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With a number of advantages newly recognized, use of surface-coated 

nanoparticles is being proposed for various upstream oil applications, such as for 

Enhanced Oil Recovery or as nanosensors. The first requirement for many of these 

applications is the ability to transport the nanoparticles a desired distance from the 

injection well. It means the particles should exhibit little retention in sedimentary rocks 

and minimal formation damage. Also, a certain amount of particles should adsorb at 

target locations such as water/oil interfaces for response measurement, if they are used as 

nanosensors. 

Three kinds of nanoparticle dispersions are tested for coreflood experiment in 

sedimentary rock cores: silica nanoparticles, commercial iron-oxide nanoparticles, and 

in-house synthesized paramagnetic nanoparticles. The quantitative retention 

measurements from corefloods offer insight into the mechanisms for nanoparticle 
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transport in various sedimentary rocks (Boise sandstone, layered-Berea sandstone and 

Texas Cream limestone), and also with and without oil in the core.  

The coreflood experiments helped to develop a procedure to identify efficiently a 

surface coating to a given nanoparticle, that will allow both long-term dispersion stability 

and long-distance transportability in a given reservoir rock. To achieve this objective, 

seventy-six coreflood experiments were conducted to investigate transport of 

nanoparticles at rock grain surface and at water/oil interface. The parameters analyzed in 

this dissertation are: dialysis of the nanoparticle dispersion; cross-linking of polymer on 

coating; hydrophobicity/hydrophilicity of surface coating; oil type; nanocluster size; flow 

velocity; pH; ionic strength; rock lithology; and injected nanoparticle concentration. 

Our results show that surface coating, ionic strength, and specific 

surface/interfacial area were dominant factors for nanoparticle retention at rock grain 

surface and water/oil interface. Nanoparticle retention concentration (adsorption density) 

at rock grain surface decreases with decrease in nanocluster size and increase in flow 

velocity. Some retained nanoparticles can be recovered by increasing flow velocity or 

decreasing ionic strength. It indicates that the nanoparticle retention at the rock grain 

surface is unlike the generally irreversible adsorption of surfactant or polymer molecules. 

Ionic strength affects both reversible and irreversible adsorption of nanoparticles at rock 

grain surface; in these corefloods the irreversible retention is mainly due to the instability 

of nanoparticle dispersion and subsequent aggregation under high salinity conditions. The 

nanoparticle synthesis method, whether dialyzed or not, and cross-linking of coating 

polymer, all have significant impact on dispersion stability, especially for aqueous 

dispersion with high ionic strength. Nanoparticle adsorption at water/oil interface can be 

increased by increasing hydrophobicity of surface coating, or to a certain extent by 

increasing ionic strength of dispersion. 
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CHAPTER 1: Introduction 

 

1.1. PROBLEM STATEMENT 

During the last few years, nanotechnology is increasingly employed for a wide 

variety of engineering, biological and medical applications. Because nanotechnology is 

sure to take an important part in shaping the 21st century, great attention is being paid to 

these technological applications, with many countries actively involved in research and 

development. Some exciting new applications in the medical and biological sciences are 

the use of paramagnetic nanoparticles as agents for enhanced imaging, bio-sensing, and 

facilitating sorting of biological molecules and cells (LaConte et al., 2005). Paramagnetic 

nanoparticles can also act as drug delivery vehicles to certain target human organs 

(Pankhurst et al., 2003; Xu and Sun, 2007) and have numerous other applications. The 

application of paramagnetic nanoparticles in medical and biological sciences gave us the 

inspiration to study their potential applications in upstream oil industry, as described 

below.  

Non-invasive determination of oil saturation distribution in the reservoir will 

greatly help improve formation evaluation in upstream oil industry. With the current 

methods of oil saturation determination, e.g., NMR logging, it is difficult to obtain 

reliable information for the reservoir because the probing depth is usually very shallow, 

in centimeters scale. Prodanovic et al. (2010) explore the feasibility of using 

paramagnetic nanoparticles for accurate determination of oil saturation in large volume of 

the reservoir by the detection of the water-oil menisci in reservoir rock and utilizing the 

concept of enhancing magnetic resonance imaging. Meanwhile, the nanoparticle-

stabilized emulsions and foams also have the potential to be used as mobility control 
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agents for heavy oil recovery (Zhang et al., 2010), and as conformance control and 

mobility control agents for CO2 flooding (Espinosa et al., 2010) and CO2 sequestration 

(DiCarlo et al., 2011).  

The novel use of the paramagnetic nanoparticles as nanosensors or as EOR 

agents, offers intriguing and exciting opportunities to the upstream oil industry. However, 

the first requirement for many of these applications is the ability to transport the particles 

a desired distance from the injection well. This means the particles should exhibit little 

retention in sedimentary rock and minimal formation damage. Also, certain amount of 

particles should stay at water/oil interface for response measurement as nanosensor 

application. So, the two main objectives of this project are:  

(i) To determine the mechanisms for paramagnetic nanoparticle retention 

in sedimentary rock surface so that this undesirable retention could be 

minimized;  

(ii) To understand the mechanism for nanoparticle adsorption at the water-

oil interface, and to determine the relationship between adsorption and 

different surface coatings.  

The surface coating plays an important role in nanoparticles transport and 

retention in porous media. Different coatings can exhibit quite different transport 

behavior in sedimentary rocks.  

To date, many experiments and mathematical models have been carried out to 

research the transport and retention of nanoparticles in biological and environmental 

field. However, their working conditions are different from oil reservoirs. Compared with 

biological systems, the characteristic travel distance and the residence time for particles 

in the oil reservoirs are orders-of-magnitude greater. The oil reservoirs generally have 

much harsher conditions, such as high temperature, pressure and salinity. For 
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environmental systems, most of these experiments were conducted in well-defined 

porous media such as clean sand-packs, glass beads or soil. Those porous media are 

homogeneous, isotropic and with high permeability, so they did not represent the 

reservoir rocks. An even greater difference is the oil phase that exists in reservoirs. The 

nanoparticle adsorption mechanisms at water/oil interface may be quite different from 

those applications for the above environmental studies. Therefore, a more comprehensive 

investigation of nanoparticle transport via experiments under sedimentary rock conditions 

will provide a better understanding of transport and retention of paramagnetic nanoparticles 

in sedimentary rocks. All of our experiments were under room temperature and atmosphere 

pressure in cores from outcrops or quarries of sedimentary rock. The results of this research 

will bring new insights into the characterization of nanoparticle retention/adsorption at the 

rock surface, at the water/oil interfaces, and consequently the characterization of nanoparticle 

transport, which is essential to determine the feasibility of paramagnetic nanoparticle 

application in upstream oil industry. 

 

1.2. OBJECTIVES 

The main objective of this research is to quantitatively characterize the transport 

and retention of paramagnetic nanoparticles in sedimentary rocks with and without oil, in 

terms of various nanoparticle and reservoir parameters that affect nanoparticle transport 

in sedimentary rocks. The specific objectives can be further broken down as follows: 

(a) To get the qualitative relationship between the dispersion stability and the 

transportability of paramagnetic nanoparticles. Dispersion stability refers to the ability of 

a dispersion to resist change in its properties over time; 
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(b) To investigate the nanoparticle retention with single phase flow in 

sedimentary rocks, and to quantify the effect of various parameters on retention, i.e., 

nanoparticle size, reservoir salinity (ion strength), pH and fluid velocity. Compare the 

experimental results with prediction of DLVO theory and clean-bed filtration theory to 

quantitatively characterize the particle retention with the above parameters; 

(c) To quantitatively characterize the retention of paramagnetic nanoparticles in 

sedimentary rocks with different oil saturations. The ultimate goal of this research task is 

to identify the paramagnetic nanoparticle characteristics that lead to high retention at 

water/oil interface and much lower retention at the rock grain surface, so that the 

paramagnetic nanoparticles can be employed as a nanosensor for formation evaluation or 

other reservoir applications. To get the relationship between nanoparticle retention and 

oil saturation under different experimental conditions, the nanoparticle adsorption at 

water-oil interface is quantified for different surface coatings. Surface coating, oil 

saturation, oil phase composition and nanoparticle interfacial density will be the 

correlating parameters for this research task; 

(d) To provide experimental data for the validation of the transport and retention 

model. 

 

1.3. SUMMARY OF CHAPTERS 

In Chapter 2 the problem of the retention of particles in porous media is reviewed. 

However, all of the former researches were based on environmental or 

medical/biomedical study, and the porous media was usually well-defined. So for 

sedimentary reservoir rocks, a series of hypotheses regarding the relation between 
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retention of nanoparticles at rock surface, water/oil interface and various parameters, i.e., 

nanoparticle size, salinity, surface coating, are proposed.  

Chapter 3 focuses on the retention of nanoparticles in sedimentary rocks without 

oil. Silica nanoparticle, commercial paramagnetic nanorods, and in-house synthesized 

paramagnetic nanoparticles are employed to investigate the single phase nanoparticle 

dispersion flow through sedimentary rocks, to achieve the goal of minimizing the 

retention of nanoparticles at the rock grain surface. 

Chapter 4 focuses on nanoparticle transport and retention in sedimentary rocks 

containing water and residual oil. In-house synthesized paramagnetic nanoparticles with 

different surface coatings are employed to study the transport and retention of 

nanoparticles at the water/oil interface by coreflood experiments and comparing with the 

retention at the rock grain surface, to achieve the goal of maximizing the retention of 

nanoparticles at the water/oil interface. 

In Chapter 5 the research of transport and retention of commercially available 

hydrophobic nanoparticles in presence of water, oil and surfactant is investigated. In 

contrast to Chapter 4, the surface coating is hydrophobic and the residual oil saturation 

was reduced during the coreflood experiments. The purpose is to research the effect of 

water/oil interfacial area on retention of nanoparticles at water/oil interface. 

Chapter 6 discusses the mechanisms of transport and retention of nanoparticles in 

sedimentary rocks as informed by the results of the experiments reported in Chapter 3, 4 

and 5. This chapter analyzes the effect of various parameters on retention, i.e., 

nanoparticle synthesis method, surface coating, pH, salinity, fluid velocity, nanoparticle 

size, oil type and sedimentary rock type. 

Concluding remarks for this dissertation and future work recommendations are 

presented in Chapter 7.    
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CHAPTER 2: Transport of Nanoparticles in Porous Media 

 

2.1. INTRODUCTION 

Commercial production and use of engineered nanomaterials are expected to 

dramatically increase over the next several decades (Maynard et al., 2006) and will 

inevitably lead to their release into the environment during manufacture, transportation, 

application, and disposal (Wiesner et al., 2006). Engineered nanoparticles have properties 

potentially useful for oil recovery processes and formation evaluation. For example, the 

novel use of the paramagnetic nanoparticles as nanosensors that have the capability to 

detect certain reservoir properties (Prodanović et al., 2010), and as agents to improve oil 

recovery (Zhang et al., 2010; Espinosa et al., 2010), offers intriguing and exciting 

opportunity. 

The transport of nanoparticles through sedimentary rocks is complex, and the 

retention of particles within the rock is of significance. The mechanisms governing the 

transport and retention of particles in the saturated and unsaturated zone of soils are still 

poorly understood, because the processes that occur at the pore scale are very complex. 

There are two types of retention identified in saturated granular media, filtration and 

straining (McCarthy et al., 1989). Filtration refers to the attachment and detachment of 

particles to the surface of sediment grains because of electrostatic force and Van der 

Waals force. Straining is a geometric mechanism that occurs when particle cannot pass 

through the narrow pore space. However, the classical retention theory considers 

physicochemical filtration as the only mechanism responsible for retention (Yao et al., 

1971), which involves a two-step process consisting of particle transport to the grain 

surface and followed by attachment. The particle transport step is controlled by physical 
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factors, such as fluid velocity, grain size, particle size, and porosity. Single collector 

efficiency, defined as the frequency of particle collisions with grain surfaces, is used to 

describe the transport step and is usually approximated by the sum of interception, 

sedimentation and diffusion processes (Tufenkji et al., 2004). The particle attachment 

step is governed by interaction forces between particles and grain surfaces. For 

nanoparticles, retention is unlikely to occur in typical pore throats because the size of 

nanoparticles is much smaller than the pore throat size. In this case the mechanism of 

retention is similar to the classical phenomenon of deep-bed filtration, which can be 

explained by attraction and repulsion between the nanoparticle and the surface of the 

reservoir rock grains. 

Recently environmental engineers carried out research to investigate the effect of 

nanoparticles unintentionally introduced into sediments (Brant et al., 2006; Bradford et 

al., 2008). The attachment of nanoparticles to the rock grain surfaces is governed by Van 

der Waals force, and the interaction energies between rock grain surfaces (described as a 

flat plate, compared to the small nanoparticle) and nanoparticles (considered as sphere) 

are explained by using DLVO (Derjaguin-Landau-Verwey-Overbeek) theory (Hoek et 

al., 2006; Guzman et al., 2006; Rodriguez et al., 2011). An extended DLVO theory also 

considers acid-base interactions and Born repulsion energy. The total interaction energy 

or potential energy between particles or surfaces is a function of their separation distance. 

The factors that control the competition between attractive and repulsive forces, and 

hence the occurrence of minima in the total interaction energy, are particle size, 

separation distance, particle material, iron strength, pH, surface charge, and temperature 

references. 
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2.2 LITERATURE REVIEW 

Relevant experimental studies on factors affecting transport and retention of 

nanoparticles, which include fluid velocity, salinity, pH, particle size and water 

saturation, are reviewed in this section. Nanoparticle application in oil industry is also 

reviewed here. 

 

2.2.1. Effect of Fluid Velocity 

Lecoanet et al. (2004 a) performed experiments in columns packed with spherical 

glass beads. They studied the effect of the velocity in the deposition of five different 

nanomaterials: fullerol (1.2 nm), silica (57 nm), C60 cluster (160 nm), anatase (198 nm) 

and single-wall carbon nanotubes (SWNT, average hydrodynamic diameter of 21 nm) 

under two Darcy velocity conditions, 0.04 cm/s and 0.14 cm/s. The anatase showed 45% 

retention of the injected nanoparticles at the low velocity and a 27% of retention at the 

higher velocity. However, the change in velocity did not show a change in retention for 

the other nanomaterials. 

Cheng et al. (2005) studied the transport of water-stable C60 (underivatized C60, 

100nm) in a column packed with Lula surface soil (95% sand, 6% silt and 2% clay). The 

breakthrough curves showed normalized concentration (C/C0) plateau value in the 

effluent of 47% at 1mL/h, 60% at 10 mL/h and 80% at 30 mL/h, indicating that the 

mobility of nano-C60 particles increases with flow velocity. That is, higher flow velocity 

leads to smaller retention of particles at soil grain surfaces. Espinasse et al. (2007) and 

Chen et al. (2008) also arrived at the same conclusion that more retention was observed 

at the lower velocity for the same ionic strength. However, Caldelas (2010) found the 

retention of silica nanoparticles through crushed sandpack showed no clear dependencies 

on fluid velocity.  
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2.2.2. Effect of Salinity 

Many researchers investigated the effect of salinity on retention of nanoparticles, 

because the electrostatic repulsion between the nanoparticle and the rock surface will be 

significantly influenced by salinity. Brant et al. (2005 a) and Chen et al. (2006) showed 

that the particle retention increased with increasing ionic strength. Espinasse et al. 

(2007), Wang et al. (2008 a) and Saleh et al. (2008) found that the effect of CaCl2 was 

more pronounced than that of NaCl, which indicated that divalent electrolytes like CaCl2 

and MgCl2 cause higher particle attachment. Pelly et al. (2008) studied the effect of ionic 

strength on transport of aqueous dispersions of polystyrene latex microspheres. The ionic 

strength was varied from 1 to 100 mM KCl. As observed by previous researches, a 

decrease in the magnitude of the surface potential and increase of attachment efficiency 

were observed when the ionic strength increased. Interestingly, the increase of attachment 

efficiency was more pronounced at low salt concentrations (1-10 mM KCl) than at higher 

concentrations (10-100 mM KCl). Note that, all the experiments were under low salinity 

conditions: for example, 100 mM NaCl (around 0.58 wt %) is the highest salinity. Such 

salinity is far lower than the salinities normally observed in oil reservoirs. Caldelas 

(2010), in his study with surface-coated silica nanoparticles transported through crushed 

sandpack, showed salinity had a noticeable impact on the retention of nanoparticles. The 

nanoparticle recovery from effluent was almost 10% smaller in API brine (8 wt % NaCl 

and 2 wt % CaCl2) than in 3 wt % NaCl. 

The effect of salinity can be explained in terms of zeta-potential of nanoparticles 

and is consistent with the DLVO theory. In absence of electrolyte (i.e., in de-ionized 

water), the nanoparticles are stable and did not aggregate because of the strong 

electrostatic repulsion between particles. Zeta-potential measurements reveal that surface 

charge decreases with ionic strength, reducing the energy barrier between particles, with 
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increased influence of the attractive van der Waals forces, thereby causing aggregation of 

particles. DLVO calculations revealed that there is a secondary energy minimum whose 

depth increases as ionic strength increases making aggregation favorable and causing the 

deposition of the resulting particle clusters. 

 

2.2.3. Effect of pH 

The research on the effect of pH in nanoparticle dispersions is rather limited than 

that of salinity and other parameters. Brant et al. (2005 b) studied the effect of pH under 

different NaCl concentrations and found that the zeta potential became more negative 

when increasing pH for all ionic strengths. Figure 2.1 shows the variation of zeta 

potential with pH for n-C60. It is observed that in general the absolute value of the zeta 

potential decreased with increasing ionic strength, and the difference becomes more 

pronounced as the pH becomes more basic. More retention or attachment will be 

observed at acidic pH and as the pH becomes basic. 
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Figure 2.1:  THF/n-C60 -potential as a function of pH using different concentrations (M) 

of NaCl as a background electrolyte (T=25 °C, n=10) (Brant et al., 2005b).  

