorption of PEG modified silica nanoparticles on clay at 1.5wt% NaCl
solution. The data with open symbols correspond to the secondary y-axis of
fraction of a layer.
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and 1.5 wt% KCl solution. The data with open symbols correspond to the
secondary y-axis of fraction of a layer.

7.4 CONCLUSIONS

The study of clay swelling in the presence of unmodified or modified silica
nanoparticles is presented by visual observations, analytical methods and adsorption
isotherms. It is concluded that unmodified or sulfonate modified silica nanoparticles do
not have any effect on clay swelling. However, PEG modified or quat/PEG modified
silica nanoparticles decrease the extent of clay swelling. The presence of K™ improves the
effectiveness of the inhibition of clay swelling by these nanoparticles. Unmodified or
sulfonate modified nanoparticles do not show any significant adsorption on clay.

However, PEG or quat/PEG significantly modified nanoparticles’ adsorption on clay. The
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size of the nanoparticles affects the surface coverage of nanoparticles on clay. The

adsorption isotherms do not level off at the concentration range of nanoparticles studied.

7.5 REFERENCES

Anderson RL, Ratcliffe I, Greenwell HC, Williams PA, Cliffe S, Coveney PV (2010)
Clay swelling - A challenge in the oilfield. Earth-Science Reviews, 98 (3-4):201-
216.

Billingham J, Breen C, and Yarwood J (1997) Adsorption of polyamine,polyacrylic acid
and polyethylene glycol on montmorillonite: An in situ study using ATR-FTIR.
Vibrational Spectroscopy, 14, 19-34.

Brindley G W and Pedro G (1972) Report of the AIPEA Nomenclature Committee.
AIPEA Newsletter No. 7, 8-13.

Burchill S, Hall PL, Harrison R, Hayes MHB, Langford JI, Livingston WR, Smedley RJ,
Ross DK, Tuck JJ (1983) Smectite-polymer interactions in aqueous systems. Clay
Miner., 18 :373-397.

Cai J, Chenevert ME, Sharma MM and Friedheim J (2011) Decreasing water invasion
into Atoka shale using nonmodified silica nanoparticles. Paper SPE 146979
presented at SPE Annual Technical Conference and Exhibition, Denver 30
October-2 November.

Carroll 1959, Bulletin of the geological soc. of America, 70, 749-780.

Civan F (2007) Reservoir formation damage: fundamentals, modeling, assessment and
mitigation, Elsevier, Burlington, MA.

Cliffe S, Dolan B and Reid P (1995) Mechanism of shale inhibition by polyols in water
based drilling fluids. SPE 28960 presented at SPE Symp. Oil Field Chem., 14-17
Feb, San Antonio.

Edwards DG and Quirk JP (1962) Repulsion of chloride by montmorillonite. J. Colloid
Int. Sci., 17 (9) :872-882.

Liu S, Mo X., Sun D., Mu C. and Zhang C (2004) Swelling Inhibition by Polyglycols in
Montmorillonite Dispersions. Journal of Dispersion Science and Technology, 25
(1):63-66.

Luckham PF and Rossi S (1999) The colloidal and rheological properties of bentonite
suspensions. Advances in Colloid and Interface Science, 82 (1-3):43-92.

Norrish K (1954) The swelling of montmorillonite. Discuss. Faraday Soc. 18, 120-134.

195



Parfitt RL and Greenland DJ (1970) The adsorption of poly(ethylene glycols) on clay
minerals. Clay Miner. 8, 305-315.

Quintero L (2002) An overview of surfactant applications in drilling fluids for the
petroleum industry. Journal of Dispersion Science and Technology, 23 (1-3):
393-404.

Reid PI, Elliott GP, Minton RC, Chambers BD and Burt DA (1993) Reduced
environmental impact and improved drilling performance with water-based muds
containing glycols. Paper SPE 25989SPE/EPA Exploration and Production
Environmental Conference, San Antonio (TX) March 7-10

Schechter SR (1992) Oil well stimulation, Prentice-Hall, Inc. Englewood Cliffs, New
Jersey.

Sensoy T, Chenevert ME and Sharma MM (2009) Minimizing water invasion in shales
using nanonparticles. Paper SPE 124429 presented at the SPE Annual Technical
Conference and Exhibition, New Orleans 4-6 October.

196



Chapter 8: Flow of Silica Nanoparticles in Permeable Media

The potential application of nanoparticle dispersions requires knowledge of the
flow properties of these complex fluids, particularly comprehensive understanding of the
rheological behavior.

The aqueous silica nanoparticle dispersions show Newtonian behavior under
steady shear measurements, measured by a rheometer, as discussed in chapter 3. The
viscosity of nanoparticle dispersions depends strongly on the particle concentration and
that this correlation can be depicted by a unified rheological model as described in
chapter 3. During flow in permeable media, the variation of shear associated with
complex pore structure and the interactions between the nanoparticles and tortuous flow
channels can also affect the viscosity of nanoparticle dispersion. The latter is particularly
important where the concentration of nanoparticles in dispersion may change because of
nanoparticle adsorption on mineral/fluid and oil/water interfaces or by mechanical
trapping of nanoparticles.

In this chapter, the flow of silica nanoparticle dispersions through different
permeable media is investigated. The rheological behaviors of the dispersions are
compared with those determined using a rheometer. We established a correlation between
the nanoparticle concentration and dispersion viscosity in porous media for various
nanoparticle sizes. The effect of pore structure and shear rate are also studied. We have
confirmed that the concept of effective maximum packing fraction can be applied to
describe the viscosity of aqueous nanoparticle dispersions in both bulk flow and flow in
porous media with high permeability and regular pore structures but not at low
permeability probably because of mechanical trapping. Our work provides new insight

into engineering nanoparticle rheology for subsurface applications.
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8.1 INTRODUCTION

The transport of colloids in porous media is a well-established research area.
Extensive work has been done to model colloidal transport in subsurface environments
with applications in groundwater contamination and treatment (Biggs, et al. 2002; Sen, et
al. 2003). Zhang et al. (2011) provided an overview of the recent developments in the
application of nanotechnology for reservoir engineering and improved oil recovery.
LeCoanet et al. (2004) studied the mobility of nanomaterials such as silica, fullerol,
clusters of Cgo and single-wall carbon nanotubes in porous media composed of spherical
glass beads. They measured the concentration of nanomaterials in the effluent using a
UV-Visible spectrophotometer. They found that these nanomaterials could travel 10-14m
in a sandy aquifer where the velocity of ground water is around 9m/day.