 

2.2.4. Effect of Particle Size 

Researchers reported different results of the effect of the nanoparticle size. 

Lecoanet et al. (2004 b) studied the mobility of two sizes of silica (57 and 135 nm) with 

Darcy velocity of 0.04 cm/s. The smaller silica particles showed little retention (99% of 

the injected concentration was observed in the effluent) while for the larger silica 

nanoparticles 70% of the injected concentration was recovered from effluent. Pelly et al. 

(2008) found the particle size plays an important role in aggregation and deposition, and 

observed the bigger particles were retained more efficiently than the smaller ones. 

However, Zhang et al. (2011), who studied the transport of PNDDS (polymeric 

nanoparticulate drug delivery systems) through the cellulose surface, indicated that the 

rate constant of adsorption decreases and the removal rates of the particles increase with 
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increasing PNDDS size. This result did not agree with the DLVO theory that predicted 

more retention for larger particles. 

 

2.2.5. Effect of Water Saturation 

Chen et al. (2008) investigated the retention of TiO2 nanoparticles in the air-water 

interface in columns packed with spherical glass beads of average diameter 500 m. The 

initial concentration of the TiO2 solutions was 25 mg/L, the average size of the 

nanoclusters was 123.2 nm, the pH was buffered to 10 and the ionic strength was 0.2mM 

NaCl. The PZC (point of zero charge) of TiO2 is 6.2, and the PZC of glass beads is close 

to 3. Therefore, at pH 10 which is well above both PZC, the attachment to the solid 

surfaces is minimized, allowing better determination of the retention at air/water 

interfaces in the pores. Drainage experiments were performed at different flow rates from 

0.026 mL/min to 0.19 mL/min. The results showed that, for all the rates studied, the 

retention of nanoparticles increases when decreasing water saturation, generating more 

air/water interfaces as water saturation decreases. The results thus, indicate that the 

retention of nanoparticles is taking place at the air-water interface. Wan et al. (1997) 

proposed the film-straining theory based on the observation that thin water films on the 

solid surface can hinder the transport of hydrophilic particles in unsaturated media. The 

particle attachment at the air/water interface was shown to be the dominant mechanism 

for the retention of particles, which was also demonstrated by Lenhart et al. (2002). Other 

researchers, however, claim that the air-water-solid contact line is the dominant factor in 

retention, even though the air/water interface still plays an important role (Thompson et 

al., 1998; Saiers et al., 2003; Crist et al., 2004).  

To date, most studies on the effect of water saturation were performed in porous 

media containing water and air, and there is no systematic research of the transport and 
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retention of nanoparticles in water/oil interface, which is my interest for nanoparticle 

reservoir applications. 

 

2.3. HYPOTHESIS STATEMENT 

To successfully accomplish the research objectives discussed in Section 1.2, 

laboratory experimental methods must be carefully designed to address each of them. 

We hypothesize that the retention of nanoparticles with single phase flow in 

sedimentary rocks can be quantitatively correlated with various parameters, i.e., 

nanoparticle size, salinity, pH and fluid velocity. An example of this hypothesis is that 

increasing fluid velocity will reduce nanoparticle retention at the rock surface by 

increasing hydrodynamic force, which is responsible for the removal (desorption) of 

some fraction of nanoparticles by rolling or sliding. Another example is that salinity 

(ionic strength) increases nanoparticle retention by decreasing the electrostatic repulsion 

between the nanoparticle and the rock surface. 

For  nanoparticle transport in sedimentary rocks that contains water and oil, we 

hypothesize that the nanoparticle retention can be quantitatively correlated with surface 

coating, oil saturation, and oil phase composition. A nanoparticle with appropriate 

surface coating is capable of adsorption at the water-oil interface, and the surface coating 

plays the most significant role; more nanoparticles adsorb at the water-oil interface for 

nanoparticles with relatively more hydrophobic surface coating; there should be more 

retention of nanoparticles in sedimentary rocks with higher residual oil saturation. 

The above hypothesis should be tested by performing designed coreflood 

experiments. Especially for nanosensor applications, the paramagnetic nanoparticles 

should be proved to be capable of adsorption at the water/oil interface. The test consists 
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of two core flooding experiments with the same paramagnetic nanoparticles in two cores 

from the same sedimentary rocks, one with and one without oil. The higher retention in 

rock with oil is the evidence of nanoparticle adsorption at water-oil interface because of 

reduced solid surface area due to the presence of oil ganglia. 
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CHAPTER 3: Transport and Retention of Nanoparticles in 

Sedimentary Rocks without Oil 

This chapter describes my investigation on the transport of nanoparticles in 

sedimentary rocks that have no oil in it. The main objective here is to achieve the goal of 

minimizing nanoparticle retention at the rock grain surfaces. Three kinds of nanoparticle 

dispersions were tested for coreflood experiments: silica nanoparticles, commercial 

nanorods (with and without further surface modification), and paramagnetic nanoparticles 

synthesized by our Chemical Engineering collaborators. 

 

3.1. EXPERIMENTAL METHOD 

3.1.1. Experimental Set-up 

The experimental set-up for the corefloods is schematically shown in Figure 3.1. 

It consists of a Hassler core holder (which confines the core within a cylindrical sleeve, 

ensuring flow occurs only through the core), an injection pump, a pressure transducer 

(measuring difference between inlet and outlet pressure), and a fraction collector for 

effluent samples. The pump injects fluid into an accumulator containing a movable piston 

with the nanoparticle dispersion on the other side. In this manner, the dispersion is 

displaced into the core without contacting the internal workings of the pump. A 

prescribed volume of the nanoparticle dispersion was injected into the core. The injectant 

bank was displaced using nanoparticle-free water (with the same pH and salinity as the 

nanoparticle dispersion). The flow rate was double checked by weighing effluent 

samples. 
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Figure 3.1:  Schematic of coreflood set-up; (a) syringe pump, (b) accumulator (contains 

nanoparticle dispersion on downstream side of internal piston), (c) core-

holder, (d) transducer, and (e) sample collector.  

 

3.1.2. Single Phase Coreflood Experiments Procedure  

I. The core was initially dried for more than ten days and weighted in air; 

II. The core was then vacuumed for twenty-four hours and saturated with 

water (having the same pH and salinity with nanoparticle dispersion), and 

weighed again. Porosity was calculated by the weight difference and the 

core dimensions; 

III. The constant-rate injection of water (the same as above) was carried out to 

obtain the permeability of the core, calculated by Darcy’s law; 

IV. Prescribed pore volumes of nanoparticle dispersions were injected through 

the core; 
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V. Water (the same as above) was then injected through the core as post-

flush, until no nanoparticles coming out. All of the effluents were 

collected, and nanoparticle concentrations were measured. 

 

3.1.3. Characterization Techniques  

The nanoparticle dispersions prepared for injection were characterized by our 

Chemical Engineering collaborators. The characterization techniques employed are 

briefly summarized in Appendix E, for reference. 

Leica Mark II Plus Refractometer, shown in Figure 3.2(a), and UV Visible 

Spectroscopy, shown in Figure 3.2(b), were separately employed to measure the 

concentration of silica nanoparticles and iron oxide nanoparticles respectively. The 

details will be described below in section 3.2 and section 3.3. 

 

  
(a) (b) 

Figure 3.2:  Schematic of characterization techniques (a) Refractometer, and (b) UV 

Visible Spectroscopy.  
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3.1.4. Sedimentary Rock Core  

For this study, Boise sandstone cores were mainly employed. Berea sandstone and 

Texas Cream limestone were also used. Boise sandstone, obtained from a quarry in 

Idaho, has large grain size and coarse texture. Its grains are more loosely packed than 

Berea and flake away easily. Berea sandstone, obtained from a quarry in Ohio, has fairly 

uniform grain size and smooth texture. The “layered-Berea sandstone” has some thin 

shale layers, which decreased the core porosity and permeability. The Texas Cream 

limestone was from Texas, and has uniform grain size and smooth texture (Yu et al., 

2010).  

The surface area and zeta potential of these three kinds of sedimentary rocks are 

shown in Table E.1.  

 

3.2. SURFACE-MODIFIED SILICA NANOPARTICLES 

As a part of the nanoparticle transport study, we first used silica nanoparticles 

because they were already well characterized from our research group’s earlier studies 

(Zhang et al., 2010; Espinosa et al., 2010; Caldelas et al., 2010). 

 

3.2.1. Materials 

Silica nanoparticles with a polyethylene glycol (PEG) coating were received from 

3M (St. Paul, MN) as 18.64 wt% aqueous dispersion, and were diluted to the desired 

concentration as described below. All of the details of experimental runs of surface-

modified silica nanoparticles were described in Appendix A. Most experiments were 

performed by injecting the 18.64 wt% dispersion (~10
20

 nanoparticles per liter), and one 

experiment was performed by injecting a 5 wt% dispersion. Note that the nanoparticle 
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concentration is much higher, usually 100~10
8
 times, than those used for most colloid 

transport experiments, which were reported to range from 10
8
 to 10

17
 particles per liter 

(Caldelas, 2010). The silica nanoparticle is 5 nm in diameter and the PEG coating is 

covalently attached to the silica surface through silicon-oxygen-silicon bonds. The 

individual nanoparticles can stay dispersed in water due to the coating. The zeta potential 

for these nanoparticles was measured at 2.6 ± 6.27 mV (measured by Ki Youl Yoon, of 

UT Chem. Eng.), showing that the non-ionic coating will significantly hinder any ionic 

charges which were initially on the silica particle surface. 

The viscosity of silica nanoparticle dispersion based on nanoparticle 

concentration and shear rate were shown in Figure 3.3 and Figure 3.4 respectively.  

 

Figure 3.3:  Dependence of viscosity with silica nanoparticle (5nm) concentration (the 

shear rate is 3.23 s
-1

).  
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Figure 3.4:  Viscosity of bulk phase silica nanoparticle dispersion (5nm) with different 

shear rates.  

The rheometer, Advance Rheometric Expansion System (ARES) LS-1 (TA 

Instrument), was employed to measure the viscosity. The results showed the viscosity of 

silica nanoparticle dispersion was less than 2.7 cP even at large nanoparticle loading. 

The concentration of silica nanoparticles was measured by Leica Mark II Plus 

Refractometer. There is linear relationship between the refractive index and silica 

nanoparticle concentration. The calibration curves, shown in Figure 3.5, between silica 

nanoparticle concentration and refractive index were prepared with known dilutions of 

nanoparticle dispersion, by using 3 wt% NaCl brine or deionized water. The 

refractometer cannot accurately measure silica nanoparticle concentration when it is 

lower than 0.5 wt%. 
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Figure 3.5:  Calibration curves between refractive index and silica nanoparticle 

concentration.  

 

3.2.2. Experimental Results 

Five experiments had been done to research the transport and retention of surface-

modified silica nanoparticle dispersion in sandstone cores (all of the cores had the same 

dimension of 1 inch in diameter and 3 inches in length) and the experimental details can 

be found in Appendix A (experiment #1 to #5). Table 3.1 and Table 3.2 summarize the 

experimental conditions and the experimental results, including the overall retention, the 

retention concentration (adsorption density at rock grain surface) and the apparent 

viscosity (estimated from the coreflood pressure drop). The methods to obtain these 

quantities are described in Section 3.2.3 below. 

1.33

1.34

1.35

1.36

1.37

0 5 10 15 20

R
e
fr

a
c
ti

v
e
 I

n
d

e
x

Silica Nanoparticle Concentration, wt%

3 wt% Brine Dilution

DI Dilution



 22 

Table 3.1: Summary of silica nanoparticle coreflood experimental conditions  

Exp. 

No. 

Rock K 

(md) 
 PV 

(mL) 

Particle 

Size D50 

(nm) 

C0. 

(wt %) 

q  

(mL/min) 

Salinity 

(wt% 

NaCl) 

PV  

injected 

PV  

post-

flush 

#1 Boise 921 0.276 10.65 5 18.64 4 3 3.18 17 

#2 Boise 494 0.272 10.5 5 18.64 1.1 3 2.66 11 

#3 Boise 867 0.287 11.08 5 5 4 3 3.47 7 

#4 Boise 421 0.284 10.95 20 18.64 4 3 2.89 7 

#5 Berea 136 0.22 8.6 5 18.64 1 3 3.46 5 

 

Table 3.2: Summary of silica nanoparticle coreflood experimental results  

Exp. 

No. 

Retention 

(% of injected 

mass) 

Retention 

Concentration 

(mg/m
2
) 

Monolayer 

Coverage 

(%) 

Delay 

Breakthrough 

(PV) 

Retention 

Capacity 

(mg/m
2
) 

app  

(cP) 

bulk  

(cP) 

#1 8.9 14.51 291 0.5 15.80 2.10 2.5 

#2 9.4 12.63 253 0.55 17.13 1.65 2.5 

#3 9 4.07 82 0.5 4.41 1.05 1.25 

#4 11.9 18.49 92 0.55 17.89 1.40 N/A 

#5 7 6.94 139 0.2 4.00 1.60 2.5 

 

For the first Boise sandstone coreflood (experiment #1), silica nanoparticle 

dispersion (18.64 wt% concentration and 5 nm diameter) was injected at a flow rate of 4 

mL/min (Darcy velocity is 37.2 ft/day). The effluent concentration history, Figure 3.6, 

showed the delay in nanoparticle arrival was about 0.5 PV, and the apparent viscosity 

was 2.1 cP which was lower than the viscosity of 2.5 cP in the rheometer. The shaded 

area in Figure 3.6 (and in subsequent figures showing the effluent curves) shows the 

hypothetical effluent profile with no particle retention and no dispersion. The “arrival 

delay” is the arrival pore volume for C/C0=0.5, minus one. The apparent viscosity was 

calculated from the pressure drop measurement (using the value of the pressure drop 

when effluent achieves highest nanoparticle concentration), applying the Darcy’s 

equation. The retention is 8.9% of the injected amount after post-flush. 
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A relatively long tail was observed for this coreflood. To verify it is due to the 

desorption of nanoparticles from the rock surface, a tracer experiment was performed 

using sodium chloride. The effluent concentration history, Figure 3.7, showed zero 

arrival delay and near symmetry with respect to CD = 0.5 at the leading edge and at the 

trailing edge of the dispersion slug. These features are characteristic of a solute (or 

particle) that undergoes no interaction with the surface of a porous medium which is 

nearly homogeneous (has only a few “slow paths” for transport within the core). The 

tracer test proves that the tail of the nanoparticle effluent concentration history is the 

result of desorption of nanoparticles from the rock surface during post-flush. 

 

Figure 3.6: Effluent concentration of silica nanoparticles vs. pore volume for coreflood 

#1. 3.18 pore volumes of concentration nanoparticle suspension (18.64 wt%, 

5nm) in 3 wt% NaCl brine were injected, then displaced by brine of the 

same salinity. Shaded box indicated effluent history of an ideal displacement 

(no retention, no dispersion). 
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Figure 3.7: Effluent concentration of NaCl vs. pore volume.  

The second coreflood (experiment #2) was designed to investigate the effect of 

flow velocity on nanoparticle retention. The same nanoparticle dispersion was injected 

through the Boise sandstone at a lower flow rate of 1.1 mL/min (Darcy velocity of 10.2 

ft/day). The effluent concentration history, Figure 3.8, showed the delay in nanoparticle 

arrival was about 0.55 PV which was a bit later than experiment #1. The retention is 

9.4% of the injected amount after post-flush, and the apparent viscosity was 1.65 cP, 

which was lower than the apparent viscosity of experiment #1. This indicated that 

decreasing fluid velocity slightly increased the particle attachment at rock surfaces. Since 

the bulk dispersion viscosity does not depend on shear rate (Figure 3.4), the smaller 

apparent viscosity is somehow related to the smaller permeability of this core (about half 

of the first experiment); but the exact reason is not yet clear. 
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Figure 3.8: Effluent concentration of silica nanoparticles vs. pore volume for coreflood 

#2. 2.66 pore volumes of concentration nanoparticle suspension (18.64 wt%, 

5nm) in 3 wt% NaCl brine were injected at a 1.1 mL/min, followed by the 

same brine. 

The third coreflood (experiment #3) was designed to investigate the effect of 

nanoparticle concentration. 5 wt% silica nanoparticle dispersion was injected at a flow 

rate of 4 mL/min (Darcy velocity is 37.2 ft/day). The effluent concentration history, 

Figure 3.9, showed the delay in nanoparticle arrival was about 0.5 PV, which was the 

same as that of experiment #1. This indicated the concentration has no effect on the 

breakthrough time under this experimental condition. The retention was 9.0% after post-

flush, and the apparent viscosity was 1.05 cP which is lower than the bulk dispersion 

viscosity of 1.25 cP. 
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Figure 3.9: Effluent concentration of silica nanoparticles vs. pore volume for coreflood 

#3. 3.47 pore volumes of concentration nanoparticle suspension (5 wt%, 

5nm) in 3 wt% NaCl brine were injected, followed by the same brine. 

The fourth coreflood (experiment #4) was designed to investigate the effect of 

nanoparticle size. 18.64 wt% silica nanoparticle dispersion, which has diameter of 20 nm, 

was injected at a flow rate of 4 mL/min (Darcy velocity of 37.2 ft/day) into a Boise 

sandstone core. The effluent concentration history, Figure 3.10, showed the delay in 

nanoparticle breakthrough was about 0.55 PV, which was slightly later than that of 

experiment #1. The retention was 11.9% after post-flush, and the apparent viscosity was 

1.4 cP. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8

C
/C

o

Pore Volume



 27 

 

Figure 3.10: Effluent concentration of silica nanoparticles vs. pore volume for coreflood 

#4. 2.89 pore volumes of concentration nanoparticle suspension (18.64 wt%, 

20nm) in 3 wt% NaCl brine were injected, followed by the same brine. 

The fifth coreflood (experimental #5) was intended to test the effect of 

sedimentary rock type. All of the experiments above were performed with Boise 

sandstone cores, while layered-Berea sandstone core was employed for this coreflood. 

18.64 wt% silica nanoparticle dispersion (5 nm) was injected at a flow rate of 1 mL/min 

(Darcy velocity of 9.3 ft/day). The effluent concentration history, Figure 3.11, showed 

the delay in nanoparticle breakthrough was about 0.2 PV, which was much faster than the 

Boise sandstone coreflood results. The retention was 7% after post-flush, and the 

apparent viscosity was 1.6 cP which is significantly lower than the bulk dispersion of 2.5 

cP. 
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Figure 3.11: Effluent concentration of silica nanoparticles vs. pore volume for coreflood 

#5. 3.46 pore volumes of concentration nanoparticle suspension (18.64 wt%, 

5nm) in 3 wt% NaCl brine were injected, followed by the same brine. 

 

3.2.3. Discussion and Summary 

The summary of the experimental conditions and the experimental results of silica 

nanoparticles was shown in Table 3.1 and 3.2, respectively. 

The terminology used to report the results in Table 3.2 is defined as follows. 

Retention means the percentage of the injected nanoparticles retained in the sedimentary 

rocks after a post-flush reduces effluent nanoparticle concentration to zero. By measuring 

weight and concentration of effluent, retention is calculated by mass balance. Retention 

concentration is defined as the mass of nanoparticles retained divided by the rock surface 
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nanoparticles and thus has much higher accuracy than the estimated retention capacity 

(discussed below). 

The calculation of the monolayer coverage is based on the assumptions that the 

estimated rock surface area is homogeneous and that the adsorbed nanoparticles at the 

rock surface follow the hexagonally packed pattern. The average diameter of 

nanoparticles is dp, and the mass density of nanoparticle is ρp. The monolayer coverage 

can be calculated as: 

3 3
monolayer p pR d


  

2 2(100%) ( / ) / ( / )monolayer monnolayerR retention concentration mg m R mg m   

The average diameter of nanoparticles used in this research is shown as D50 in 

Table 3.1, 3.3 and 3.6. The mass densities of silica nanoparticles and iron-oxide 

nanoparticles are 1.65 and 2.52 g/cm
3
, respectively. 

The retention capacity can be estimated through the nanoparticle arrival delay. 

Delay in nanoparticle arrival breakthrough is directly proportional to retention 

capacity/adsorption capacity (under the assumption of fast adsorption): 

1

1
AdsorptionFrontV

D



  

with 
S

D
c





 

where S is adsorbed concentration in mg/unit pore volume and c is dispersion 

concentration in mg/unit volume. Note the units in this expression. This gives 

dimensionless D and AdsorptionFrontV  in units of PV. 

For the experiments conducted in this research it will be true that: 

cA a
S
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where cA is retention capacity (adsorption capacity) in mg/m
2
 solid; a is specific surface 

area in m
2
/m

3
 bulk volume;   is porosity, and c  will be the same as 

injc  in mg/m
3
 

dispersion volume.The arrival time of the front in the effluent is thus related to the 

retention capacity: 

1
1 1 c

breakthrough

AdsorptionFront inj

A a
t D

V C
      

The measured effluent concentration histories reveal that there was often 

desorption, or detachment, of nanoparticles from the rock grain surface during the post-

flush. It indicated that the nanoparticles adsorption during injection is not the same as the 

adsorption of polymer, which is usually thought to be irreversible (Sorbie, 1991). The 

reversibility of adsorption means the Brownian diffusion can eventually detach 

nanoparticles from the rock grain surface, as will be discussed further in Chapter 6. 

The retention of silica nanoparticles is small, less than 12% of injected amount, 

for all of the silica nanoparticles coreflood experiments, and is insensitive to rock 

permeability variations (100~1000 mD). This suggests that the retention of nanoparticles 

is not due to straining, which is suitable to describe the transport of colloidal particles. 

Unlike colloidal particles, the diameter of silica nanoparticles are between 5 nm and 20 

nm, which is much smaller than the pore size and pore throat size (usually larger than 

1000 nm).  

Unlike the tracer, or adsorbed solute (such as polymer), however, the silica 

nanoparticles transport through the sedimentary rocks more like colloids with weak 

affinity for adsorption. This affinity causes the delay in nanoparticle breakthrough in the 

effluent and the extended period during which effluent concentration remains below the 

injected concentration. Another significant observation is that the apparent viscosity from 

all coreflood experiments is slightly lower than the steady-state bulk phase viscosity, 
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which indicated the nanoparticles have the ability to enhance migration through the 

sedimentary rocks. Since the concentrated nanoparticle dispersions still retain their 

colloidal character during flow in small pore channels, the enhanced migration may be 

due to the apparent slippage at the rock grain surface, or by the existence of a depletion 

layer during the concentrated particulate flow (Rodriguez et al., 2010). 

The coreflood experiments demonstrate that nanoparticle dispersions with suitable 

surface coating can be transported through sedimentary rocks, even at very concentrated 

loading. The highest retention for PEG-coated silica nanoparticles is still less than 12% of 

injected amount, even though the large injected concentration makes this measurement 

somewhat uncertain. Due to the concentrated nanoparticle loading (18.64 wt%), the 

retention concentration (mass of nanoparticles per unit surface area of the porous media) 

and monolayer coverage are relatively large. This contrasts from the in-house synthesized 

paramagnetic nanoparticles, which will be described in Section 3.4. As described further 

in Chapter 6, this may be explained by the electrostatic forces, since all of the in-house 

synthesized paramagnetic nanoparticles and Boise sandstone and Berea sandstone have 

negative charge on the surface. On the other hand, the silica nanoparticles carry virtually 

no surface charge (under the experimental pH conditions). The repulsion forces between 

negatively charged paramagnetic nanoparticles and rock grain surface significantly 

hinder the nanoparticles attachment to the rock grain surface, and then reduce the 

retention concentration and monolayer coverage at the rock grain surface.  

The apparent viscosity results suggest that nanoparticles still exhibit some 

colloidal character when transporting through sedimentary rocks. Although the highest 

effluent concentration does not achieve the injected concentration, the effluent reaches 

higher than 95% of injected concentration. The viscosity difference between 95% and 
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100% is negligible. The results of apparent viscosity and bulk viscosity are shown in 

Figure 3.12. 

 

 

Figure 3.12: Apparent viscosity for the different corefloods with surface-coated silica 

nanoparticles. The red line indicates the viscosity of the bulk solution 

injected into each core. 

 

3.3. COMMERCIAL IRON-OXIDE NANOPARTICLES 

After the coreflood experiments showed that the surface-modified silica 

nanoparticles can transport through the sedimentary rocks easily, we tested the 

commercial iron-oxide nanoparticles (without and with further surface modification). The 

commercial iron-oxide nanoparticles (nanorods) with proprietary coating were received 

from Nanostructured & Amorphous Materials Inc., (Houston, TX) as 35 ± 2 wt% 

aqueous dispersion, and diluted to the desired concentration as described below. All of 
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the details of experimental runs of nanorods (without/with surface modification) are 

described in Appendix B. 

3.3.1. Commercial Nanorods 

The 35±2 wt% of iron oxide particles (as received) contained a stabilizing agent, 

which enabled long-term dispersion stability even at that high particle concentration. The 

characterization of nanoparticles was shown in Appendix E.3.1. 

The first transport experiment (experiment #6) was performed with a dilution of 

the dispersion with pH=7, using 3 wt% NaCl brine, which contained 5 wt% iron oxide 

nanorods.  The coreflood was carried out in a Boise sandstone core with a permeability of 

460 mD. Two pore volumes (23 mL) of the 5 wt% nanorod dispersion were injected at a 

flow rate of 1 mL/min (Darcy velocity is 9.3 ft/day). After ten pore volumes of post-flush 

with nanoparticle-free brine, the retention in the core was more than 90% of the injected 

amount. 

To determine whether large particle concentration caused the high retention, the 

original dispersion was diluted to 1 wt% nanorod concentration, to be used as injectant at 

a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day) (experiment #7). The pH and 

salinity of this dispersion were same as those for the previous one (pH=7 and 3 wt% 

NaCl). The second coreflood was carried out in a new Boise sandstone core, having a 

permeability of 460 mD. 20 mL (1.74 pore volumes) of the nanorod dispersion was 

injected into the core. After post-flush of fifteen pore volumes with 3 wt% NaCl brine, 

the retention was still over 90 % of the injected amount. 
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3.3.2. Washed Nanorods 

Since the original nanorod dispersions failed to be transported effectively through 

the rock, further attempts were made to improve transport characteristics. As the first 

attempt, the dispersion was purified utilizing ultracentrifugation in order to reduce the 

amount of stabilizer. The additional treatment and the dispersion characterization are 

described in Appendix E.3.2.  

 Two corefloods were performed to test the transport characteristics of the washed 

nanorods in sandstone cores.  

The first experiment (experiment #8) was carried out in Boise sandstone having a 

permeability of 480 mD. 23 mL (2.1 pore volumes) of nanoparticle dispersion was 

injected at a flow rate of 1 mL/min (Darcy velocity is 9.3 ft/day). After fourteen pore 

volumes of post-flush with 2 wt% NaCl, the retention is 100% and there is no 

nanoparticle in the effluent.  

The second experiment (experiment #9) was performed in Layered-Berea 

sandstone with a permeability of 86 mD. 23 mL of nanorod dispersion (3.3 pore volumes) 

was injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). After ten pore 

volumes of post-flush with 2 wt% NaCl, no observable nanorod production was detected 

in the effluent, the retention being 100%. The washed particles were forming aggregates 

and causing the core surface plugging. 

 

3.3.3. Nanorods Treated with TMAOH 

Further transport investigation was made by adding tetramethylammonium 

hydroxide (TMAOH) to a 1 wt% nanorod dispersion. The dispersion characterization is 

described in Appendix E.3.2. 
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For the Boise sandstone coreflood (646 mD), experiment #11, 2.6 pore volumes 

(28 mL) of nanoparticle dispersion were injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history, Figure 3.13, 

shows a long delay in breakthrough (the shaded area indicates the effluent concentration 

profile for ideal, piston-like transport), with the 50% normalized concentration arriving at 

about 3.2 PV, and reaches a peak of 90.1% of the injected concentration. However, the 

retention was 57.7% of the injected amount after post-flush.  

 

 

Figure 3.13: Effluent concentration of nanorods treated with TMAOH vs. pore volume 

for coreflood #11.  2.6 pore volumes of nanoparticle suspension (1 wt%, 

pH=14) were injected, followed by deionized water with the same pH. 

Shaded box indicates effluent history of an ideal displacement (no retention, 

no dispersion). 
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The core flood experiment proved that the high negative surface charge of the 

particles significantly reduced the ultimate retention of the nanoparticles in the rock. 

Compared to the above corefloods #6-#10, the relatively low retention of nanorods with 

TMAOH indicates significant improvement in the transport through Boise sandstone.  

However, the pH value of the dispersion 14 was too high for practical use in the 

reservoirs, and the 57.7% retention was still too high. The retention concentration of 

nanorods treated with TMAOH at the rock grain surface is 3.8 mg/m
2
, and the monolayer 

coverage is 3.6%. 

 

3.3.4. Nanorods Treated with Citrate 

In order to further modify the surface of the nanorods to improve transport, citrate 

was employed to stabilize nanoparticles in aqueous dispersion. The surface modification 

method and dispersion characterization are described in Appendix E.3.4. 

The coreflood (experiment #12) was performed in a Boise sandstone having a 

permeability of 461 mD. 26 mL (2.5 pore volumes) of nanoparticle dispersion (1 wt%) 

was injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). Compared to 

nanorods with TMAOH (experiment #11), the normalized effluent concentration history, 

Figure 3.14, shows a much less delay in breakthrough, with the 50% normalized 

concentration arriving at about 1.45 PV, and reaches a peak of 99.9% of the injected 

concentration. A mass balance shows that 4.0 wt% of the injected nanoparticles were 

retained after post-flush. The retention concentration of nanorods (C0=1 wt%) treated 

with citrate at rock surfaces is 0.24 mg/m
2
, which is equivalent to 0.1% of the monolayer 

coverage. This is much lower than the results of TMAOH treated nanorods. 
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Figure 3.14: Effluent concentration of nanorods treated with Citrate vs. pore volume for 

coreflood #12.  2.5 pore volumes of nanoparticle suspension (1 wt%, pH=8) 

were injected, followed by deionized water with the same pH. 

With its ability to generate a high surface charge condition, the citrate ion 

appeared to be an effective coating for the nanoparticles to be able to pass through the 

pores of the rock. Based on this reasoning, a higher concentration of citrate-coated 

nanorods was tested as well. For the Boise sandstone (with a permeability of 610 mD) 

coreflood (experiment #13), 18 mL (1.7 pore volumes) of the nanorod dispersion (10 

wt%) was injected at a flow rate of 2 mL/min. The normalized effluent concentration 

history, Figure 3.15, shows a larger delay in breakthrough than experiment #12, with the 

50% normalized concentration arriving at about 1.3 PV, and reaches a peak of 98.9% of 

the injected concentration. Despite the high injected particle concentration, the mass 

balance shows that only 5.2 wt% of the injected nanoparticles were retained after post-
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flush. The retention concentration of nanorods (10 wt%) treated with citrate at rock 

surfaces is 2.32 mg/m
2
, which is 1% of the monolayer coverage.  

 

Figure 3.15: Effluent concentration of nanorods treated with Citrate vs. pore volume for 

coreflood #13.  1.7 pore volumes of nanoparticle suspension (10 wt%, 

pH=8) were injected, followed by deionized water with the same pH. 

 

3.3.5. Discussion and Summary 

The characteristics of the nanorod dispersions tested, the experimental conditions, 

and the experimental results are shown in Table 3.3, 3.4, 3.5, respectively. 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8

C
/C

o

Pore Volume



 39 

Table 3.3: Summary of nanorods dispersions and their characterization  

Exp. 

No. 

Nanoparticle 

State 

C0. 

(wt %) 

Surface 

Coating 
pH 

Salinity 

(%) 

TEM 

(nm) 

D50 

(nm) 

Zeta- 

Potential 

(mV) 

#6 
Nanorods 

5 wt% 
5 proprietary 7 3 <100 127 -0.6 

#7 
Nanorods 

1 wt% 
1 proprietary 7 3 <100 127 -0.6 

#8 
Washed 

Nanorods 
0.9 proprietary 10 2 <100 324 -12.1 

#9 
Washed 

Nanorods 
0.9 proprietary 10 2 <100 324 -12.1 

#11 
Nanorods 

with TMAOH 
1 

TMAOH 

(+ proprietary) 
14 0 <100 70 -53.0 

#12 
Nanorods 

with citrate 
1 

citrate 

(+ proprietary) 
8 0 <100 155 -39.4 

#13 
Nanorods 

with citrate 
10 

citrate 

(+ proprietary) 
8 0 <100 155 -39.4 

 

Table 3.4: Summary of nanorods coreflood experimental conditions  

Exp. 

No. 
Rock 

K 

(md) 
 

PV 

(mL) 

C0. 

(wt %) 

q  

(mL/min) 

PV  

injected 

PV  

post-flush 

#6 Boise 460 0.290 11.50 5 1 2 10 

#7 Boise 460 0.290 11.50 1 2 1.74 15 

#8 Boise 480 0.281 10.87 0.9 1 2.1 14 

#9 Berea 86 0.18 6.86 0.9 2 3.3 10 

#11 Boise 646 0.283 10.91 1 2 2.6 15 

#12 Boise 461 0.270 10.50 1 2 2.5 5 

#13 Boise 610 0.276 10.65 10 2 1.7 7 
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Table 3.5: Summary of nanorods coreflood experimental results  

Exp. 

No. 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

Monolayer 

Coverage 

(%) 

Delay 

Breakthrough 

(PV) 

Retention 

Capacity 

(mg/m
2
) 

#6 >90 N/A N/A N/A N/A 

#7 >90 N/A N/A N/A N/A 

#8 100 N/A N/A N/A N/A 

#9 100 N/A N/A N/A N/A 

#11 57.7 3.80 3.59 2.2 3.85 

#12 4.0 0.24 0.10 0.45 0.75 

#13 5.2 2.32 0.99 0.3 5.09 

 

A commercially available iron oxide nanorod with a proprietary surface coating 

provided good long-term dispersion stability, but exhibited very poor transportability in 

the reservoir rock. However, its transportability could be significantly improved with a 

modest surface-coating optimization effort. Since there is no breakthrough for 

experiments #6, #7, #8 and #9, their retention concentration at rock grain surface, 

monolayer coverage percentage and retention capacity could not be obtained. 