Hydrodynamic conditions have an important effect on colloid retention at the
air/water interface in a microchannel and DLVO theory alone is inadequate to describe
the experimental results (Lazouskaya et al. 2006). Non-DLVO interactions such as
hydration, steric and hydrodynamic potentials must be included to better understand the
colloid-air/water interface interactions (Lazouskaya and Jin 2008). Rodriguez et al.
(2009) studied the migration of surface modified nanoparticles in sedimentary rocks. The
authors observed that PEG-modified silica nanoparticles could be transported through
sedimentary rocks. The retention mechanism for these nanoparticles was identified as
reversible adsorption on the pore wall because of adsorption by van der Waals attraction
between particles and minerals on the pore walls and desorption governed by Brownian
diffusion of nanoparticles. The authors argued that the apparent viscosity measured

during the flow of nanoparticle dispersions was smaller than that measured at rheometer
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because of a possible slippage at the pore walls. Caldelas ef al. (2011) furthered the study
of Rodriguez et al. (2009) to investigate the factors governing the propagation of
nanoparticles in porous media. They confirmed the findings of Rodriguez et al. (2009) on
the retention mechanism and showed that the nanoparticles could travel several meters in
porous media.

Ju et al. (2006) proposed a mathematical model for the migration and adsorption
of hydrophilic nanoparticles through porous media. They evaluated the change in
porosity, absolute permeability and relative permeability after core flooding with
hydrophilic nanoparticles. Oil recovery increased by 9.3% when 2% volume hydrophilic
nanoparticles were added to water. The numerical results showed that nanoparticles were
retained in the pores (adsorbed on the pore walls) and the absolute permeability and
porosity decreased. Relative permeability to oil increased whereas relative permeability
to water decreased after injecting nanoparticles.

Gu et al. (2007) investigated the flow of hydrophobic nanoparticles through
porous media and they proposed a slip velocity model for capillary flow and slip
boundary condition. The authors experimentally observed that hydrophobic nanoparticles
could adsorb on porous walls which changed the contact angle from preferentially water
wet to preferentially oil wet. The core flood experiments showed that effective
permeability of water increased by 47% after hydrophobic nanoparticle suspensions were
injected. Sun et al. (2006) found that the motion of nanoparticles in the laminar flow was
mainly Brownian and that the deposition of particles was independent of flow velocity. In
this sense, smaller particles deposited on the wall surface more easily than large ones.

However, most previous studies of nanoparticle mobility in porous media have
not taken into account the correlation between nanoparticle retention and the rheological

behavior of nanoparticle dispersions. The latter is rarely found in literature. In this
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chapter, the flow of silica nanoparticle dispersions through permeable media is presented
systematically beginning with a high permeability pack of spherical glass beads and
followed by the effect of pore structure with high permeability sand packs. The effect of
pore morphology and permeability is then further investigated with sandstone and
limestone cores. The concentration of nanoparticles in the effluent is compared that of
conservative tracers. Then the viscosity results are given in comparison with the bulk
rheology measurements presented in chapter 3. This chapter brings new insight to the
understanding of the transport mechanism of nanoparticles in permeable media by using
previously established knowledge of interaction of nanoparticles with minerals and the

characterization of their rheology as a function of particle concentration.

8.2 MATERIALS AND METHODS

The material under study is an aqueous dispersion of silica nanoparticles. The
mean diameters of the primary particles are 5 and 25 nanometers; they have an
unmodified surface. The particles are monodisperse in aqueous solution. The shape of
silica nanoparticles is spherical as determined by images of a scanning transmission
electron microscope (STEM). The silica nanoparticles are electrostatically stabilized in
an aqueous medium with a zeta potential of around -45 mV at pH = 9. Stock solutions
containing 16-41% by weight silica nanoparticles were diluted with deionized water up to
a desired silica concentration. In the absence of electrolyte, the silica nanoparticles were
well dispersed and did not aggregate as determined by size measurements.

The materials used to prepare the unconsolidated permeable media were glass
beads of 100-140 mesh size (0.10-0.15 mm). The sand used was Ottowa quartz sand of

size 100-140 mesh (0.10-0.15 mm). Berea sandstone and French limestone were the

200



consolidated permeable media studied in this work. The glass beads and sand were
cleaned with distilled water, dried in an oven set at 100 °C for a couple of days and
sieved using several meshes stacked on top of each other, ranging from 40 to 170, for 20
minutes under the agitation of a sieve shaker. The grains collected at 100-140 mesh were
used to pack the glass column. A flow adapter and glass column of 2.5 cm diameter and
30 cm long were used for the preparation of both the glass beads and sand pack. Glass
columns of 4.8 cm diameter were used to store the fluid to be injected. A pump delivered
mineral oil to the glass column displacing the injected fluid to the permeable media. The
pressure drop across the permeable media was measured with differential pressure
transducers connected in parallel to the inlet and outlet. Low (0-1 psid) and mid range (0-
10 psid) transducers were used. A bleeding line was connected to the pressure transducer
to displace any air bubbles trapped in the tubes before each experiment started. The
effluent was collected in a fraction collector in 15 ml plastic centrifuge tubes. A
schematic presentation of the flow loop is in Figure 8.1 and pictures of the experimental
setup are in Figures 8.2-8.4. An epoxy coated core was also used to study the flow of
nanoparticles in permeable media. Cores of 2.54 cm diameter and 15 cm long were
drilled from large blocks of clean sandstone and limestone. Then the cores were dried in
an oven at 100 °C for a couple of days. The dried cores were then coated with epoxy in a
1.5 in diameter polycarbonate tubing and the epoxy was cured for 24 hours.

The glass bead pack, sand pack and the epoxy coated cores were put under
vacuum and saturated with deionized (DI) water. The effective pore volume was
calculated from the difference in weight of saturated and dry sand/glass bead pack or
core. The saturated permeable media was then connected to the flow loop and a tracer test
of 0.05 wt% NaCl was conducted. The concentration of NaCl in the effluent was

analyzed by a conductivity probe. The calibration curve is presented in Figure 8.5. From
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the concentration of NaCl in the effluent, the pore volume (PV) was calculated. In Figure
8.6 the normalized concentration, C,,.,, in Equation 8.1 is presented as function of
injected fluid. Then 10-20 pore volumes of DI water were injected to clean the permeable
media from tracer. Once the conductivity of the effluent reached that of the DI water,
injection of nanoparticle dispersion was started. The concentration of the nanoparticles in
the effluent was determined using a calibration curve built by a UV-Vis

spectrophotometer. The data from pressure transducers was collected with LabVIEW.

C _Cres
norm C -C

ini res

C (8.1)

where C is the concentration of the tracer or nanoparticle in the effluent, C,. the
concentration in the resident fluid and C,,; is the concentration in the injected fluid.

From the concentration of NaCl in the effluent, the pore volume (PV) was
calculated and compared with that determined based on the mass balance method. The
permeability, k, was determined using Darcy’s law. Then 20 pore volumes of DI water
were injected to clean the permeable media from tracer. Once the conductivity of the
effluent reached that of the DI water, injection of nanoparticle dispersion was started. The
concentration of the nanoparticles in the effluent was determined using a calibration
curve built by a UV-Vis spectrophotometer. The data from pressure transducers was
collected with LabVIEW. Note that the above procedure was not applied for the Berea
core because the injection of low salinity water causes swelling of clay as further
discussed below. The permeability of the sandstone core was determined using air.

Darcy’s law (Equation 8.2) was also used to determine the viscosity of
nanoparticle dispersion over a wide range of flow rates. The flow rates were set on the
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pump to 150 ml/hr x 50%, 100% and 400 ml/hr x 50%, 70% and 90%. However, the
actual flow rates were determined using a graduated glass test tube at the fraction
collector and measuring the time required to fill 4 ml of liquid. These flow rates
correspond to shear rates of 16, 32, 42, 60 and 68 s as determined by Equation 3.2. The
use of different flow rates is to verify if all the nanoparticle dispersions exhibit

Newtonian behavior.

AP
L

> |O

(8.2)

= |=

where £ is the permeability; Q is the volumetric flow rate; 4 the cross-sectional area of
the permeable media; u the viscosity of the fluid and AP, the pressure drop across length

L of the glass bead pack.
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Figure 8.1- Schematic presentation of the experimental setup for determination of
viscosity of nanoparticle dispersions in porous media.

Figure 8.2- Picture of the flow loop with glass beads packed in a glass column of 2.5 cm
diameter and 18 cm long.
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Figure 8.4- Picture of epoxy coated Berea sandstone core.
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Figure 8.5— Calibration curve for NaCl concentration using a conductivity probe.
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Figure 8.6-Normalized concentration of the tracer vs. cumulative injection through sand
pack. The line connecting the data points is for visual purpose.
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8.3 RESULTS AND DISCUSSION

The results of nanoparticle flow through unconsolidated (glass bead and sand packs) and
consolidated permeable media (sandstone and limestone) are presented in this section.
Table 8.1 shows the measured porosity and brine permeability of the unconsolidated
(glass bead and sand packs) and consolidated media (sandstone and limestone cores). The
mass balance based and tracer methods gave almost the same porosity value for all the
media. The grain size of the glass beads and the sand were similar (100-140 mesh);
therefore, it is not surprising that the permeability of the sand pack was also found to be
around 7 D with a porosity of 43%. For the limestone core, the permeability was
calculated to be 54 mD with a porosity of 25%. The sandstone had an air permeability of
500 mD. However, this value decreased to 12.1 mD during the tracer test because the
concentration of NaCl in the injected liquid was much lower than the critical
concentration required to inhibit clay swelling (Civan 2007). The dimensions of the

porous media studied are also given in Table 8.1.

Table 8.1- Properties of porous media studied

Porous Media | Permeability* | Porosity | Diameter Length

(D) (%) (cm) (cm)
Glass bead pack 7.0 40.3 2.50 18.0
Sand pack 6.7 43.5 2.50 17.3
Limestone 0.054 24.9 2.45 15.2
Sandstone 0.105** 12.6 2.49 14.6
*Permeability to brine at 0.05 wt% NaCl; *Permeability to brine at 3 wt% NaCl

The permeability was calculated as 7 D from the slope of the line in Figure 8.7 obtained

from the injection of DI water for glass bead pack.
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Figure 8.7- Pressure drop across the glass bead pack.

Figure 8.8 shows the respective effluent concentration profiles for the tracer and
the 1 wt% of 5 nm unmodified nanoparticle dispersion in the glass bead pack. It appears
from the shape of the normalized concentration profile in Figure 8.8 that the dispersivity
of the pack is very small. The two profiles collapse on the same trend, indicating
insignificant retention of nanoparticles in the glass bead pack. This result is consistent
with our recent findings of the interaction of unmodified and surface modified silica
nanoparticles with mineral surfaces (see chapter 6). Based on batch adsorption
experiments with the silica nanoparticles onto quartz and calcite surfaces, we concluded
that significant adsorption of unmodified silica nanoparticles on quartz and calcite

surfaces was not observed under the experimental conditions studied.
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Figure 8.8- Normalized concentration vs. cumulative injection in terms of pore volume
(PV) for tracer (NaCl) and nanoparticle dispersion in flow through glass
bead pack.

For all nanoparticle concentrations used in the glass bead pack flow experiment,
the pressure drop reached a constant value once the effluent nanoparticle concentration
was equal to the injected concentration. This steady state pressure drop was used to
calculate the viscosity of the nanoparticle dispersion. The results are shown in Figure 8.9
for 1, 10 and 16 wt% 5 nm and 35 wt% for 25 nm unmodified nanoparticle dispersions.
The pressure drop increased linearly with the flow rate in accordance with Darcy’s law,
confirming Newtonian behavior of the dispersions over the range of nanoparticle

concentration.
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Figure 8.9- Pressure drop across the glass bead pack vs. flow rate for 5Snm and 25nm
unmodified nanoparticle dispersions.

For the sand pack, only the flow of 1, 16.17 wt% 5nm and 35 wt% 25 nm
unmodified nanoparticle dispersions were studied. The pressure drop as a function of
volumetric flow rate for these three nanoparticle dispersions is shown in Figure 8.10.
Note that the same linear dependency of pressure drop on flow rate was observed as it
was shown for the glass bead pack. For both glass bead pack and sand pack, the
permeability after cleaning the packs stayed the same as it was before the injection of

nanoparticles.
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Figure 8.10- Pressure drop across the sand pack vs. flow rate for 5Snm and 25nm
unmodified nanoparticle dispersions

A limestone core with properties shown in Table 8.1 was used as a consolidated
permeable medium to study the effect of permeability on the rheology of nanoparticle
dispersions. The respective pressure drops for steady flow of water with and without 1
wt% 5 nm particles at different flow rates are shown in Figure 8.11, which are very
similar to those observed in the unconsolidated media above (Figures 8.9 and 8.10). After
these two experiments, the core was flooded with water for more than 20 pore volumes

and the original permeability of 54 mD was not changed.
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Figure 8.11- Pressure drop as a function of flow rate for 1 wt% 5 nm unmodified
nanoparticle dispersion and for water.