Compared with the coreflood results with surface-modified silica nanoparticles, 

Table 3.2, the surface-modified (with TMAOH, or citrate acid) nanorods can more easily 

transport through the sedimentary rocks. The retention concentration at the rock grain 

surface and monolayer coverage are much lower than those of silica nanoparticles, even 

though the effective diameter of the surface-modified nanorods was bigger. It indicated 

that the electrostatic forces are significantly responsible for the retention, because the 

surface-modified silica nanoparticles carry no surface charge, but the TMAOH and citrate 

modified nanorods carry greater negative charge. The electrostatic forces between 

nanoparticles and rock grain surface hinder the attachment of nanorods to the pore wall, 

and then reduce the retention concentration and monolayer coverage. The retention of 

nanoparticles in sedimentary rocks will however be affected by many factors. For 

example, for nanorods treated with TMAOH, the overall retention from the coreflood 
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(#11) is 57.7%, which is much higher than retention from any silica nanoparticle 

experiments. Interestingly, however, the retention concentration at rock grain surface and 

monolayer coverage is lower than those of silica nanoparticles. Comparing citrate-coated 

nanoparticles with TMAOH-coated nanoparticles, no clear correlation was found 

between zeta-potential and retention concentration. Although the TMAOH-coated 

nanoparticles are more negatively charged, their retention is higher than citrate-coated 

nanoparticles. The instability of effluent indicates that TMAOH coating may have been 

partially lost during transportation through the rock, and the resultant dispersion 

instability may be the main reason for high retention at the rock surface for TMAOH-

coated nanoparticles.  While retention is not the only parameter that determines the 

transportability of nanoparticles in porous media, it offers us a good understanding of 

nanoparticle transport in sedimentary rocks. 

The series of experiments with nanorods illustrates the design optimization 

process for minimizing retention, or adsorption, by exploiting the properties that govern 

retention, such as the van der Waals and electrostatic forces. The nanorod dispersion with 

citrate treatment exhibited minimal retention behavior; however, it did not have long-

term stability, generating precipitates when kept longer than one week. The minimal 

retention behavior was achieved under zero salinity experimental conditions, and the 

greater negative surface charge of nanoparticles should be dramatically decreased under 

real reservoir conditions due to high salinity. We thus initiated a new phase of particle 

design, synthesizing paramagnetic iron oxide nanoparticles in house (i.e., by our 

collaborators at UT Chem. Eng.), so that the size and aggregation of the particles in the 

dispersion could be controlled and the surface coating could be designed to facilitate 

stability and transport for particular reservoir application conditions. This work is 

described in the next section. 
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3.4. IN-HOUSE SYNTHESIZED PARAMAGNETIC NANOPARTICLES 

Although modified nanorods with citrate reveal good transportability with low 

retention, the above results indicates that there are still some of the original proprietary 

surface coatings left on the nanoparticle surface. In order to obtain fundamental insights 

into the transport and retention of paramagnetic nanoparticles in sedimentary rocks, 

paramagnetic nanoparticles are synthesized in-house with different surface coatings and 

then tested. The paramagnetic nanoparticle characterizations, the core flooding 

experimental conditions and the coreflood results are listed in Table 3.6, 3.7 and 3.8, 

respectively. Our nanoparticle transport study with a series of in-house synthesized 

nanoparticles is described below. 

 

3.4.1. Nanoclusters Coated with TMAOH 

TMAOH was firstly employed as surface coating. The synthesis method and 

dispersion characterization are described in Appendix E.4.1. 

The coreflood (Experiment #14) was performed in a Boise sandstone (with a 

permeability of 421 mD), and three pore volumes (32 mL) of nanocluster dispersion were 

injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). After fifteen pore 

volumes of post-flush, the retention is 100% and there is no particle passing through the 

core. Meanwhile, this dispersion at lower pH values (pH=8 and 9) could only be stable 

for few hours, which indicated the smaller negative charge of the cluster surface could 

not prevent the attraction and aggregation caused by the van der Waals forces between 

the clusters. 
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3.4.2. Nanoclusters Coated with PVP 

The coreflood (Experiment #15) was performed in a Boise sandstone core having 

a permeability of 491 mD. 2.3 pore volumes (24.5 mL) of nanoparticle dispersion (0.12 

wt%) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). Even after 

seven pore volumes of post-flush, no particle was detected in the effluent, the retention 

being 100%. This was despite the fact that the particle dispersion was stable and the 

measured surface charge was a relatively high negative value. It appears that PVP 

adsorbed not only on the iron oxide surface but also on the surfaces of the sandstone 

pores. The injected nanoparticles thus lost their surface coating during their transport 

through the rock pores, resulting in the loss of the dispersion stability and their 

aggregation, and the subsequent large retention.  Another possibility is that one part of 

the PVP chain remains adsorbed on the surface of the nanocluster while the other part is 

adsorbed to the rock surface, thus causing a large retention in the rock. 

 

3.4.3. Nanoclusters Coated with Oleic Acid Bilayers 

Since TMAOH-coated and PVP-coated nanoparticles exhibit poor transportability 

in sedimentary rocks, nanoparticles coated with oleic acid bilayers were synthesized with 

two kinds of nanocluster size and tested. The synthesis method and dispersion 

characterization are described in Appendix E.4.3. 

The first core flood (Experiment #16) was carried out in a Boise sandstone core 

having a permeability of 670 mD. 27 mL (2.5 pore volumes) of nanoparticle dispersion 

(0.14 wt%, pH=7) was injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day), 

and the retention was 89.7% after the post-flush of four pore volumes deionized water 

with the same pH. 
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The second Boise sandstone (Experiment #17) coreflood was intended to test the 

effect of nanoclusters size. We injected three pore volumes (32.1 mL) of 0.14 wt% 

nanocluster dispersion at the same flow rate as above (2 mL/min). But the retention was 

91.5% of the injected amount, which was still too high. The reason for the high retention 

of nanoclusters coated with oleic acid appears to be that the binding of the oleate 

molecules to the nanocluster surface may not have been strong enough to prevent 

desorption from the surface.  A loss of the negative charge on the particle surface could 

cause the observed high retention of nanoparticles in the Boise sandstone, in a manner 

similar to the above cases, nanoclusters treated with TMAOH and PVP. 

 

Figure 3.16: Effluent concentration of in-house synthesized nanoparticles coated with 

oleic acid vs. pore volume for coreflood #16 & #17 with different 

nanocluster sizes.   
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3.4.4. Nanoclusters Coated with Citrate 

Given the benefits of the citrate coating for nanorods, we also tested the citrate 

coating for the in-house synthesized nanoclusters. Two methods were employed to 

synthesize nanoparticle dispersion with citrate surface coating, as shown in Appendix 

E.4.4. 

For the Boise sandstone coreflood (Experiment #18) with the citrate nanoclusters, 

2.77 pore volumes (30 mL) of nanoparticle dispersion (0.5 wt%) were injected at a flow 

rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration 

history, Figure 3.17, shows a delay in breakthrough, with the 50% normalized 

concentration arriving at about 1.7 PV, and reaches a peak of 98.1% of injected 

concentration. A mass balance shows that 8.73 wt% of the injected nanoparticles were 

retained after four pore volumes of post-flush. The retention concentration of citrate 

nanoclusters at the rock grain surface is 0.31 mg/m
2
, which is 0.26% of the monolayer 

coverage. The results show that citrate is a good surface coating agent for the long-

distance transport of nanoparticles in the reservoir rock. 
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Figure 3.17: Effluent concentration of in-house synthesized citrate nanoclusters vs. pore 

volume for coreflood #18.  Three pore volumes of nanoparticle suspension 

(0.5 wt%, pH=10) were injected, followed by deionized water with the same 

pH. 

Two more experiments were carried out to test the transport characteristics of 

nanoclusters coated with citrate in sedimentary rocks. The first coreflood (Experiment 

#19) was performed in a Boise sandstone core having a permeability of 576 mD. 3.22 

pore volumes (34 mL) of nanoparticle dispersion (0.12 wt%) with 3 wt% salinity were 

injected at a flow rate of 3 mL/min (Darcy velocity is 28 ft/day). The normalized effluent 

concentration history, Figure 3.18, shows a relatively shorter delay in breakthrough, with 

the 50% normalized concentration arriving at about 1.4 PV, and reaches a peak of 98.6% 

of the injected concentration. A mass balance shows that 2.7 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes. The retention 
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concentration of nanoclusters treated with citrate at the rock grain surface is 0.03 mg/m
2
, 

which is 0.02% of the monolayer coverage.  

 

Figure 3.18: Effluent concentration of in-house synthesized nanoclusters coated with 

citrate vs. pore volume for coreflood #19.  3.22 pore volumes of 

nanoparticle suspension (0.12 wt%, pH=8) were injected, followed by 3 

wt% NaCl brine with the same pH. 

The second core flood (Experiment #20) was carried out in a Texas Cream 

Limestone, this core having a low permeability of 17.5 mD. 31 mL (2.8 pore volumes) of 

nanocluster dispersion (0.12 wt%) was injected at a flow rate of 2 mL/min. The 

normalized effluent concentration history, Figure 3.19, shows more delay in 

breakthrough compared to the above corefloods #18 and #19 in Boise sandstone, with the 

50% normalized concentration arriving at about 1.8 PV, and reaches a peak of 81.4% of 
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the injected concentration. A mass balance shows that 16.4 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes.  

 

Figure 3.19: Effluent concentration of in-house synthesized nanoclusters coated with 

citrate in Texas-Cream limestone vs. pore volume for coreflood #20.  2.8 

pore volumes of nanoparticle suspension (0.12 wt%, pH=8) were injected, 

followed by 3 wt% NaCl brine with the same pH. 

Retention concentration of nanoclusters treated with citrate at the rock grain 

surface is 0.04 mg/m
2
, and the monolayer coverage is 0.03%, both of which are larger 

than the Boise sandstone coreflood #19. The reason may be the greater specific surface 

area for Texas Cream limestone. Although the difference of retention between Boise 

sandstone and Texas Cream limestone is large (2.7% vs. 16.4%), the difference in the 

estimated retention concentration is small (0.03 vs. 0.04 mg/m
2
). With its ability to form 

a strong complexation on the surface of iron oxide nanoparticles and a highly negative 
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surface charge, citrate appears to be a good surface coating agent for many reservoir 

applications. However, citrate coated nanoparticles are too sensitive to pH value, 

especially when pH is larger than 10. The nanoparticles then become very unstable even 

at low salinity. 

 

3.4.5. Nanoclusters Coated with PAA 

As our continuing effort to optimize the surface coating, our ChE collaborators 

employed PAA (Poly-acrylic acid) as the surface coating, by using the same synthesize 

method as citrate coated nanoparticles (Yoon et al., 2001; Yu et al., 2010).  

This coreflood (Experiment #22) was performed in a Boise sandstone core having 

a permeability of 614 mD. 2.8 pore volumes (30 mL) of 0.1 wt% nanoparticle dispersion 

treated with PAA (with 3 wt% PAA, non-dialyzed, pH=7) were injected at a flow rate of 

2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration history, 

Figure 3.20, shows a shorter delay in breakthrough, with the 50% normalized 

concentration arriving at about 1.3 PV, and reaches a peak of 96.7% of the injected 

concentration. A mass balance shows that 9.7 wt% of the injected nanoparticles were 

retained after a post-flush of four pore volumes deionized water with the same pH. The 

retention concentration of PAA coated nanoparticles at the rock grain surface is 0.07 

mg/m
2
, which is only 0.06% of the monolayer coverage. It indicated that PAA-coated 

paramagnetic nanoparticles have excellent transportability through the Boise sandstone 

core under this experimental condition; and highly negative surface charge and absence 

of salt played an important role.  
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Figure 3.20: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA (3 wt% PAA, non-dialyzed) vs. pore volume for coreflood #22.  2.8 

pore volumes of nanoparticle suspension (0.1 wt%, pH=7) were injected, 

followed by deionized water with the same pH. 

In order to investigate the effect of nanoparticle concentration and oil type, three  

more corefloods (Experiment #25-#27) were performed in Boise sandstone cores with 0.2 

wt% of PAA-coated nanoparticle dispersion (corefloods which are equivalent to #25 to 

#27, but contain residual oil in the core, will be discussed in Chapter 4). For this 

coreflood (Experiment #25), 2.9 pore volumes (31 mL) of nanoparticle dispersion (0.2 

wt%, pH=9, no salt) were injected at a flow rate of 2 mL/min (Darcy velocity of 18.6 

ft/day) into a Boise sandstone core (1 inch diameter, 3 inches long) of permeability 687 

mD. The effluent concentration history, Figure 3.21, shows a delay in breakthrough, with 

the 50% normalized concentration arriving at about 1.5 PV. A mass balance shows that 

6.71 wt% of the injected nanoparticles were retained after a post-flush of four pore 
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volumes deionized water with the same pH. The retention concentration of paramagnetic 

nanoparticles at the rock grain surface is 0.10 mg/m
2
, which is 0.09% of the monolayer 

coverage. Compared to the results of Experiment #22, there are more nanoparticles 

retained at the rock surface for higher nanoparticles loading, although the retention for 

both is still low.  

 

Figure 3.21: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA (3 wt% PAA, dialyzed) vs. pore volume for coreflood #25.  2.9 pore 

volumes of nanoparticle suspension (0.2 wt%, pH=9) were injected, 

followed by deionized water with the same pH. 

As further discussed in Chapter 4, while the retention concentration for PAA-

coated nanoparticles is low, the adsorption of the nanoparticles at water/oil interface is 

also low. This indicated that it is difficult for the PAA-coated paramagnetic nanoparticles 

to preferentially adsorb at water/oil interfaces in the rock pores. Further attempt was 
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made to add DTAB (Decyltrimethylammonium   bromide) to the surface coating, since 

DTAB is more hydrophobic than PAA and we hypothesized more adsorption of 

nanoparticles at water/oil interfaces with more hydrophobic surface coating (Yu et al., 

2010). This coreflood (Experiment #28) was performed in a Boise sandstone core having 

a permeability of 789 mD. 2.7 pore volumes of nanoparticle dispersion treated with 

PAA+DTAB (0.2 wt% nanoparticles, dialyzed, pH=9) were injected at a flow rate of 2 

mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration history, 

Figure 3.22, shows a delay in breakthrough, with the 50% normalized concentration 

arriving at about 1.55 PV, and reaches a peak of 96.6% of the injected concentration.  

 

Figure 3.22: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA+DTAB vs. moveable pore volume for coreflood #28.  2.7 pore 

volumes of nanoparticle suspension (0.2 wt%, pH=9) were injected, 

followed by deionized water with the same pH. 
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A mass balance shows that 7.05 wt% of the injected nanoparticles were retained 

after a post-flush of four pore volumes deionized water with the same pH. The retention 

concentration of paramagnetic nanoparticles at the rock grain surface is 0.10 mg/m
2
, 

which is 0.1% of the monolayer coverage. Compared with PAA coated nanoparticles 

(Experiment #25), (PAA+DTAB)-coated nanoparticles have slightly higher retention, 

retention concentration, and longer delay in breakthrough, indicating that more 

hydrophobic surface coating leads to higher adsorption under the experimental 

conditions.  

All of the tests above by using PAA, or PAA+DTAB as surface coating exhibited 

low retention and retention concentration. However, the effluent was stable only for one 

week, which indicated the surface coatings were partly lost during transportation through 

the Boise sandstone cores. Further attempts were made to stabilize the nanoparticle 

dispersions by cross-linking reaction to create a thin polymer film on iron oxide surface 

(Yoon et al., 2011). The coreflood (Experiment #30) with the cross-linked polymer-

coated nanoparticles was performed in a Boise sandstone core having a permeability of 

786 mD. 1.27 pore volumes of nanoparticle dispersions treated with cross-linked PAA 

(0.1 wt% nanoparticles, dialyzed, pH=7) were injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history, Figure 3.23, 

shows a delay in breakthrough, with the 50% normalized concentration arriving at about 

1.4 PV, and reaches a peak of 70.8% of the injected concentration. A mass balance shows 

that 8.21 wt% of the injected nanoparticles were retained after a post-flush of six pore 

volumes deionized water with the same pH.  
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Figure 3.23: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA vs. pore volume for coreflood #30.  1.27 pore volumes of 

nanoparticle suspension (0.1 wt%, pH=7) were injected, followed by 

deionized water with the same pH. 

The retention concentration of paramagnetic nanoparticles at the rock grain 

surface is 0.03 mg/m
2
, which is 0.02% of the monolayer coverage. Although the highest 

concentration of effluent was only 70.8% of the injected concentration, the retention 

concentration is lower than that of any other PAA coated nanoparticles. The main reason 

is only 1.27 pore volumes of nanoparticles injection through the core. Meanwhile, the 

effluent can be stable for weeks and there is no aggregation. Cross-linking synthesis 

method is beneficial for nanoparticles to transport through the sedimentary rocks under 

this experimental condition. 

Unlike citrate-coated paramagnetic nanoparticles, the PAA-coated nanoparticles 

are not sensitive to pH. A coreflood was designed to test the effect of ionic strength on 
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their transport. The salt tolerance of cross-linked PAA-coated nanoparticle dispersions is 

3 wt% NaCl, as tested in the laboratory (Yoon et al., 2011). The coreflood (Experiment 

#32) with this new dispersion was performed in a Boise sandstone core having a 

permeability of 837 mD. Three pore volumes (33 mL) of cross-linked PAA coated 

nanoparticle dispersion (0.1 wt%, pH=7) with 3 wt% NaCl were injected at a flow rate of 

2 mL/min (Darcy velocity is 18.6 ft/day). However, the mass balance shows that 95 wt% 

of the injected nanoparticles were retained after a post-flush of six pore volumes, and the 

effluent was not stable. There was obvious evidence that the cross-linked PAA coated 

nanoparticles partly lost the surface coating during transportation through sedimentary 

rocks. The effect of different parameters on transport and retention of paramagnetic 

nanoparticles will be discussed in Chapter 6. 

 

3.4.6. Nanoclusters Coated with Eutragit 

The citrate-coated or PAA-coated nanoparticles could achieve low retention 

(<5%) and low retention concentration in reservoir rock at low salinity, but did not have a 

sufficient affinity for adsorption at water/oil interface, as intended, because the coating 

was too hydrophilic. We therefore tried Eutragit as surface coating because it is more 

hydrophobic than citrate and PAA. Since the dispersion remained stable with 1 wt% 

NaCl, the transport experiments were carried out at this salinity. 