Based on our bulk rheology experiments (see chapter 3), it was found that at a
given particle size and concentration, silica nanoparticle dispersions exhibit a Newtonian
behavior within the shear rate range studied (1-200 s™). This range of shear rate covers
that used in the core flood experiments in this work according to the correlation in
Equation 3.2 between the average velocity and the equivalent shear rate for flow in
porous media. Therefore, the Newtonian behavior observed in our bulk rheology
experiments is still valid for flow through porous media with different pore morphologies
and over a wide range of permeability (54 mD to 7000 mD). However, the bulk viscosity
of nanoparticle dispersion is a strong function of particle concentration and size. This

relationship can be predicted by our scaled viscosity model presented in chapter 3.
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In this chapter, the viscosity ratio, 7,, of the nanoparticle dispersions flowing
through porous media is calculated from the ratio of the slopes shown in Figures 8.9, 8.10
and 8.11 divided by that from water runs. Then, the effective maximum packing fraction
was calculated as discussed in chapter 3. We previously showed that the reduced volume
fraction of silica nanoparticles captures the effect of size and surface type on the viscosity
and the proposed model predicts well the viscosity of aqueous dispersion of silica
particles whose sizes range from 5 to 500 nm. Therefore, we used the same method to
compare the viscosity of nanoparticle dispersions obtained in this section to those from
bulk rheology measurements. The results are presented in Figure 8.13. The symbols in
grey scale are those obtained from bulk rheology measurements (see chapter 3) and the
symbols in color are those calculated from the flow through porous media experiments.
The unified model proposed in Equation 3.9 was able to collapse all the data from the
bulk rheology measurements and flow in porous media experiments onto a single curve.

However, the retention of nanoparticle can influence the interpretation of the
rheological behavior of the nanoparticle dispersion in porous media if it induces a
significant variation of particle concentration in flow. This effect could be demonstrated
on a low permeability rock such as the sandstone studied in this work. The pressure drops
during the injection of 0.05 wt% NaCl solution for 4 hours followed by 1 wt% 5 nm
particle dispersion are shown in Figure 8.12. For the brine injection, the pressure drop
increases sharply in the first 20 minutes and then much more gradually. The pressure
drop after 4 hours is about 20 psi which is significantly higher than the expected value of
2.3 psi for 105 mD at 20 ml/hr. Note that the permeability of 105 mD was determined
using a 3 wt% NaCl solution. This salt concentration is sufficiently higher than the
critical concentration (about 1.5 wt% NaCl from Civan (2007)) below which significant

swelling of clay occurs. Therefore, the higher pressure drop during the injection of 0.05
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wt% NaCl solution is due to the clay swelling induced reduction of the sandstone core
permeability from 105 mD to 12 mD. As a consequence, when the injection of 1 wt%
Snm unmodified nanoparticle dispersion started; the pressure drop across the core
increased sharply (Figure 8.12). The injection of the nanoparticle dispersion is stopped
after 60 minutes because the pressure drop reached the maximum of the transducer. Very
little effluent was produced which indicted that nanoparticles had been trapped
mechanically and plugged the core. The filtration of nanoparticle can induce a large
gradient of nanoparticle concentration in flow, which in turn influences the rheological
behavior of flow according to Equation 3.9. The interplay between nanoparticle retention
and rheological variation determine the mobility of nanoparticles in porous media.
Therefore, we believe that the viscosity model (Equation 3.9) is still valid in the presence
of nanoparticle retention and very useful in identification and evaluation of the

significance of retention mechanisms separate from the effect of dynamic rheology.
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Figure 8.12- Pressure drop profile in time for a tracer (0.05 wt% NaCl) and 1 wt% 5 nm
unmodified nanoparticle dispersion flowing through sandstone core.
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Figure 8.13- Viscosity ratio as a function of volume fraction of silica nanoparticles of
various sizes (5, 8, 25 and 75 nm) and two different surface types
(unmodified and sulfonate coated). The volume fractions are normalized to
the corresponding effective maximum packing fraction. All the data
collapsed onto a single curve that is well represented by the unified model.
The results obtained from glass bead, sand pack and limestone follow the
same curve as the bulk rheology data.

8.4 CONCLUSIONS

The transport properties of nanoparticle dispersion was studied in unconsolidated
(glass bead and sand pack) and consolidated (limestone and sandstone cores) porous
media. Unmodified nanoparticles showed no significant retention in high permeability
glass bead and sand packs as well as limestone core as the tracer and nanoparticle showed

the same effluent concentration profiles. The nanoparticle dispersions studied exhibit a
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Newtonian behavior. The viscosity of unmodified nanoparticles in porous media was in
very good agreement with those determined using a rheometer. The viscosity depends
strongly on the particle concentration and this relationship can be described with a scaled
rheological model. Based on our model and experimental results, the effect of slippage at
the pore walls that may cause a detectable difference in viscosity between rheometer and
porous media was not observed in our work.

We established a correlation between the nanoparticle concentration and
dispersion viscosity in porous media for various nanoparticle sizes. The pore structure
showed no observable effect on the viscosity for high permeability media, such as glass
bead and sand packs. For lower permeability limestone, the measured viscosity of
nanoparticle dispersion also agrees well with the model for 1 wt% nanoparticle
concentration. However, nanoparticles were retained in the sandstone core as a
consequence of clay swelling. This effect and its interaction with the dynamic viscosity

of nanoparticle dispersion will be further investigated in a future work.
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Chapter 9: Retention of Nanoparticles at Oil/Water Interface

The retention of silica nanoparticles at water/crude oil interface is studied in this
chapter. Silica nanoparticles with three different surfaces (unmodified, surface modified
with anionic (sulfonate), or nonionic (PEG) surfactant) are used. Interfacial tension (IFT)
measurements provide us the means to investigate the adsorption of silica nanoparticles at
the crude oil/water interface. Unmodified nanoparticles do not change the IFT of crude
oil/water interface. However, the presence of sulfonate or PEG modified nanoparticles in
solution lower the IFT. Moreover, the presence of unmodified or surface-modified
nanoparticles in solution does not alter the contact angle of a crude oil droplet on clean
calcite (water-wet) or aged calcite plate (oil-wet). We also carried out flow experiments
with PEG modified silica nanoparticles through a glass bead pack. In the absence of
crude oil, the nanoparticles act like a conservative tracer with insignificant interaction
with the glass beads. This result is in agreement with our previous work on the
adsorption of silica nanoparticles on mineral surfaces. However, at the residual oil
saturation of 12%, PEG modified silica nanoparticles are retained at crude oil/water
interface, as shown by the concentration history. These results are also in agreement with

IFT and the contact angle measurements carried out in this study.

9.1 INTRODUCTION

The interaction of nanoparticles with liquids (water/oil interface) or solids
(mineral surfaces) determines the mechanisms of retention of nanoparticles in reservoir
rocks. Previously, we investigated the adsorption of silica nanoparticles onto quartz and
calcite surfaces and at the decane/water interface (Metin et al. 2011). Insignificant

adsorption of unmodified, sulfonate or PEG modified silica nanoparticles on quartz and
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calcite surface was observed. The type and amount of surface treatment attached to silica
nanoparticles determined the extent of the change in interfacial tension (IFT) of
decane/water interface (Metin et al. 2011). Similarly, Lee et al. (2006) observed that the
modification methods and chain length of modifying agents on silica nanoparticles
determined the structure of particle layering at the air/water interface in the presence of a
cationic surfactant. Binks and Whitby (2005) studied the effect of precipitated silica
nanoparticles on stabilizing oil-in-water emulsions. The emulsion stability was controlled
by changing the pH or particle charge. The authors observed that adding cationic
surfactants improved the emulsion stability. A comprehensive literature review on
nanoparticles at fluid interfaces was presented by Bresme and Oettel (2007).

In this work, we investigate the retention of silica nanoparticles at water/crude oil
interface. Silica nanoparticles with three different surfaces (unmodified, surface modified
with anionic (sulfonate), or nonionic (PEG) surfactant) are used. Interfacial tension (IFT)
measurements provide us the means to investigate the adsorption of silica nanoparticles at
the crude oil/water interface. The effect of pH was investigated with IFT and phase
behavior measurements of crude oil/water (or nanoparticle dispersion). The flow of

nanoparticles in glass bead packs was also studied in the presence of residual oil.

9.2 MATERIALS AND METHODS

Interfacial tensions were measured with a surface tension instrument by using
pendant drop method (Rame-Hart). An oil droplet was formed at the end of a J-needle in
an optical glass cell filled with 100 ml of aqueous solution (water or nanoparticle
dispersion). Then the drop was imaged with a video camera. The interfacial tension was

calculated using DROPimage software by analyzing the shape of the drop and the
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evolution of IFT in time was monitored. On the basis of the Young-Laplace equation
describing the drop profile of pendant, DROPimage software calculated the surface
tension from digitized picture data (DROPimage). The same glass cell was used for
contact angle measurement. A calcite plate was inserted on a small stand made of Teflon
tubing immersed in water or a nanoparticle dispersion. Then a droplet of oil was
deposited underneath the calcite. The image of the droplet was captured by the camera
and DROPimage software was used to determine the contact angles. The oil used in the
study presented in this chapter was Yates crude oil.

A phase behavior study was carried out using crude oil and nanoparticle
dispersions. 2 ml of aqueous phase was brought in contact with 1 ml of oil in glass
pipettes. Then pipettes were sealed using a torch and the samples were shaken by hand
for 2 minutes. They were put in an upright position and let settle. The mixing procedure
was repeated a couple times a day for 2 days. Visual observations and volume
measurements were taken after a week, at which point the samples were shaken once
again by hand for 2 minutes. The samples were then allowed to settle and measurements
were retaken every week for 1 month.

The flow experiments were conducted in the flow loop as described in chapter 8.
The permeable media used in this section was composed of 100-140 mesh size glass
beads. The glass bead pack was prepared as described in chapter 8 and porosity and
permeability were determined accordingly. The concentration of nanoparticles in the
effluent was determined using a conductivity probe and a UV-Vis spectrophotometer.
Calibration curves for 5 nm PEG modified nanoparticle dispersions are presented in

Figure 9.1.
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9.3 RESULTS AND DISCUSSION

The interaction between nanoparticles and crude oil was investigated by
interfacial tension (IFT) measurements. Figure 9.2 presents the pictures of the oil droplet
and how its shape changes as the PEG modified nanoparticle concentration changes. The
change in IFT as a function of nanoparticle concentration at pH 7 is also shown
graphically in Figure 9.3. The change in IFT of water/crude oil from 22.4 to 12 mN/m in
the presence of 1 wt% 5 nm PEG modified nanoparticles in dispersion shows adsorption
of nanoparticles at the interface. The concentration of nanoparticles at the interface was
calculated using Equation 6.6. The adsorption isotherms are given in Figure 9.4. The

effect of pH was also studied. The change in IFT as a function of nanoparticle
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concentration at pH 9 is shown in Figure 9.3. In the absence of nanoparticles, the IFT of
crude oil/water at this pH was 6.1 mN/m. As nanoparticle concentration increased, I[FT
decreased further. However, it reached a plateau around 3 mN/m for concentrations > 10
wt%. A similar behavior was observed with nanoparticle dispersions at pH 7. This
observation can also be made with the plateau in adsorbed concentration in Figure 9.4.
The results show that a monolayer coverage of PEG modified nanoparticles at the
interface following the discussion in chapter 6 on the adsorption of PEG modified
nanoparticles at water/decane interface. If the results from Gibbs’ equation were in terms
of nanoparticle/nm® then 10-25 layers of nanoparticles at the interface would occur,
which is not likely because the nanoparticles on these layers far from the interface
wouldn’t feel the presence of water/oil interface. This would also mean an aggregation of
nanoparticles but PEG modified nanoparticle dispersions are colloidaly stable (see

chapter 2).
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Figure 9.2— Interfacial tension (IFT) measurements for nanoparticle dispersions/crude
oil. The aqueous nanoparticle dispersions are at pH 7 and there is no
background electrolyte. Picture of an oil drop at the tip of the J-needle
immersed into water or silica nanoparticle dispersion is shown for different
nanoparticle concentrations.
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Figure 9.3— The change in IFT of crude oil/water as a function of 5 nm PEG modified
nanoparticles at pH 7 and 9.
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Figure 9.4— The adsorption of nanoparticles at the crude oil/water interface. The
equivalent molecules of PEG concentration at the interface as a function of
bulk nanoparticle concentration at pH 7 and 9

The temporal variation of IFT of water/oil in the presence of 5Snm PEG modified
nanoparticles was also determined. This is particularly important for flow experiments
where nanoparticles flow through a permeable media in the presence of oil. Choosing an
appropriate transport model depends on how fast the adsorption of nanoparticles on the
interface takes place. In Figure 9.5, the change in IFT as a function of time is plotted for
various nanoparticle concentrations. The IFT first decreased sharply as nanoparticles
adsorb at the interface until it reached an equilibrium value. A similar behavior was
observed by Serrien et al. (1992) for the adsorption of proteins. The diffusion process of
proteins was very fast. The authors argued that the IFT change observed experimentally
was the reorganization of molecules at the interface. They described that process