For this coreflood (Experiment #33), three pore volumes of nanoparticle 

dispersion were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration, Figure 3.24, shows the 50% normalized concentration 

arriving at about 2.4 PV, and reaches a peak of 69% of the injected concentration. The 
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retention was 45.7% of the injected amount after post-flush of six pore volumes of brine 

with the same pH.  

 

Figure 3.24: Effluent concentration of in-house synthesized nanoclusters coated with 

Eutragit vs. pore volume for coreflood #33.  Three pore volumes of 

nanoparticle suspension (0.48 wt%, pH=8) with 1 wt% NaCl were injected, 

followed by brine with the same pH. 

The retention concentration of paramagnetic nanoparticles at the rock grain 

surface is 1.7 mg/m
2
, and the monolayer coverage is 0.63%, which are much higher than 

PAA-coated or citrate-coated nanoparticles. An important issue is that the retention 

capacity (based on breakthrough delay equation described in Section 3.2.3) is 1.2 mg/m
2
, 

which is lower than the retention concentration. The result of retention concentration 

higher than retention capacity indicated that breakthrough delay theory is not valid in this 

experiment. 
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Compared with the citrate and PAA coatings, the Eutragit-coated nanoclusters 

resulted in a higher retention in rock. This is most likely due to the instability of 

nanoparticle dispersion and subsequent generation of aggregates. Another observation 

was that the effluent became unstable after one day, which indicated that surface coating 

was partially lost during nanoparticle transport through the rock, which is most likely 

reason for high retention.  

 

3.4.7. Nanoclusters Coated with PAA-r-PBA 

As revealed by the above and earlier (Yu et al., 2010) attempts, satisfying the dual 

requirements of a low retention at rock surface and a high adsorption at water/oil 

interface proved to be difficult.  We therefore decided to employ co-polymers for coating, 

a constituent monomer of which is hydrophilic and the other monomer is hydrophobic. 

By varying the relative fractions of the constituent monomers, the hydrophobic-

hydrophilic balance of the surface coating is thus adjusted to better satisfy the above dual 

requirements. PAA-r-PBA (poly acrylic acid-r-poly butyl-acrylate) was employed as the 

first surface coating. PAA is very hydrophilic and PBA is more hydrophobic. The 

chemical structure of PAA-r-PBA is shown in Figure 3.25. 
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Figure 3.25:   Chemical structure of PAA-r-PBA. 

As the first attempt, PAA-r-PBA (3:1 ratio) was tested. The measured DLS data 

showed the nanocluster diameter to be around 400 nm, suggesting minor aggregation of 

the particles in the dispersion. The coreflood (Experiment #41) was performed with 3 

pore-volume injection of nanocluster dispersion at 0.37 wt%. Unfortunately, 52.8 wt% of 

the injected nanoclusters were retained in rock after post-flush, most likely due again to 

the very large cluster size.  

The cluster size was then reduced by adjusting the synthesis procedure (Yoon et 

al., 2011; Yoon et al., 2012). The diameter was measured to be around 130 nm. For this 

coreflood (Experiment #42), three pore volumes of nanoparticle dispersion were injected 

at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent 

concentration, Figure 3.26, shows the 50% normalized concentration arriving at about 

1.5 PV, and reaches a peak of 0.99. However, the retention was 32.5% of the injected 

amount after post-flush, which is still higher than desired. The retention concentration of 

paramagnetic nanoparticles at the rock grain surface is 0.92 mg/m
2
, which is 0.47% of the 

monolayer coverage. Compared with Experiment #41 (400 nm nanoparticle size), it 
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indicated decreasing nanoparticle size can enhance nanoparticle transportation through 

sedimentary rocks under this experimental condition. 

 

Figure 3.26: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA vs. pore volume for coreflood #42.  Three pore 

volumes of nanoparticle suspension (0.37 wt%, pH=8) with 1 wt% NaCl 

were injected, followed by brine with the same pH. 

The (PAA-r-PBA)-coated nanocluster dispersions (from Experiment #35 to #48) 

were stable for weeks when prepared as the injection formulation. The nanoclusters in 

effluents from corefloods, however, were only stable for days and then some particles 

aggregated and settled. The salt-tolerance test (salinity scan of dispersion stability) of the 

original nanoparticle dispersion and the effluent indicated that parts of coating were lost 

during transportation through the rock. Apparently, the PAA-r-PBA coating did not 

provide a sufficient electrostatic repulsion between the nanoclusters, and probably 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7

C
/C

o

Pore Volume



 60 

between the cluster and the rock surface, even at the modest salinity of 1 wt% NaCl.  

Further transport investigation was made by using deionized water and no additional 

NaCl. It was the same as above, only difference being zero salinity and pH=10, which 

will render strong electrostatic repulsion both to the nanoclusters and the rock surface. 

The first coreflood (Experiment #49) was carried out in a Boise sandstone core 

having a permeability of 804 mD. Three pore volumes of nanoparticle dispersion (0.37 

wt%, 114nm, pH=10, no salt) were injected at a flow rate of 2 mL/min (Darcy velocity is 

18.6 ft/day). The normalized effluent concentration history, Figure 3.27, shows a delay 

in breakthrough, with the 50% normalized concentration arriving at about 1.6 PV, and 

reaches a peak of 99.1% of the injected concentration. A mass balance shows that 4.7 

wt% of the injected nanoparticles were retained after a post-flush of four pore volumes 

deionized water with the same pH. The retention concentration of paramagnetic 

nanoparticles at the rock grain surface is 0.13 mg/m
2
, and the monolayer coverage is 

0.07%, which were lower than the results of any other (PAA-r-PBA)-coated nanoparticle 

dispersions, and the effluent can be stable for weeks. It showed that the PAA-r-PBA 

surface coating is sensitive to salinity, even in 1 wt% NaCl.  
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Figure 3.27: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA (3:1) vs. pore volume for coreflood #49.  Three 

pore volumes of nanoparticle suspension (0.37 wt%, pH=10) were injected 

at 2 ml/min, followed by deionized water with the same pH. 

To ensure that the very small retention is indeed valid, we carried out another 

coreflood (Experiment #50) with the same injectant but at a flow rate of 10 mL/min 

(Darcy velocity is 93 ft/day) instead of the usual 2 mL/min. The effluent concentration 

history, Figure 3.28, shows the 50% normalized concentration arriving at somewhat 

earlier 1.3 PV, but virtually the same as Experiment #49 with a slightly lower retention of 

4.5 wt%. The retention concentration of nanoparticles at the rock grain surface is 0.12 

mg/m
2
, which is 0.07% of the monolayer coverage.  
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Figure 3.28: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA (3:1) vs. pore volume for coreflood #50.  Three 

pore volumes of nanoparticle suspension (0.37 wt%, pH=10) were injected 

at 10 ml/min, followed by deionized water with the same pH. 

The results indicated that increasing flow rate can reduce the overall retention and 

the retention capacity of nanoparticles at the rock grain surface by increasing 

hydrodynamic forces, as will be discussed further in Chapter 6. The corefloods by using 

PAA-r-PBA as the surface coating proved that (PAA-r-PBA)-coated paramagnetic 

nanoparticles could achieve low retention and low retention concentration only under 

proper experimental conditions, i.e., no salt and proper pH value. Considering the harsh 

conditions of reservoir, the surface coating should be modified to achieve the objectives 

of this research.   
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3.4.8. Nanoclusters Coated with PAA-PBA-PS1 

In order to satisfy the dual requirements of a low retention concentration at rock 

surface and a high adsorption at water/oil interface, we further tried different constituent 

monomers of the coating polymer, and thereby creating nanoclusters of different surface 

wettability. As the PAA-r-PBA coating did not provide a sufficient electrostatic 

repulsion, we needed a stronger anionic moiety than the weak anion provided by PAA. A 

ter-polymer, PAA-PBA-PS1 (poly acrylic-acid-poly butyl-with sulfonate addition), was 

employed as the surface coating. Corefloods without and with residual oil saturation (see 

Chapter 4) in the core were performed by injecting 0.2 wt% dispersion at 1 wt% NaCl 

salinity. 

For this coreflood (Experiment #51), three pore volumes of nanoparticle 

dispersion were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration, Figure 3.29, shows a delay in breakthrough, with the 

50% normalized concentration arriving at about 1.3 PV, and reaches a peak of 99% of the 

injected concentration. A mass balance shows that 7.4 wt% of the injected nanoparticles 

were retained after a post-flush of four pore volumes brine. The retention concentration 

of nanoparticles at the rock grain surface is 0.12 mg/m
2
, and the monolayer coverage is 

0.07%, which is similar to the results of PAA-r-PBA under no salinity and proper pH 

conditions, showing that the coating adjustment achieved its goal. However, as shown in 

Chapter 4, its adsorption at water/oil interface was less than desired.  
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Figure 3.29: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA-PBA-PS1 vs. pore volume for coreflood #51.  Three pore volumes of 

nanoparticle suspension (0.2 wt%, pH=8) with 1 wt% NaCl were injected, 

followed by brine with the same pH. 

 

3.4.9. Nanoclusters Coated with Maleic Acid-alt-PSS 

As a continuing effort to optimize the surface coating to satisfy the pre-requisites 

discussed above, nanoclusters were synthesized with Maleic Acid-alt-PSS (maleic acid 

with sulfonate addition) as the surface coating.  

At the beginning, uncross-linked (Maleic Acid-alt-PSS)-coated nanoparticle 

dispersions were tested. The diameter of these nanoparticles is 44 nm. This coreflood 

(Experiment #53) was performed in a Boise sandstone core having a permeability of 752 

mD under zero salinity experimental condition. 1.5 pore volumes of nanoparticle 
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dispersion treated with Maleic Acid-alt-PSS (0.2 wt%, pH=8) were injected at a flow rate 

of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration 

history, Figure 3.30, shows a delay in breakthrough, with the 50% normalized 

concentration arriving at about 1.5 PV, and reaches a peak of 85.1% of the injected 

concentration. A mass balance shows that only 1.83 wt% of the injected nanoparticles 

were retained after a post-flush of four pore volumes deionized water with the same pH. 

The retention concentration of nanoparticles at the rock grain surface is 0.01 mg/m
2
, and 

the monolayer coverage is 0.02%, which are lower than any other coreflood experimental 

results discussed above. 

 

Figure 3.30: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS vs. pore volume for coreflood #53.  1.5 pore volumes 

of nanoparticle suspension (0.2 wt%, pH=8) were injected, followed by 

deionized water with the same pH. 
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The second coreflood (Experiment #60) was conducted to research the effect of 

salinity. Three pore volumes of nanoparticle dispersion treated with Maleic Acid-alt-PSS 

(0.5 wt%, pH=8) with 4 wt% NaCl were injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history was shown in 

Figure 3.31. A mass balance shows that 6.2 wt% of the injected nanoparticles were 

retained after a post-flush.  

 

Figure 3.31: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS vs. pore volume for coreflood #60.  Three pore 

volumes of nanoparticle suspension (0.5 wt%, pH=8) with 4 wt% NaCl 

were injected, followed by brine with the same pH. 

The retention concentration of nanoparticles at the rock grain surface is 0.24 

mg/m
2
, which is 0.36% of the monolayer coverage. Compared with Experiment #53 

(without salt), it indicated the salt had significant influence on transport and retention of 
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nanoparticles in porous media. The retention concentration and monolayer coverage is 15 

times higher when 4 wt% NaCl exists. Another noticeable issue is divalent electrolytes, 

such as CaCl2, have much more effects on the nanoparticle dispersion stability. The 

(Maleic Acid-alt-PSS)-coated nanoparticle dispersion can remain stable even with 8 wt% 

NaCl, however, they aggregate and precipitate with only 0.5 wt% CaCl2.  

To better understand the transport of paramagnetic nanoparticles, the polymer 

molecules attached to the nanoparticles were then cross-linked and then tested 

(Experiment #62). Three pore volumes of this dispersion with 1 wt% NaCl were injected 

into a Boise sandstone core at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure 3.32, shows a delay in 

breakthrough, with the 50% normalized concentration arriving at about 1.3 PV, and 

reaches a peak of 95.4% of the injected concentration. 
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Figure 3.32: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked Maleic Acid-alt-PSS vs. pore volume for coreflood #62.  Three 

pore volumes of nanoparticle suspension (0.2 wt%, pH=8) with 1 wt% NaCl 

were injected, followed by brine with the same pH. 

A mass balance shows that 1.5 wt% of the injected nanoparticles were retained 

after a post-flush. The retention concentration of nanoparticles at the rock grain surface is 

0.02 mg/m
2
, which is 0.02% of monolayer coverage. The low retention concentration 

indicated use of the low-cost (Maleic Acid-alt-PSS) co-polymer, instead of the more 

expensive (PAA-PBA-PS1) ter-polymer, as coating achieved the goal of low retention in 

the rock. Meanwhile, the adsorption concentration at water/oil interface is 50 times 

higher than that on the rock grain surface (see Chapter 4). With its ability to form a strong 

complexation on the surface of iron-oxide nanoclusters and a highly negative surface 

charge, and with its capability to bring the nanoclusters to preferred adsorption at 
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water/oil interfaces, Maleic Acid-alt-PSS appears to be a good surface coating agent for 

many reservoir applications.  

However, the cross-linked (Maleic Acid-alt-PSS)-coated paramagnetic 

nanoparticle dispersion cannot remain stable with more than 0.5 wt% CaCl2. 

 

3.4.10. Nanoclusters Coated with PAA-PS1 

In addition to the above efforts to develop polymers for optimized surface coating 

that satisfies the three requirements for reservoir application, we also devoted effort to 

develop polymer coatings that need to satisfy only the first two requirements of the 

dispersion stability and low retention in the rock, but at high-salinity, high-hardness 

conditions. This is because many reservoir brines have not only a high NaCl salinity but 

also a high hardness; and making the superparamagnetic nanoclusters survive in such 

harsh conditions for a long time has some useful potential applications. Without the 

requirement of preferential adsorption at oil/water interface, the nanocluster coating can 

now be strongly hydrophilic, and to achieve it, we replaced the PBA of PAA-r-PBA with 

a strong sulfonate anion, PS1. The (PAA-PS1)-coated nanocluster dispersion thus 

synthesized achieved the long-term dispersion stability in API brine (8 wt% NaCl + 2 

wt% CaCl2). Two corefloods were performed by injecting 0.2 wt% dispersion, and the 

third coreflood was designed to research the effect of salinity. 

For the first coreflood with 1 wt% NaCl brine (Experiment #64), the normalized 

effluent concentration, Figure 3.33, shows the 50% normalized concentration arriving at 

about 1.4 PV, and reaches a peak of 91% of the injected concentration. The retention was 

unexpectedly high (20.7% of the injected amount). The retention concentration on the 

rock grain surface is 0.32 mg/m
2
 and monolayer coverage is 0.16%. The higher retention 
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of these clusters compared to the more hydrophobic PBA coating of Experiment #51 

(7.4%) may be attributed to higher acrylic acid content.  

 

Figure 3.33: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-PS1 vs. pore volume for coreflood #64.  Three pore 

volumes of nanoparticle suspension (0.2 wt%, pH=9) with 1 wt% NaCl 

were injected, followed by brine with the same pH. 

To determine whether the strongly hydrophilic coating can survive the very harsh 

condition of API brine (8 wt% NaCl + 2 wt% CaCl2), the same nanoclusters dispersed in 

API brine was injected into another core (Experiment #65), with flooding conditions 

otherwise same as those for Experiment #64. The normalized effluent concentration, 

Figure 3.34, shows a long delay in breakthrough with the 50% normalized concentration 

arriving at about 2.5 PV, and reaches a peak of only 0.68. The retention was 54.2% of the 

injected amount after post-flush. 
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Figure 3.34: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-PS1 vs. pore volume for coreflood #65.  Three pore 

volumes of nanoparticle suspension (0.2 wt%, pH=9) with API brine were 

injected, followed by API brine with the same pH. 

When Experiment #65 was finished, brine (containing 1 wt% NaCl) was injected 

through the same core as Experiment #65 (not a new core), and the effluent was then 

collected. A noticeable issue is that the effluent was not stable, and we could see ‘chunks’ 

coming out, which was the only time that we found unstable nanoparticles directly 

coming through the rock. These chunks interfere with the measurement of the 

nanoparticle concentration of the effluent. Thus we collected all of the effluent, and the 

chunks were broken into nanoparticles by probe sonication for twenty-four hours. A mass 

balance shows that 16.1% of the injected nanoparticles (Experiment #65) were 

recoverable during this experiment. The retention concentration at the rock surface was 

reduced from 0.89 mg/m
2
 to 0.63 mg/m

2
. The normalized effluent concentration history 
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was not available due to the chunks. This experiment indicated that there were 16.1% 

recoverable retention and 17.4% permanent retention by the salinity difference (1 wt% 

NaCl and API brine). The 17.4% permanent retention is mainly due to the instability of 

nanoparticle dispersion and nanoparticle aggregation.  

While the effluent from the first coreflood was stable for weeks, the effluent from 

the second coreflood was only stable for less than one day, and there were aggregation 

and chunks in the effluent of the third coreflood. The salt-tolerance test with the effluent 

of Experiment #65 and #66 also indicated the coatings partly were lost during the 

transportation through the rock. In view of the facts that this surface coating is extremely 

hydrophilic and that the long-term dispersion stability in API brine is good, the reason(s) 

for the high retention in the rock is still unclear, and warrants further study. It appears 

that PAA-PSS coating could not prevent the attraction between the cluster and the rock 

surface under API brine condition. Further optimization of the polymer chemistry and 

coating method are needed to ensure both the dispersion stability and low retention in the 

rock. 