Equation 9.1.
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where 7is the characteristic time for the reorganization process, y is the initial surface
tension, %, the equilibrium surface tension and ¢ is the time. We determined the
characteristic time and equilibrium value of IFT for 5 nm PEG nanoparticles. Figure 9.6
shows how the characteristic time and equilibrium value of IFT depend on the
nanoparticle concentration. As the nanoparticle concentration increases in the bulk phase
the characteristic time also increases. This may indicate that the interaction between PEG
modified silica nanoparticles are attractive, which is why it becomes more difficult for
these particles to move to the water/oil interface. However, the adsorption rate of
nanoparticles should increase with bulk concentration, resulting in a reduction in the
characteristic time. This might not be captured in our experiment because the
measurement time might be relatively longer than the characteristic time. In this sense,
the secondary characteristic time defines transient IFT observed for high nanoparticle
concentration. Jeribi et al. (2002) observed an increase in IFT in time between a toluene
solution of asphaltenes and an aqueous solution of surfactant. The authors argued that this
phenomenon indicates the presence of transfer across the interface. Ferrari et al. (1997)
studied the adsorption kinetics of alkylphosphine oxide at the water/hexane interface.
They observed a steep minimum and a subsequent leveling off at a certain value in the
dynamic IFT curves in the case of aqueous solution drop of alkylphosphine oxide
immersed in hexane. The solubility of alkylphosphine oxide in hexane was very large.
The authors argued that the minimum corresponded to a maximum in the amount
adsorbed at the interface. After the minimum had been passed, the IFT increased and

reached a final value which depended on the distribution coefficient, the initial surfactant
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bulk concentration in the drop and the volume ratio of the two phases. The authors did
not observe such behavior in the dynamic IFT curves for the case where hexane drop was
immersed into the aqueous solution. The authors argued that the relative magnitude of
surfactant fluxes in water and oil phase was responsible for the shapes of IFT curves. A
minimum was observed for a larger surfactant flux in oil than in aqueous phase. On the
other hand, a monotonic adsorption was observed at the liquid/liquid interface in the case
of the larger surfactant flux in water than in oil phase.

Under some conditions such fluxes could produce hydrodynamic instabilities at
the interface resulting in macroscopic IFT oscillations (Linde and Schwartz 1979). The

ﬂ& We have seen such variations in IFT especially

driving force for the instability is
Ac AX

at large nanoparticle concentrations suggesting that PEG modified nanoparticles transfer

into the oil. The equilibrium is reached faster at smaller nanoparticle concentrations. We

observed macroscopic oscillations of the volume of the oil drop especially at large

nanoparticle concentrations (>=10 wt %) in aqueous phase. Figure 9.7 shows how the

volume of the drop and the IFT varies over time

227



=
o

° 5Wt% - pH7
1wt% - pH9
s 5Wt% - pH9

10wWt% - pH9

IFT (mN/m)

N Wk~ 01 O N 00 ©

a 15wt% - pH9

= 20wt% - pH9

0 500 1000
Time (s)

Figure 9.5 The change in IFT of crude oil/water with time in the presence of 5 nm PEG
modified nanoparticles at pH 7 and 9.
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Figure 9.7— The change in IFT of crude oil/water and volume of oil drop used in the
measurements in time for 5 nm PEG modified nanoparticles at pH 9.

The phase behavior of crude oil and water (or nanoparticle dispersions) was
conducted in sealed glass pipettes as discussed in the previous section. In Figure 9.8, oil
and water phase behavior at pH at different NaCl concentrations are shown. The samples
did not show any middle phase (or Winsor type III microemulsion) and oil blobs were
attached to glass wall of the pipette in aqueous phase. However, in the presence of 5 wt%
PEG modified nanoparticles, there were no oil blobs attached to the glass wall in the
aqueous phase (see Figure 9.9). Note that the IFT changes from 22.4 to 5.3 mN/m in the
presence of nanoparticles. It seems that nanoparticles help clean the walls of the pipettes
from oil. The effect of pH on phase behavior was also studied. As discussed above,
increasing pH from neutral to 9 reduces IFT to 8 mN/m. The glass pipettes in Figure 9.10

shows the phase behavior of water at pH 9 at various NaCl concentrations. At this low
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IFT, there were no oil blobs attached to the walls of the pipettes as observed in the
presence of nanoparticles at pH 7. In the presence of 5 wt% PEG modified nanoparticles
at pH 9, a middle phase was observed (see Figure 9.12). The change in volume of the
middle phase is presented in Figure 9.13 as a function of NaCl concentration. The
presence of a middle phase indicates that in the presence of PEG modified nanoparticles,
soap was generated. It is accepted that acids present in the crude oil react with the
alkaline solution to produce in situ surfactants which lower the water/oil interfacial
tension. The acid partition from the oil in the aqueous phase and the presence of alkali
causes the acids dissociation. The ionized acid forms soap with the sodium ions present
in the aqueous phase. This soap partitions into the oil phase and causes the surface
concentration to reach a maximum and then drop to its equilibrium value (Chatterjee and

Wasan 1998).

3

e "
.J: e s i
- i .
= o A g N
g p: =
na= T gl Y
P e
n BV

Figure 9.8— Phase behavior as a function of NaCl concentration. WOR=2:1, 1 month
settling at 25 °C. NaCl (wt%) from left to right :0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5. The initial pH of aqueous phase is 7.
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Figure 9.9— Phase behavior as a function of NaCl concentration. WOR=2:1, 1 month
settling at 25 °C. NaCl (wt%) from left to right :0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5,5.0. The initial pH of aqueous phase is 7 and the
concentration of 5 nm PEG-modified nanoparticles is 5 wt% in aqueous
phase.
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Figure 9.10- Phase behavior as a function of NaCl concentration. WOR=2:1, 1 month
settling at 25 °C. NaCl (wt%) from left to right :0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0,4.5,5.0. The initial pH of aqueous phase is 9.
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Figure 9.11- Phase behavior as a function of NaCl concentration. WOR=2:1, 1 month
settling at 25 °C. NaCl (wt%) from left to right :0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5,5.0. The initial pH of aqueous phase is 9 and the
concentration of 5 nm PEG modified nanoparticles is 5 wt% in aqueous

phase.
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Figure 9.12— Volume of middle phase as a function of NaCl concentration. The initial
pH of aqueous phase is 9 and the concentration of 5 nm PEG modified

nanoparticles is 5 wt% in aqueous phase.
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The effect of nanoparticles on the contact angle of a crude oil drop on calcite
immersed in an aqueous solution was also investigated. We chose calcite because more
than 60% of world’s oil reserves are in carbonate reservoirs (Schlumberger 2008) most of
which are mixed wet or preferentially oil wet. The alteration of reservoir wettability from
preferentially oil wet or mixed wet towards water wet increases the relative permeability
to oil, and thus improves oil recovery by water flooding (Owens and Archer 1971).
Surfactant aggregates, which can be characterized as soft nanoparticles, have been
extensively studied as effective wettability modifiers. However, most of them exhibit
relatively low tolerance to divalent ions and salinity (Tweheyo et al. 2006; Zhang et al.
2006). Other types, high performance surfactants, greatly lower oil/water interfacial
tension but do not favor capillary driven imbibition during water flooding (Hirasaki and
Zhang 2004; Seethepalli et al. 2004; Abidhatla and Mohanty 2006). Recent advances in
nanoparticle engineering have indicated a great potential for the use of nanoparticles as a
more robust wettability modifier under broader reservoir conditions than conventional
soft nanoparticles.

Here, clean calcite plates were used to determine the effect of nanoparticles on the
contact angle of a crude oil droplet. The experimental procedure was presented in the
previous section in detail. The results show that the calcite plate was water-wet in water
at pH 9 and in the presence of unmodified or modified nanoparticles in water at same pH
(see Figure 9.13). Then, we used aged calcite plates in the same crude oil at 60 °C for 1
week. The results in Figure 9.14 show that the aged calcite plate is strongly oil-wet and
introducing 5 wt% 5 nm PEG nanoparticles did not change the wettability of the calcite
to water-wet. The samples were allowed to equilibrate for a day and the contact angle

measurements were repeated.
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5nm Unmodified at pH 9

Water at pH 9
Water wet, 6=24° Water wet, 6=41°

5nm Sulfonate modified at pH 9 5nm PEG modified at pH 9

Figure 9.13- Interfacial tension (IFT) measurements for nanoparticle dispersions/crude
oil. The aqueous nanoparticle dispersions are at pH 9 and there is no
background electrolyte.
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Water at pH9 5nm Unmodified at pH9
Oil wet, 6=180° Oil wet, 8=180°

5nm Sulfonate modified at pH 9 Snm PEG modified at pH 9
Oil wet, 6=180° Oil wet, 6=180°

Figure 9.14- Interfacial tension (IFT) measurements for nanoparticle dispersions/crude
oil. The aqueous nanoparticle dispersions are at pH 9 and there is no
background electrolyte.

From batch experiments of IFT, phase behavior and contact angle we moved to
dynamic measurements. Glass bead pack with permeability of 7 D as described in chapter
8 was saturated with crude oil and then flooded with water at pH 7 without any
background electrolyte until residual oil saturation was reached. A tracer test of aqueous
solution of 0.05 wt% NaCl at pH 7 was injected to determine the residual oil saturation.
Then the glass bead pack was flooded with DI water for several pore volumes until the
conductivity of effluent reaches that of DI water. The injection of 5 wt% 5nm PEG
modified nanoparticles started immediately after the water injection. The flow rates of
water, tracer and nanoparticle dispersion are kept the same at 160 ml/hr to eliminate the

effect of mobilization of oil because of hydrodynamic force. The effluent was collected to
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determine the concentration of tracer and nanoparticle as a function of pore volume
injected. A picture of the glass bead pack is shown in Figure 9.15 at the end of water
flood. The dark spots are residual oil.
We did not observe any oil recovery for the case of nanoparticle injection. The
C_ res

. . C . . .
normalized concentration,C_, = ¢ is plotted as a function of cumulative

inj — “res
injection in terms of pore volume (PV) in Figure 9.16. In the absence of oil, both the
tracer and nanoparticle dispersion show same profile as discussed in chapter 8. This result
is consistent with our previous findings, showing that the nanoparticles do not adsorb on
to glass (silicate) and act as a conservative tracer. The concentration profile of the tracer
in the presence of oil shows that the residual oil saturation was 12 % which agrees well
with the calculations from the material balance of injected and produced oil. In the
presence of oil, PEG modified nanoparticles adsorb at the water/residual oil interface as
shown with IFT measurements. Hence, the shape of the normalized concentration curve
for nanoparticles is different from that in the absence of oil. Although nanoparticles are
retained at the oil/water interface, decreasing the IFT from 22.4 mN/m to 7 mN/m, we did
not observe any oil recovery under the conditions as described above. Note that to
displace residual oil, a critical value of capillary number must be reached;

* u . . . . .
N, = o 1075 , where u is the Darcy velocity, 14, 1s the viscosity of aqueous phase and

Yow

Yow is the IFT of water or nanoparticle dispersion/oil. For our experiments, N¢, is 4x10°
for water and 10~ for 5wt% 5nm PEG modified nanoparticle dispersions at pH 7 without
any background electrolyte concentration. Therefore our observation of indiscernible oil

recovery is supported by theory.
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Figure 9.15-Picture of the glass bead pack at residual oil saturation.
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Figure 9.16-The effect of residual oil on the retention of PEG coated silica nanoparticles
in glass bead pack.

The delay in breakthrough in the presence of nanoparticles at residual oil
saturation is around 0.085 from interpolation of the data in Figure 9.16 at C,,,=0.5
(Equation 9.2). This delay, D,, is related to the adsorbed nanoparticle concentration at the

water/oil interface by Equation 9.3.

tbreakthrough :1+ De (92)
AS
=—— 9.3
e T AC 9.3)
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Where AS is the mass of nanoparticles retained at the interface per pore volume and AC is
equal to the injected nanoparticle concentration. The amount of nanoparticle adsorbed at

the water/oil interface can be calculated using Equation 9.4 (Lake et al. 2002).

AS = Aa, (9.4)

where A, is the nanoparticle retention concentration and a. is the specific interfacial area
of water/oil interface per pore volume. The parameter ac is estimated as 17307.7 1/m

from Gladkikh and Bryant (2003) and using a grain specific surface area of

(1—¢)§% =86538.5 1/m. Then combining Equations 9.3 and 9.4, 4. was calculated as
r

025 ¢ nanoparticles/m® of water/oil interface. This amount of adsorbed nanoparticles
corresponds to 43 layers of surface coverage if a cubic packing of nanoparticles at the
interface is assumed (see chapter 7). The ordering of nanoparticle at the water/oil
interface may be in a staggered structure rather than a cubic packing however, the length
of PEG molecules is not very long to support that ordering (i.e. 2-3 nm long). However, a
monolayer of nanoparticle adsorption would occur at the interface according to IFT
measurements and analysis based on Gibbs’ equation (see Figure 9.4). Small errors in
calculation may arise from the interpolation of the concentration history and/or the
calculation of grain specific surface area, which may lead to an overestimation of the
adsorbed nanoparticle concentration. A detailed study on the adsorption of PEG modified
nanoparticles at water/oil interface needs to be carried out to determine the structure of

adsorbed layers.