 

3.4.11. Nanoclusters Coated with another Sulfonate-Based Polymer (PS2) 

Further efforts were devoted to develop polymer coatings that keep nanoparticles 

dispersed at high-salinity conditions, and sulfonate-based polymer (PS2) was selected as 

the surface coating due to its high salt tolerance. Also, the PS2 with smaller molecular 

weight is commercially available. The pH was maintained at 8, and all of the corefloods 

were performed in Boise sandstone cores.  
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Cross-linked: 

The first sample (Experiment #67) was synthesized and cross-linked (with the 

same cross-linking method as PAA-PS1), and the nanoclusters size was 130 nm. Three 

pore volumes of cross-linked PS2-coated nanoparticle dispersion (0.2 wt%) were injected 

at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent 

concentration history, Figure 3.35, shows the effluent reaches a peak of only 32.7% of 

the injected concentration and the retention was unexpectedly high (88.18% of the 

injected amount). The retention concentration on the rock grain surface is 1.40 mg/m
2
 

and monolayer coverage is 0.71%. This sample and (PAA-PS1)-coated sample were 

cross-linked by the same method, and both of them had high retention at the rock grain 

surface. So we doubt the high retention, or adsorption, may be due to the cross-link 

method.  
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Figure 3.35: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PS2 vs. pore volume for coreflood #67.  Three pore volumes of 

nanoparticle suspension (0.2 wt%, pH=8) with 1 wt% NaCl were injected, 

followed by brine with the same pH. 

 

Uncross-linked, non-dialyzed: 

The second PS2-coated nanocluster sample was uncross-linked, and non-dialyzed. 

Three pore volumes of nanoparticle dispersion (0.2 wt%) were injected into the core 

under the same experimental condition (Experiment #68). The normalized effluent 

concentration history, Figure 3.36, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.4 PV, and the effluent reaches a peak of 

89.8% of the injected concentration. The retention is 29.5% and is much lower than that 

of cross-linked sample (88.18%), which indicated the hexanediamine may not be the 

suitable material for cross-linking reaction of the sulfonate-based polymer. Further 
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optimization of cross-linking method is needed to ensure both the dispersion stability and 

low retention in the rock.  

 

Figure 3.36: Effluent concentration of in-house synthesized nanoclusters coated with 

uncross-linked PS2 vs. pore volume for coreflood #68.  Three pore volumes 

of nanoparticle suspension (0.2 wt%, pH=8) with 1 wt% NaCl were 

injected, followed by brine with the same pH. 

After Experiment #68 was finished and effluent concentration was measured, the 

remained effluent was mixed and uniformed by probe sonication for 30 minutes. The 

nanoparticle concentration was 0.11 wt%. Three pore volumes of this dispersion were 

injected into the same core as Experiment #68 (not a new core) at a flow rate of 2 

mL/min (Experiment #69). The normalized effluent concentration history, Fig 3.37, 

shows a very short delay in breakthrough, with the 50% normalized concentration 
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arriving at about 1.1 PV, and the effluent reaches a peak of 102% of the injected 

concentration.  

 

Figure 3.37: Effluent concentration of in-house synthesized nanoclusters coated with 

uncross-linked PS2 vs. pore volume for coreflood #69.  Three pore volumes 

of nanoparticle suspension (0.11 wt%, pH=8) with 1 wt% NaCl were 

injected, followed by brine with the same pH. 

A mass balance shows that 0.05% of the injected nanoparticles were retained after 

a post-flush. This coreflood indicated that the rock grain surface was ‘saturated’ with 

nanoparticles when Experiment #68 was finished and no more nanoparticles will be 

retained even after injecting another three pore volumes of nanoparticles. Thus, 

nanoparticles injected after the first slug and post-flush function like a conservative tracer 

seen from the effluent concentration history; compare Figure 3.37 with the tracer 

experiment in Figure 3.7. On the other hand, the peak of the effluent is higher than 100% 
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of the injected concentration. A possible explanation is there exists dynamic balance of 

adsorption and desorption at the rock grain surface that gives a net retention of nearly 

zero.  

 

Uncross-linked, dialyzed: 

The nanoparticle dispersion discussed above remains stable for weeks, however, 

some ‘gel’ like material with slightly white color appears in the bottle, which proved to 

be the excess polymer. Further efforts were made to remove the excess polymer from the 

dispersion. All of the corefloods with uncross-linked, dialyzed, PS2-coated nanoparticles 

were conducted by injecting 0.17 wt% of nanoparticle dispersion through Boise 

sandstone core. 

The first coreflood (Experiment #70) was performed by injecting three pore 

volumes of nanoparticle dispersion with 1 wt% NaCl at a flow rate of 2 ml/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history, Figure 3.38, 

shows a delay in breakthrough, with the 50% normalized concentration arriving at about 

1.7 PV, and the effluent reaches a peak of 92% of the injected concentration. A mass 

balance shows that 31.79 wt% of the injected nanoparticles were retained after a post-

flush. The retention concentration is 0.41 mg/m
2
, which is slight lower than that of non-

dialyzed dispersion (0.45 mg/m
2
).  
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Figure 3.38: Effluent concentration of in-house synthesized nanoclusters coated with 

uncross-linked PS2 vs. pore volume for coreflood #70.  Three pore volumes 

of nanoparticle suspension (0.17 wt%, pH=8) with 1 wt% NaCl were 

injected, followed by brine with the same pH. 

The second coreflood (Experiment #71) was conducted by injecting three pore 

volumes of nanoparticle dispersion (the same as Experiment #70) into the same core of 

Experiment #70 (not a new core). The normalized effluent concentration history, Figure 

3.39, shows a delay in breakthrough, with the 50% normalized concentration arriving at 

about 1.1 PV, and the effluent reaches a peak of 98.2% of the injected concentration. A 

mass balance shows that 0.1% of the injected nanoparticles were retained after a post-

flush. This experiment obtained nearly the same results as Experiment #68, except the 

peak of effluent is lower than 100% of injected concentration. This coreflood still 

indicated that the rock grain surface was ‘saturated’ with nanoparticles when Experiment 

#70 was finished and very tiny amount of nanoparticles will be retained even injecting 
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another three pore volumes of nanoparticles, and the re-injected nanoparticles function as 

a conservative tracer. 

 

Figure 3.39: Effluent concentration of in-house synthesized nanoclusters coated with 

uncross-linked PS2 vs. pore volume for coreflood #71 & #72.  Three pore 

volumes of nanoparticle suspension (0.17 wt%, pH=8) with 1 wt% NaCl 

were injected into the core used in coreflood #70 at a flow rate of 2 ml/min, 

followed by brine with the same pH. The flow rate of the post-flush was 

increased to 50 ml/min (red line). 

After Experiment #71 was finished, and there were no nanoparticles coming out 

from the core, the flow rate of the post-flush brine was increased to 50 mL/min (Darcy 

velocity is 465 ft/day). A mass balance shows that 1.58% of the injected nanoparticles 

(Experiment #71) were recoverable during this experiment (Experiment #72), which 

strongly proves the existence of desorption. The recovered amount is equivalent to 

reducing the retention concentration by 0.02 mg/m
2
, or 1.58% of the 0.41 mg/m

2
 retained 
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at the end of Experiment #70. Thus increasing flow rate can enhance nanoparticles 

desorption form the rock grain surface by increasing the hydrodynamic forces.  

All these three corefloods above were performed under 1 wt% NaCl condition. 

Then the nanoparticle dispersion was made with API brine (8 wt% NaCl + 2 wt% CaCl2). 

Three pore volumes of nanoparticle dispersion were injected into a new core (Experiment 

#73) at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent 

concentration history, Figure 3.40, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 3.0 PV, and the effluent reaches a peak of 

57.8% of the injected concentration. A mass balance shows that 69.45% of the injected 

nanoparticles were retained after a post-flush of four pore volumes API brine with the 

same pH. The retention concentration is 0.96 mg/m
2
, which is much higher than 

Experiment #70 (0.41 mg/m
2
).  
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Figure 3.40: Effluent concentration of in-house synthesized nanoclusters coated with 

uncross-linked PS2 vs. pore volume for coreflood #73.  Three pore volumes 

of nanoparticle suspension (0.17 wt%, pH=8) with API brine were injected, 

followed by API brine with the same pH. 

After Experiment #73 with API brine was finished, the same core was post-

flushed by 1 wt% NaCl (Experiment #74). The effluent was collected until there was no 

visual evidence (brown color) of nanoparticle presence in the sample collector. A mass 

balance shows that 23.24% of the injected nanoparticles (Experiment #73) were 

recovered during Experiment #74. The recovered amount is equivalent to reducing the  

retention concentration by 0.32 mg/m
2
, or 23.24% of the 0.96 mg/m

2
 retained at the end 

of Experiment #73.  This experiment indicated that 23.24% recoverable retention (not 

permanent) by the salinity difference (1 wt% NaCl displacing API brine) and 14.42% 

permanent retention. The 14.42% permanent retention is believed to be mainly due to the 

partial loss of surface coating loss subsequent increase in nanocluster size, which was 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7

C
/C

o

Pore Volume



 82 

demonstrated by effluent nanocluster size analysis (as shown in Table E.5). The 

experiment #66 and #74 indicated the retention due to salinity can be partly recoverable 

by decreasing the salinity. 

After Experiment #74 was finished, the flow rate of the post-flush brine was 

increased to 50 mL/min (Darcy velocity is 465 ft/day, Experiment #75). A mass balance 

shows that 3.6% of the injected nanoparticles (Experiment #73) were recovered during 

this experiment. The recovered amount is equivalent to reducing the retention 

concentration by 0.05 mg/m
2
, or 3.6% of the 0.zz mg/m

2
 retained at the end of 

Experiment #74.   The normalized effluent concentration history was shown in Figure 

3.41. It arrived at the same tendency as Experiment #72 that increasing flow rate can 

reduce nanoparticle retention on rock grain surface by increasing desorption. 

 

 

 



 83 

 

Figure 3.41: Effluent concentration of in-house synthesized nanoclusters coated with 

uncross-linked PS2 vs. pore volume for coreflood #74 & #75.  Seven pore 

volumes of brine with 1 wt% NaCl were injected at a flow rate of 2 ml/min. 

The flow rate of the post-flush was increased to 50 ml/min (red line). 

 

3.4.12. Discussion and Summary 

Summaries of the in-house synthesized dispersions characterization, the 

experimental conditions, and the experimental results are listed in Table 3.6, 3.7, 3.8, 

respectively. 
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Table 3.6: Summary of in-house synthesized dispersions and their characterization  

Exp. No. 
Nanoparticle 

State 

C0. 

(wt %) 

Surface 

Coating 
pH 

Salinity 

(%) 

TEM 

(nm) 

D50 

(nm) 

Zeta- 

Potential 
(mV) 

#14 
Nanoclusters 

with TMAOH 
0.12 TMAOH 10 0 3-10 43-62 -32.1 

#15 
Nanoclusters 

with PVP 
0.12 PVP 9 0 3-10 35 -37.4 

#16 
Nanoclusters 

with Oleic Acid 
0.14 Oleic Acid 7 0 3-10 55 -38.8 

#17 
Nanoclusters 

with Oleic Acid 
0.14 Oleic Acid 7 0 3-10 85 -36 

#18 
Citrate 

Nanoclusters 
0.5 Citrate 10 0 3-10 80 -65.6 

#19 

#20 

Nanoclusters 

with Citrate 
0.12 Citrate 8 3 3-10 92 -22.5 

#22 

#23 

Nanoclusters 

with PAA 
0.1 PAA 7 0 3-10 75 -39.7 

#25 
#26 

#27 

Nanoclusters 

with PAA 
0.2 PAA 9 0 3-10 75 -39.7 

#28 

#29 

Nanoclusters with 

PAA+DTAB 
0.2 PAA+DTAB 9 0 3-10 68 N/A 

#30 

#31 

#32 

Nanoclusters with 
cross-linked PAA 

0.1 
Cross-linked 

PAA 
7 0 3-10 90 -47.1 

#33 

#34 

Nanoclusters with 

Eutragit 
0.48 Eutragit 8 1 3-10 180 N/A 

#41 
Cross-linked 

PAA-r-PBA (3:1) 
0.37 PAA-r-PBA 8 1 3-10 400 -45.1 

#42 

#43 

Cross-linked 

PAA-r-PBA (3:1) 
0.37 PAA-r-PBA 8 1 3-10 130 -45.1 

#49 

#50 

Cross-linked 

PAA-r-PBA (3:1) 
0.37 PAA-r-PBA 10 0 3-10 114 -41.0 

#51 

#52 
PAA-PBA-PS1  0.2 PAA-PBA-PS1 8 1 3-10 113 -50.4 

#53 

#54 
Maleic Acid-alt-PSS  0.2 

Maleic Acid-alt-

PSS 
8 0 3-10 44 -58.6 

#60 

#61 
Maleic Acid-alt-PSS  0.5 

Maleic Acid-alt-

PSS 
8 4 3-10 44 N/A 

#62 

#63 

Cross-linked Maleic 

Acid-alt-PSS 
0.2 

Maleic Acid-alt-

PSS 
8 1 3-10 80 -58.6 

#64 
Cross-linked 

PAA-PS1 (3:1) 
0.2 PAA-PS1 9 1 3-10 133 -24 

#65 
Cross-linked 

PAA-PS1 (3:1) 
0.2 PAA-PS1 9 API 3-10 133 N/A 

#67 
Cross-linked 

PS2 Polymer 
0.2 PS2 Polymer 8 1 3-10 130 -23 

#68 

#69 

PS2 Polymer  

(non-dialyzed) 
0.2 PS2 Polymer 8 1 3-10 190 -23 

#70 

#71 

PS2 Polymer  

(dialyzed) 
0.17 PS2 Polymer 8 1 3-10 60 -23 

#73 
PS2 Polymer  

(dialyzed) 
0.17 PS2 Polymer 8 API 3-10 60 N/A 
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Table 3.7: Summary of in-house synthesized nanoparticle coreflood experimental 

conditions  

Exp. 

No. 
Rock 

K 

(md) 
 

PV 

(mL) 

C0. 

(wt %) 

q  

(mL/min) 

PV  

injected 

PV  

post-flush 

#14 Boise 421 0.276 10.65 0.12 2 3 15 

#15 Boise 491 0.276 10.65 0.12 2 2.3 7 

#16 Boise 670 0.28 10.8 0.14 2 2.5 4 

#17 Boise 737 0.277 10.7 0.14 2 3 4 

#18 Boise 590 0.285 10.85 0.5 2 2.77 4 

#19 Boise 576 0.271 10.47 0.12 3 3.22 6 

#20 
Tx Cream 

Limestone 
17.5 0.289 11.16 0.12 2 2.8 6 

#22 Boise 614 0.279 10.76 0.1 2 2.8 4 

#25 Boise 687 0.272 10.48 0.2 2 2.9 4 

#28 Boise 789 0.3 11.61 0.2 2 2.7 4 

#30 Boise 786 0.294 11.36 0.1 2 1.27 6 

#32 Boise 837 0.284 10.95 0.1 2 2.97 6 

#33 Boise 856 0.281 21.7 0.48 2 3 4 

#41 Boise 853 0.274 21.18 0.37 2 3 4 

#42 Boise 876 0.278 21.43 0.37 2 3 4 

#49 Boise 804 0.268 20.66 0.37 2 3 4 

#50 Boise 814 0.265 20.47 0.37 10 3 4 

#51 Boise 1036 0.283 21.83 0.2 2 3 4 

#53 Boise 752 0.292 11.29 0.2 2 1.5 4 

#60 Boise 864 0.278 21.49 0.5 2 3 4 

#62 Boise 897 0.278 21.43 0.2 2 3 4 

#64 Boise 1036 0.283 21.83 0.2 2 3 4 

#65 Boise 770 0.277 21.37 0.2 2 3 4 

#67 Boise 915 0.291 22.48 0.2 2 3 4 

#68 Boise 897 0.289 22.34 0.2 2 3 4 

#70 

#71 
Boise 875 0.289 22.33 0.2 2 3 4 

#73 Boise 912 0.291 22.48 0.17 2 3 4 
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Table 3.8: Summary of in-house synthesized nanoparticle coreflood experimental 

results  

Exp. 