240



9.4 CONCLUSIONS

In this chapter, we conclude that unmodified nanoparticles do not change the IFT
of a crude oil/water interface. However, the presence of PEG modified nanoparticles in
solution lower the IFT. Moreover, the presence of unmodified or surface-modified
nanoparticles at 5 wt% in solution does not alter the contact angle of a crude oil droplet
on clean calcite (water-wet) or aged calcite plate (oil-wet).

In the absence of crude oil, the nanoparticles act as a conservative tracer with
insignificant interaction with the glass beads. This result is in agreement with our
previous work on the adsorption of silica nanoparticles on mineral surfaces. However, at
the residual oil saturation of 12%, PEG modified silica nanoparticles are retained at the
crude oil/water interface as shown by the concentration history. These results are also in

agreement with IFT and contact angle measurements carried out in this study.
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Chapter 10: Contributions and Recommendation

The main contributions of research presented in this dissertation are presented in
this chapter. Recommendations for future research are offered based on the findings in

this work.

10.1 MAJOR CONTRIBUTIONS

The critical salt concentration is identified for the stability of silica nanoparticle
dispersions. The use of DLVO theory for calculation of the CSC is validated for
unmodified nanoparticle dispersions.

A unified model is proposed to accurately predict the viscosity of silica
nanoparticle dispersions at a given solid volume fraction by introducing the concept of
effective maximum packing fraction. This model is accurate for both stable and unstable
nanoparticle dispersions.

A convenient model is derived to describe the aggregation of silica nanoparticles
and the growth of their aggregate size dependent upon particle size and concentration and
salt concentration.

The equilibrium phase diagram of silica nanoparticle solutions is mapped based
on experimental data in the presence of sodium chloride (NaCl). The rheology of silica
nanoparticle gels and the onset of gelation are determined for control parameters such as
silica and NaCl concentration and temperature.

The effect of nanoparticles and surface treatment on interfacial tension (IFT),
adsorption on minerals and finally on contact angle change is investigated. The effect of
surface treatment on the IFT change is quantified. The type and amount of surface
treatment attached to silica nanoparticles determines the extent of the change in IFT of

water/decane interface.
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The interaction of silica nanoparticles with montmorillonite clay is investigated
by visual observations and analytical techniques. Adsorption isotherms are calculated for
silica nanoparticles.

The transport of silica nanoparticles is studied in unconsolidated (glass bead and
sand packs) and consolidated (sandstone and limestone) permeable media. The unified
viscosity model is applicable for flow through highly permeable media i.e., glass bead
and sand pack. The pore structure and permeability plays an important role during the
transport of nanoparticles through consolidated permeable media.

The interaction between silica nanoparticles and crude oil is determined by IFT,
contact angle and phase behavior measurements. The retention of nanoparticles at
oil/water interface during flow through glass bead pack is shown. The results validated

previous findings on the interaction between nanoparticles and oil.

10.2 RECOMMENDATIONS FOR FUTURE WORK

The following list presents the topics for future research to further the work
presented in this dissertation:

e Extension of theoretical work on CSC to include the effect of surface
modification on CSC.

e Extension of the aggregation kinetics model in chapter 4 to include the effect
of temperature.

e Modeling of the rheology of silica nanoparticle gels with the effect of
aggregate size, volume fraction and temperature.

e Extension of analytical measurements to further understand the interaction

between nanoparticles and clay.
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Extension of adsorption experiments to other types of clays and different types
of nanoparticles like iron oxide nanoparticles.

Modeling of the trapping of nanoparticles in sandstone with the effect of clays.
Effect of pH (phase behavior) on the retention of nanoparticles at a water/crude
oil interface in permeable media.

Modeling of the retention of nanoparticles at water/crude oil interface in
permeable media with application to the estimation of oil saturation.
Understanding the structure of nanoparticles (i.e., number of layers, packing
pattern) formed at the water/crude oil interface. Interfacial rheology may be

insightful for this part.
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Appendix A: List of Acronyms

ATR-FTIR: Attenuated total reflectance, Fourier transform infrared
CSC: Critical salt concentration

DI water: Deionized water

DLS: Dynamic light scattering

DLVO theory: Derjaguin-Landau-Verwey-Overbeek theory
FID: Flame ionization detector

HPLC: High performance liquid chromatography
IEP: Isoelectric point

IFT: Interfacial tension

IGC: Inverse gas chromatography

IR: Infrared light

MD simulations: Molecular dynamics simulations
MEG: Monoethylene glycol

OHP: Outer Helmholtz plane

PEG: Polyethylene glycol

PEO: polyethylene oxide

Quat: Quaternary ammonium

STEM: Scanning transmission electron microscope
TCD: Thermal conductivity detector

TEM: Transmission electron microscope

UV-Vis: Ultraviolet-visible

XRD: X-ray diffraction
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Appendix B: List of Equipment and Vendors

The list of the instruments and materials used in this work is as follows:

Hitachi-S5500 scanning transmission electron microscope,

A spectrum 100 FTIR spectrometer made by Perkin Elmer,

Cary 50 ultraviolet-visible spectrophotometer,

A zeta potential analyzer (Zeta Plus) with a dynamic light scattering option from
Brookhaven Instruments Corporation,

Delsa Nano dynamic light scattering (DLS) instrument from Beckman Coulter,

A zeta potential analyzer (Zetasizer) from Malvern,

A strain controlled TA Instruments ARES LS-1 rheometer,

Kruss K100 tensiometer equipped with a Wilhemly plate,

A Rame-Hart contact angle goniometer,

The series of alkanes were obtained from Acros Organics,

Montmorillonite clay purchased from Ward’s Natural Science Establishment, Inc.,
Rigaku SPIDER XRD system,

Glass beads of 100-140 mesh size purchased from Potters Industry Inc.,

A Ro-Tap sieve shaker,

A flow adapter and glass columns from Kimble Chase,

An Isco pump,

Low (0-1 psid) and mid range (0-10 psid) transducers from Cole-Parmer and Rosemount

Inc.
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