No. 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

Monolayer 

Coverage 

(%) 

Delay 

Breakthrough 

(PV) 

Estimated 

Retention 

Capacity 

(mg/m
2
) 

#14 100 N/A N/A N/A N/A 

#15 100 N/A N/A N/A N/A 

#16 89.7 N/A N/A N/A N/A 

#17 91.5 N/A N/A N/A N/A 

#18 8.73 0.32 0.26 0.7 0.61 

#19 2.7 0.03 0.02 0.4 0.08 

#20 16.4 0.04 0.03 0.8 0.17 

#22 9.7 0.07 0.06 0.4 0.07 

#25 6.71 0.10 0.09 0.5 0.17 

#28 7.05 0.10 0.10 0.55 0.20 

#30 8.21 0.03 0.02 0.4 0.07 

#32 95 N/A N/A N/A N/A 

#33 45.74 1.71 0.63 1.4 1.16 

#41 52.8 1.52 0.25 N/A N/A 

#42 32.5 0.92 0.47 0.5 0.31 

#49 4.7 0.13 0.07 0.6 0.37 

#50 4.5 0.12 0.07 0.3 0.18 

#51 7.4 0.12 0.07 0.3 0.10 

#53 1.83 0.01 0.02 0.5 0.18 

#60 6.2 0.24 0.36 0.4 0.34 

#62 1.5 0.02 0.02 0.3 0.10 

#64 20.7 0.32 0.16 0.4 0.14 

#65 54.2 0.89 0.44 1.5 0.51 

#66
* 

-16.1 -0.27 N/A N/A N/A 

#67 88.18 1.40 0.71 N/A N/A 

#68 29.5 0.45 0.16 0.4 0.14 

#69
* 

0.05 0.0004 0.0002 0.1 0.02 

#70 31.79 0.41 0.46 0.7 0.21 

#71
* 

0.1 0.001 0.002 0.1 0.03 

#73 69.45 0.96 1.06 2 0.61 
 

*
: Inject nanoparticle dispersion into a former used core, not into a new core 

 

The mechanisms relating to nanoparticle transport and retention, and the effect of 

different parameters will be further discussed in Chapter 6. The following conclusions 

can be made from our study of optimizing the surface coating for iron-oxide nanoclusters, 

to achieve long-term dispersion stability, long-distance transportability with minimal 
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retention at rock surface, and good adsorption of nanoclusters at the water/oil interfaces 

in reservoir rock pores: 

(1) A procedure to identify efficiently a surface coating to a given iron oxide 

paramagnetic nanoparticle, that will allow both long-term dispersion stability and long-

distance transportability in a given reservoir rock, has been developed and is being 

refined; 

(2) While the long-term dispersion stability is a necessary pre-requisite to achieve 

the long-distance transportability, it does not necessarily allow the transportability. While 

the dispersion stability will ensure that the small-size nanoparticles pass through the rock 

pore throats freely, they may still be adsorbed on the pore wall, depending on the 

interaction forces between the particle surface coating and the pore wall, i.e., PVP, 

TMAOH and oleic acid bilayer coatings also stabilized nanoparticle dispersion, but the 

attraction between polymer and rock grain surface led to high or near-total retention of 

injected nanoparticles; 

(3) To achieve the long-term dispersion stability and low retention in the rock, 

generally a highly hydrophilic coating with negative surface charges is preferred. To 

enhance nanoparticle adsorption at water/oil interface, increasing the hydrophobicity of 

the coating is usually required, which however increases the nanoparticle retention in the 

rock. Such was the case with the Eutragit and PAA-r-PBA coatings; 

(4) The coreflood experiments demonstrate that, with a proper surface coating, 

dispersions of iron-oxide paramagnetic nanoparticles can be transported through 

sedimentary rocks of both high permeability (Boise sandstone) and low permeability 

(Texas Cream limestone). Some delay in the arrival of the injected concentration of 

nanoparticles in the core effluent occurred, indicating attractive interactions between 

particles and pore walls. Nevertheless large effluent concentrations of suitably coated 
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particles were observed, and more than 98% of the injected nanoparticles could be eluted 

during post-flush; 

(5) With its ability to form a strong complexation on the surface of iron-oxide 

nanoclusters and a highly negative surface charge, and with its capability to bring the 

nanoclusters to preferred adsorption at water/oil interfaces, Maleic Acid-alt-PSS appears 

to be a good surface coating agent for many reservoir applications, except the low CaCl2 

tolerance; 

(6) Although the surface charge for PS2-coated nanoparticles is not so high 

negative, it can survive harsh conditions, i.e., API brine. However, the cross-linking 

reaction for PS2-coated nanoparticles should be further researched and modified. 

 

3.5. SUMMARY AND CONCLUSION 

The coreflood experiments demonstrate that, with a proper surface coating, even 

relatively concentrated dispersions of silica nanoparticles and iron-oxide paramagnetic 

nanoparticles can be transported through sedimentary rocks of both high permeability 

(Boise sandstone) and low permeability (Texas Cream limestone). Some delay in the 

arrival of the injected concentration of nanoparticles in the core effluent occurred, 

indicating attractive interactions between particles and pore walls. Nevertheless large 

effluent concentrations of suitably coated particles were observed, and more than 90% of 

the injected nanoparticles could be eluted during post-flush. 

The apparent viscosity measured as the silica nanoparticle dispersions flow 

through the cores is somewhat lower than the independently measured bulk viscosity. 

This indicates that despite their extreme small size the nanoparticles in concentrated 

dispersions still retain their colloidal character during flow in small pore channels. The 
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exact reasons for the enhanced migration are not known yet, but could be explained by 

the apparent slippage at the wall caused by the existence of a viscosity depletion layer 

during the concentrated particulate flow. 

For both the dispersion stability and the transportability in the reservoir rock, the 

reservoir brine salinity and pH are important design parameters because they control not 

only the electrostatic repulsion between the particles and between the particle and the 

pore wall, but also the molecular conformation and hydrogen-bonding capability of the 

coating layer on the nanoparticle surface. Our corefloods suggest that reducing 

nanoclsuter size can decrease the retention of paramagnetic nanoparticle at rock surfaces. 

Bringing in a strong anionic constituent monomer, such as sulfonic acid, to the coating 

polymer also decreases the particle retention in the rock. 
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CHAPTER 4: Transport and Retention of Nanoparticles in Boise 

Sandstone Rocks Containing Water & Oil 

To date, there is no public literature on transport and retention of nanoparticles at 

the water/oil interface. This chapter investigates the transport and retention of 

nanoparticles in Boise sandstone rocks containing water and oil phases. The oil phase is 

at residual saturation for all experiments reported here. In-house synthesized 

paramagnetic nanoparticles with different surface coatings are employed. Coreflood 

experiments are analyzed for retention at water/oil interface, and comparison with the 

retention at rock grain surface enables evaluation of surface coating. The goal is to 

maximizing the retention of nanoparticles at the water/oil interface. 

 

4.1. EXPERIMENTAL METHOD 

The experimental set-up and nanoparticle characterization techniques for the 

corefloods are the same as Chapter 3.  

n-Decane (LOT 106511, Fisher Scientific, NJ) was mainly employed as the oil 

phase, and mineral oil (LOT 072798, Fisher Scientific, NJ) was also used to research the 

effect of oil type and oil composition. 

All corefloods were performed in Boise sandstone cores, and the two-phase 

coreflood procedure is shown below: 

I. The core was initially dried for more than ten days and weighed in air; 

II. The core was then vacuumed for twenty-four hours and saturated with 

water (having the same pH and salinity with nanoparticle dispersion), and 

weighed again. Porosity was calculated by the weight difference and the 

core dimensions; 
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III. The constant-rate injection of water (the same as above) was carried out to 

obtain the permeability of the core, calculated by Darcy’s law; 

IV. Oil was injected into the core until no more water came out, thus 

achieving residual water saturation; 

V. Water (the same as above) was then injected into the core until no oil 

came out, thus achieving residual oil saturation; 

VI. Certain pore volumes of nanoparticle dispersions were injected through 

the core; 

VII. Water (the same as above) was then injected through the core as post-flush 

until no more nanoparticles came out. Effluent was collected by fractional 

collector, and nanoparticle concentration was measured. The retention is 

computed by mass balance from the measured effluent concentrations and 

weights. 

 

4.2. WATER/OIL INTERFACIAL AREA 

Two primary methods are available to measure fluid-fluid interfacial areas for 

natural porous media systems, interfacial partitioning tracer tests (Brusseau et al., 2006, 

2009; Saripalli et al., 1997, 1998), and high-resolution microtomography (Culligan et al., 

2004; Prodanovic et al., 2006). The results of prior studies have shown that interfacial 

areas measured with the interfacial partitioning tracer test (IPTT) method are larger than 

values measured with microtomography. The observed disparity has been hypothesized 

to result from the impact of porous medium surface roughness. Specifically, it is 

postulated that the microtomography method is unable to measure the interfacial area 
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associated with microscopic surface roughness due to resolution constraints, whereas the 

IPTT method does characterize some portion of roughness-associated interfacial area.  

The IPTT method indeed cannot measure the effective water/oil interfacial areas 

for nanoparticle retention. For water-wet Boise sandstone rocks, there exists very thin 

water film trapped between the residual oil and the rock grain surface. For nanoparticles 

transport through the rock, it is impossible for nanoparticles to adsorb at these thin 

films/oil interfaces, because hydrophilic nanoparticles cannot disperse or transport 

through oil phase to reach the thin water film/oil interface. The IPTT method account for 

not only the effective water/oil interfacial areas but also the thin water film/oil interfacial 

areas. Hence it would overestimate the area relevant for nanoparticle retention. The 

equipment of high-resolution microtomography was not available for this project. 

Instead, the water/oil interfacial area is estimated with theoretical/computational methods 

which have been validated for other porous media (Bryant and Johnson, 2004; Gladkikh, 

2003, 2005; Rodriguez, 2011). During imbibition process, the interfacial area is estimated 

to be 20% of total grain surface area in Boise sandstone cores with 28% residual oil 

saturation. 

 

4.3. EXPERIMENTAL RESULTS 

Before the nanoparticle coreflood in Boise sandstone cores containing water and 

oil, the analogous coreflood should be conducted firstly in Boise sandstone cores without 

oil under the same experimental conditions, i.e., nanoparticle dispersion, salinity, pH and 

flow rate. These experiments are described in Chapter 3. We assume that the nanoparticle 

retention at rock grain surface is the same for experiments with/without oil. We also 

assume the water/rock (oil/rock) surface area is equal to total rock surface area multiplied 
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by water (oil) saturation. Based on the value of dispersion weight, effluent concentration 

and surface area, the retained mass of nanoparticles and retention concentration at 

water/oil interface can be calculated. 

                        (                        ) 

 
                                             (            )                           

                    
 

 

4.3.1. Nanoclusters Coated with PAA  

Non-dialyzed 

The PAA-coated nanoparticle dispersion was described in Appendix E.4.5, with 

75 nm nanocluster size and 39.7 mV zeta potential. The coreflood (Experiment #23) 

was performed in a Boise sandstone core having residual oil saturation of 28% (Decane). 

2.7 pore volumes (moveable pore volume) of nanoparticle dispersion were injected at a 

flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent 

concentration history, Figure C.4, reaches a peak of 96.7% of the injected concentration. 

A mass balance shows that 12.4 wt% of the injected nanoparticles were retained after a 

post-flush. The comparison of the corefloods with/without oil was shown in Figure 4.1. 

The ‘pore volume’ in this research means moveable pore volume. It is the total pore 

volume for cores without oil, and it is water space pore volume (total pore volume × 

water saturation) for cores with oil, because residual oil occupies pore space and aqueous 

nanoparticle dispersion will not transport through oil phase. There is more arrival delay 

for coreflood with oil because of more nanoparticle adsorption. For the coreflood with      

oil, there is less nanoparticle adsorption on the rock, because the oil phase prevents the 

dispersion from contacting part of the rock surface. On the other hand, there is adsorption 

on the water/oil interface, which does not occur in the coreflood without oil. Thus the red 
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curve (effluent history with residual oil) would show breakthrough earlier than the blue 

curve (effluent history without oil) if no nanoparticles adsorb at water/oil interface. If 

substantial adsorption at the water/oil interface occurs, the red curve can show 

breakthrough later than the blue curve. 

 

Figure 4.1:  Normalized effluent concentration of PAA-coated nanoparticles (Experiment 

#22 & #23) vs. moveable pore volume for Boise sandstone. 2.7 pore 

volumes of nanoparticle suspension (0.1 wt%, pH=7) were injected, 

followed by deionized water with the same pH. 

The retention concentration at rock grain surface and water/oil interface were 0.07 

mg/m
2
 and 0.08 mg/m

2
, respectively. It indicated that PAA-coated nanoparticles would 

not like to adsorb at rock grain surface nor water/oil interface, which also can be proved 

by the effluent concentration history: the coreflood with oil shows a relatively longer 
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delay in breakthrough than without oil, but the breakthrough difference is small (about 

0.1 pore volume).  

 

Dialyzed 

The same nanoparticles were tested after removing the excess polymer from the 

aqueous dispersion. The dialysis process does not affect the nanocluster size or zeta 

potential. Two experiments were conducted in Boise sandstone cores to research the 

effect of oil type. 

The first coreflood (Experiment #26) was tested in a core having 30% residual oil 

saturation (mineral oil). 2.7 pore volumes (moveable pore volume) of nanoparticle 

dispersion (0.2 wt%, pH=9) were injected at a flow rate of 2 mL/min (Darcy velocity is 

18.6 ft/day). The normalized effluent concentration history, Figure C.6, reaches a peak 

of 86.7% of the injected concentration. A mass balance shows that 7.0 wt% of the 

injected nanoparticles were retained after a post-flush with deionized water. The retention 

concentration at rock grain surface and water/oil interface were 0.01 mg/m
2
 and 0.04 

mg/m
2
, respectively.  

The second coreflood (Experiment #27) was performed in a core having 28% 

residual oil saturation (decane). 3.3 pore volumes (moveable pore volume) of 

nanoparticle dispersion were injected under the same experimental conditions. The 

normalized effluent concentration history, Figure C.7, reaches a peak of 91.6% of the 

injected concentration. A mass balance shows that 8.13 wt% of the injected nanoparticles 

were retained after a post-flush of deionized water. The retention concentration at rock 

grain surface and water/oil interface were 0.10 mg/m
2
 and 0.17 mg/m

2
, respectively. The 

comparison of the corefloods with/without oil was shown in Figure 4.2. 
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Figure 4.2:  Normalized effluent concentration of PAA-coated nanoparticles (Experiment 

#25 & #26 & #27) vs. moveable pore volume for Boise sandstone. 

Nanoparticle suspension (0.2 wt%, pH=9) were injected, followed by 

deionized water with the same pH. 

This set of corefloods indicated PAA-coated nanoparticles would more like to 

adsorb at water/decane interface rather than at water/mineral oil interface. One reason 

may be the adsorption of nanoparticles at water/oil interface is related to the carbon 

number, and decane has a higher carbon number. The retention concentration at 

water/decane interface is about four times of that at water/mineral oil interface, and the 

effluent concentration history also shows the same tendency. The breakthrough 

difference between coreflood without oil and with mineral oil is very small (less than 

0.05 pore volume). The retention concentration at water/oil interface seems independent 

of dialysis process, and the difference between decane results here and decane result non-

dialyzed should be caused by nanoparticle concentration. 
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PAA+DTAB 

Though the tests with dialyzed samples showed more nanoparticles adsorption at 

water/decane interface than at water/mineral oil interface, the retention concentration at 

water/oil interface was still relatively low. Further efforts were made by adding relatively 

hydrophobic DTAB with PAA-coated nanoparticles to increase the hydrophobicity of 

nanoparticle surface, and then presumably more nanoparticle adsorption at water/oil 

interface.  

This coreflood (Experiment #29) was performed in a core having 28% residual oil 

saturation (decane). 3.3 pore volumes (moveable pore volume) of nanoparticle dispersion 

(0.2 wt%, pH=9) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.8, reaches a peak of 94.5% of 

the injected concentration. A mass balance shows that 9.35 wt% of the injected 

nanoparticles were retained after a post-flush with deionized water. The retention 

concentration at rock grain surface and water/oil interface were 0.10 mg/m
2
 and 0.25 

mg/m
2
, respectively. The comparison of the corefloods with/without oil was shown in 

Figure 4.3. The relatively bigger breakthrough difference between coreflood with and 

without oil indicated there is more nanoparticle adsorption at water/oil interface. 
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Figure 4.3:  Normalized effluent concentration of (PAA+DTAB)-coated nanoparticles 

(Experiment #28 & #29) vs. moveable pore volume for Boise sandstone. 

Nanoparticle suspension (0.2 wt%, pH=9) were injected, followed by 

deionized water with the same pH. 

The use of DTAB increases nanoparticle adsorption at water/oil interface from 

0.17 mg/m
2
 to 0.25 mg/m

2
, however, it also increases nanoparticle retention 

concentration at rock grain surface. Moreover, the effluent from all tests above by using 

PAA, or PAA+DTAB cannot remain stable for a long time, i.e., one week, which 

indicated the surface coatings may have been partly lost during transportation through the 

Boise sandstone cores. Further attempts were made to stabilize the nanoparticle 

dispersions by cross-linking reaction on polymer-stabilized iron oxide surface. 
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Cross-linked PAA 

For cross-linked PAA-coated nanoparticle dispersion, the coreflood in rock 

without oil showed the effluent could be stable for weeks and there is no aggregation. 

Another coreflood (Experiment #31) was performed in a core having 27% residual oil 

saturation (decane). 2.2 pore volumes (moveable pore volume) of nanoparticle dispersion 

(0.1 wt%, pH=7) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.9, reaches a peak of 94.5% of 

the injected concentration. A mass balance shows that 9.35 wt% of the injected 

nanoparticles were retained after a post-flush with deionized water. The retention 

concentration at rock grain surface and water/oil interface were 0.03 mg/m
2
 and 0.09 

mg/m
2
, respectively. The ratio of retention concentration at water/oil interface over that at 

rock grain surface is 3.35, which is larger than any other PAA-coated nanoparticle 

dispersion. The high ratio is not achieved by increasing the retention at water/oil 

interface, but by decreasing the retention concentration at rock grain surface. The 

comparison of the corefloods with/without oil was shown in Figure 4.4, which showed 

obvious breakthrough difference and this difference is obtained by reducing the 

breakthrough delay of coreflood without oil. The peak of effluent for coreflood with oil is 

higher than that for coreflood without oil, mainly due to more pore volumes of 

nanoparticle injection. 

The cross-linked synthesis method can dramatically reduce retention 

concentration at rock grain surface. However, it did not increase nanoparticle adsorption 

at water/oil interface, as intended, because the coating was too hydrophilic. We therefore 

tried other surface coatings more hydrophobic. 
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Figure 4.4:  Normalized effluent concentration of cross-linked PAA-coated nanoparticles 

(Experiment #30 & #31) vs. moveable pore volume for Boise sandstone. 

Nanoparticle suspension (0.1 wt%, pH=7) were injected, followed by 

deionized water with the same pH. 

 

4.3.2. Nanoclusters Coated with Eutragit  

Eutragit was employed as surface coating because it is more hydrophobic than 

PAA. The eutragit-coated nanoparticle dispersion was described in Appendix 3.4.6, with 

180 nm nanocluster size. The coreflood (Experiment #34) was performed in a Boise 

sandstone core having residual oil saturation of 27% (Decane). 4.2 pore volumes 

(moveable pore volume) of nanoparticle dispersion with 1 wt% NaCl were injected at a 

flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent 

concentration history, Figure C.11, reaches a peak of 43.3% of the injected 
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concentration. A mass balance shows that 58.1 wt% of the injected nanoparticles were 

retained after a post-flush. The comparison of the corefloods with/without oil was shown 

in Figure 4.5.  

 

Figure 4.5:  Normalized effluent concentration of Eutragit-coated nanoparticles 

(Experiment #33 & #34) vs. moveable pore volume for Boise sandstone. 

Nanoparticle suspension (0.48 wt%, pH=8) with 1 wt% NaCl were injected, 

followed by brine with the same pH. 

For these two corefloods, the same amount of nanoparticle dispersion was 

injected. The relatively big retention difference (45.7% vs. 58.1%) is a strong evidence 

that nanoparticle adsorption at water/oil interface, which also can be proved by the 

effluent concentration history: the peak of effluent concentration for coreflood with oil is 

much lower than that without oil, and the effluent concentration distribution is more 

uniform. 
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The retention concentration at water/oil interface is 4.6 mg/m
2
, which is much 

larger than PAA-coated nanoparticle results. It proved our hypothesis that the increased 

hydrophobicity of the coating induced a higher adsorption at the water/oil interface. 

However, the retention concentration at rock grain surface is 1.17 mg/m
2
, which is also 

much larger than PAA-coated nanoparticle results. It indicated that eutragit-coated 

nanoparticles would like to adsorb not only at water/oil interface but also at rock grain 

surface. The higher retention at rock grain surface is most likely due to the large size of 

the nanocluster and partial surface coating lost during transportation through the rock. 

 

4.3.3. Nanoclusters Coated with PAA-r-PBA  

As revealed by the above and earlier (Yu et al., 2010) attempts, satisfying the dual 

requirements of a low retention at rock surface and a high adsorption at water/oil 

interface proved to be difficult.  We therefore decided to employ co-polymers for coating, 

a constituent monomer of which is hydrophilic and the other monomer is hydrophobic. 

By varying the relative fractions of the constituent monomers, the hydrophobic-

hydrophilic balance of the surface coating is thus adjusted to better satisfy the above dual 

requirements. PAA-r-PBA was then employed as the surface coating, and the (PAA-r-

PBA)-coated nanoparticle dispersion was described in Appendix E.4.7.  

 

Uncross-linked 

Firstly, the uncross-linked (PAA-r-PBA)-coated nanoparticle dispersion was 

tested. The nanoclusters size was 400 nm and zeta potential was 45.07 mV, which is 

high enough to disperse nanoparticles in aqueous phase. The first coreflood (Experiment 

#36) was performed in a core with 28% residual oil saturation (decane). 1.1 pore volumes 
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(moveable pore volume) of nanoparticle dispersion (0.5 wt%, pH=8) with 1 wt% NaCl 

were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure C.13, reaches a peak of 48.1% of the injected 

concentration. The retention is 72.37 % after a post-flush, and the retention concentration 

at water/oil interface is 1.74 mg/m
2
. 

The second coreflood (Experiment #37) was designed to research the effect of 

residual oil saturation. The relatively lower residual oil saturation can be achieved by 

increasing water flow rate from 2 mL/min to 50 mL/min under laboratory conditions, 

though this is not achievable in field. The residual oil saturation was decreased from 28% 

to 20%. One pore volume of nanoparticle dispersion was injected. The normalized 

effluent concentration history, Figure C.14, reaches a peak of 55.9% of the injected 

concentration. The retention is 64.09 % after a post-flush, and the retention concentration 

at water/oil interface is 1.49 mg/m
2
. 

The comparison of the corefloods with/without oil was shown in Figure 4.6. 

Compared with the retention (53.4%) for coreflood without oil, the corefloods with oil 

indicated the capability of nanoparticle adsorption at water/oil interface, and more 

retention for higher residual oil saturation because higher residual oil saturation means 

more water/oil interfacial area. The retention concentration at rock grain surface is 0.05 

mg/m
2
, which is lower than that of eutragit-coated nanoparticles but higher than that of 

PAA-coated nanoparticles. 

One concern for this set of corefloods is the amount of nanoparticle dispersions 

injection is not enough. Only about one pore volume of nanoparticle dispersion was 

injected through the core, and we doubt whether the rock grain surface and water/oil 

interface are ‘saturated’ with nanoparticles. So another set of experiments was conducted. 
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Figure 4.6:  Normalized effluent concentration of uncross-linked (PAA-r-PBA)-coated 

nanoparticles (Experiment #35 & #36 & #37) vs. moveable pore volume for 

Boise sandstone. Nanoparticle suspension (0.5 wt%, pH=8) with 1 wt% 

NaCl were injected, followed by brine with the same pH. 

To investigate the effect of volume of nanoparticle dispersion injected, another 

two corefloods were conducted. This coreflood (Experiment #40) was conducted in a 

core with 28% residual oil saturation (decane), 4.2 movable pore volumes of nanoparticle 

dispersions were injected into the core under the same experimental conditions as above. 

The normalized effluent concentration history, Figure C.17, reaches a peak of 55.8% of 

the injected concentration. A mass balance shows that 61.62 wt% of the injected 

nanoparticles were retained after a post-flush of brine with the same pH. The retention 

concentration at rock grain surface and water/oil interface were 1.26 mg/m
2
 and 5.09 

mg/m
2
, respectively. The comparison of the corefloods with/without oil was shown in 

Figure 4.7. 
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Figure 4.7:  Normalized effluent concentration of uncross-linked (PAA-r-PBA)-coated 

nanoparticles (Experiment #38 & #40) vs. moveable pore volume for Boise 

sandstone. Nanoparticle suspension (0.4 wt%, pH=8) with 1 wt% NaCl were 

injected, followed by brine with the same pH. 

The values of retention concentration at rock grain surface and water/oil interface 

were experimentally proved to be related with nanoparticle dispersion injected pore 

volumes. The surface seems not saturated with retained nanoparticles in the case of small 

amount of dispersion injected (Experiment #35-#37), and the retention concentration at 

rock surface and water/oil interface would be increased when more pore volumes of 

dispersion injected. 
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Cross-linked 

The characterization of cross-linked (PAA-r-PBA)-coated nanoparticle was 

discussed in Section 3.4.7. The nanoclusters size was 130 nm, and the other properties, 

i.e., pH value, salinity, and zeta potential, were the same as above. This coreflood 

(Experiment #43) was performed in a core with 28% residual oil saturation (decane). 4.2 

pore volumes (moveable pore volume) of nanoparticle dispersion (0.37 wt%, pH=8) were 

injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure C.19, reaches a peak of 81.7% of the injected 

concentration. A mass balance shows that 48.1 wt% of the injected nanoparticles were 

retained after a post-flush of brine.  

The retention concentration at rock grain surface and water/oil interface were 0.92 

mg/m
2
 and 4.5 mg/m

2
, respectively. Compared with Experiment #40 by using uncross-

linked (PAA-r-PBA)-coated nanoparticle, it demonstrated the retention concentrations at 

rock grain surface and water/oil interface were both decreased for cross-linked samples. 

However, effluent of all corefloods discussed above cannot remain stable for a long time, 

even the cross-linked sample. Many other experiments indicated PBA is too sensitive to 

pH and salinity, and the PAA-r-PBA coating did not provide a sufficient electrostatic 

repulsion. Further attempts were made to improve the stability of nanoparticle dispersion.  

The comparison of the corefloods with/without oil was shown in Figure 4.8. The 

breakthrough difference indicates there is nanoparticles adsorption at water/oil interface. 
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Figure 4.8:  Normalized effluent concentration of cross-linked (PAA-r-PBA)-coated 

nanoparticles (Experiment #42 & #43) vs. moveable pore volume for Boise 

sandstone. Nanoparticle dispersion (0.37 wt%, pH=8) with 1 wt% NaCl 

were injected, followed by brine with the same pH. 

 

4.3.4. Nanoclusters Coated with PAA-PBA-PS1  

In order to satisfy the dual requirements of a low retention concentration at rock 

surface and a high adsorption at water/oil interface, we further tried different constituent 

monomers of the coating polymer, and thereby creating nanoclusters of different surface 

wettability. As the PAA-r-PBA coating did not provide a sufficient electrostatic 

repulsion, we needed a stronger anionic moiety than the weak anion provided by PAA. A 

ter-polymer, PAA-PBA-PS1, was employed as the surface coating, because PS1 is a 

strong anion and is much less sensitive to pH than PAA and had high salt tolerance. It is 
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noted that the PAA ligand is still required because its three carboxylic branches not only 

allow attachment to the iron-oxide core but also is needed for the crosslinking of the 

polymer. The PAA-PBA-PS1 (1:1:2)-coated nanoparticles were synthesized with 113 nm 

clusters size and -50.4 mV zeta potential, which provide sufficient electrostatic repulsion 

between nanoparticles resulting in better dispersion stability and higher salt tolerance. 

This coreflood (Experiment #52) was performed in a core with 28% residual oil 

saturation (decane). 4.2 pore volumes (moveable pore volume) of nanoparticle dispersion 

(0.2 wt%, pH=8) with 1 wt% NaCl were injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history, Figure C.25, 

reaches a peak of 95.2% of the injected concentration. A mass balance shows that 10.8 

wt% of the injected nanoparticles were retained after a post-flush of brine.  

The retention concentration at rock grain surface and water/oil interface were 0.12 

mg/m
2
 and 0.39 mg/m

2
, respectively. Compared with Experiment #43 by using cross-

linked (PAA-r-PBA)-coated nanoparticle, it demonstrated the retention concentration at 

rock grain surface and water/oil interface were both decreased for (PAA-PBA-PS1)-

coated nanoparticle dispersion. One reason may be that adding PS1 reduced the 

hydrophobicity of the nanoparticles. Another notable finding was the effluent of this 

coreflood could remain stable for a long time, which is also due to the PSS part. The 

comparison of the corefloods with/without oil was shown in Figure 4.9. There is slight 

evidence for preferred nanocluster adsorption at water/oil interface, but this is less than 

the results with the eutragit-coated or (PAA-PBA)-coated nanoclusters. 
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Figure 4.9:  Normalized effluent concentration of PAA-PBA-PS1 (1:1:2)-coated 

nanoparticles (Experiment #51 & #52) vs. moveable pore volume for Boise 

sandstone. Nanoparticle suspension (0.2 wt%, pH=8) with 1 wt% NaCl were 

injected, followed by brine with the same pH. 

 

4.3.5. Nanoclusters Coated with Maleic Acid-alt-PSS  

As a continuing effort to optimize the surface coating to satisfy the pre-requisites 

discussed above, nanoclusters were synthesized with Maleic Acid-alt-PSS as the surface 

coating. Maleic acid was employed instead of PAA (or PAA-r-PBA), because of its low 

cost and because its two carboxylic branches can carry out the tasks of attaching to the 

iron-oxide core and the polymer crosslinking, as was done by the PAA’s carboxylic 

branches. With the presence of PSS, this coating also provides a strong electrostatic 
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repulsion, evidenced by the measured zeta potential of 58.6 mV, and the long-term 

dispersion stability maintained for salinities up to 8 wt% NaCl. 

 

Uncross-linked 

The first coreflood (Experiment #54) was performed in a core with 28% residual 

oil saturation (decane). Two pore volumes (moveable pore volume) of nanoparticle 

dispersion (0.2 wt%, pH=8, 44 nm) were injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history, Figure C.26, 

reaches a peak of 68.0% of the injected concentration. A mass balance shows that 10.57 

wt% of the injected nanoparticles were retained after a post-flush with deionized water. 

The comparison of the corefloods with/without oil was shown in Figure 4.10. There is 

strong evidence for preferred nanocluster adsorption at water/oil interface, and this is 

more than the results with the PAA-coated or (PAA-PBA-PS1)-coated nanoclusters. The 

retention concentration at rock grain surface and water/oil interface were 0.01 mg/m
2
 and 

0.36 mg/m
2
, respectively. The ratio of retention concentration is 24.5, which is larger 

than any other surface coatings, which indicated the (Maleic Acid-alt-PSS)-coated 

nanoparticles would more like to adsorb at water/oil interface rather than retain at the 

rock grain surface. The high ratio number is mainly due to the extremely low retention at 

the rock grain surface. 
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Figure 4.10: Normalized effluent concentration of (Maleic Acid-alt-PSS)-coated 

nanoparticles (Experiment #53 & #54) vs. moveable pore volume for Boise 

sandstone. Nanoparticle suspension (0.2 wt%, pH=8) with were injected, 

followed by deionized water with the same pH. 

The second experiment (Experiment #61) was designed to verify our hypothesis 

that increasing salinity can results in more nanoparticle adsorption at water/oil interface. 

The coreflood was conducted in a core with 28% residual oil saturation (decane). 4.2 pore 

volumes (moveable pore volume) of nanoparticle dispersion (0.5 wt%, 44 nm, pH=8) 

with 4 wt% NaCl were injected under the same experimental condition as Experiment 

#54. The normalized effluent concentration history, Figure C.32, reaches a peak of 98% 

of the injected concentration. A mass balance shows that 9.9 wt% of the injected 

nanoparticles were retained after a post-flush with 4 wt% NaCl brine. The comparison of 

the corefloods with/without oil was shown in Figure 4.11. There is still strong evidence 

for preferred nanocluster adsorption at water/oil interface.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8 9 10

C
/C

o

Pore Volume

without oil

with oil (Sor=28%)



 112 

 

Figure 4.11: Normalized effluent concentration of (Maleic Acid-alt-PSS)-coated 

nanoparticles (Experiment #60 & #61) vs. moveable pore volume for Boise 

sandstone. Nanoparticle suspension (0.2 wt%, pH=8) with were injected, 

followed by 4 wt% NaCl brine with the same pH. 

The retention concentration at rock grain surface and water/oil interface were 0.24 

mg/m
2
 and 1.09 mg/m

2
, respectively. It indicated increasing salinity (ionic strength) will 

increase nanoparticles retention both at rock grain surface and at water/oil interface. The 

(Maleic Acid-alt-PSS)-coated nanoparticles are hydrophilic, and the interaction energy 

for nanoparticle aqueous dispersion is favorable when there is no salt. After 4 wt% NaCl 

were added, the water and ion forms hydration because Na
+
 is more hydrophilic than 

surface-modified nanoparticle which forces more nanoparticle adsorption at water/oil 

interface. The retention concentration at water/oil interface is increased from 0.36 mg/m
2
 

in Experiment #54 to 1.09 mg/m
2
 with 4 wt% NaCl.    
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Maleic Acid-alt-PSS +DTAB 

Further efforts were made by adding relatively hydrophobic DTAB with (Maleic 

Acid-alt-PSS)-coated nanoparticles to increase the hydrophobicity of nanoparticle 

surface, and then tested the retention concentration at rock grain surface and water/oil 

interface. Mineral oil and decane are employed as oil phase for corefloods, respectively. 

The first coreflood (Experiment #58) was conducted in a core with 30% residual 

oil saturation (mineral oil). 4.2 pore volumes (moveable pore volume) of nanoparticle 

dispersion (0.5 wt%, pH=8) were injected at a flow rate of 2 mL/min (Darcy velocity is 

18.6 ft/day). The normalized effluent concentration history, Figure C.30, reaches a peak 

of 90.6% of the injected concentration. A mass balance shows that 13.5 wt% of the 

injected nanoparticles were retained after a post-flush with deionized water. The retention 

concentration at rock grain surface and water/oil interface were 0.67mg/m
2
 and 0.40 

mg/m
2
, respectively. It indicated the retention at water/oil interface is not increased too 

much with adding of DTAB, however, the retention concentration at rock grain surface 

was increased from 0.01 mg/m
2
 to 0.67mg/m

2
.  

The second coreflood (Experiment #59) was performed in a core with 28% 

residual oil saturation (decane). 4.2 pore volumes (moveable pore volume) of 

nanoparticle dispersion (the same as Experiment #58) were injected under the same 

experimental conditions. The normalized effluent concentration history, Figure C.31, 

reaches a peak of 89.3% of the injected concentration. A mass balance shows that 17.6 

wt% of the injected nanoparticles were retained after a post-flush with deionized water. 

The retention concentration at rock grain surface and water/oil interface were 0.67 mg/m
2
 

and 0.98 mg/m
2
, respectively. It indicated nanoparticles would more like to adsorb at 

water/decane interface rather than at water/mineral oil interface.  
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One reason may be the adsorption of nanoparticles at water/oil interface is related 

to the carbon number, and decane has a higher carbon number. The retention 

concentration at water/decane interface is more than two times of that at water/mineral oil 

interface, and the effluent concentration history, Figure 4.12, also exhibits the same 

tendency. The breakthrough difference between coreflood without oil and with mineral 

oil is very small (less than 0.1 pore volume). 

 

Figure 4.12: Normalized effluent concentration of (Maleic Acid-alt-PSS + DTAB)-coated 

nanoparticles (Experiment #57 & #58 & #59) vs. moveable pore volume for 

Boise sandstone. Nanoparticle suspension (0.5 wt%, pH=8) were injected, 

followed by deionized water with the same pH. 
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Cross-linked 

The DTAB is very sensitive to salinity. The (Maleic Acid-alt-PSS+DTAB)-

coated nanoparticles cannot remain stable with NaCl. To better research the transport of 

paramagnetic nanoparticles, the (Maleic Acid-alt-PSS)-coated nanoparticles were then 

cross-linked and tested. The characterization of this sample was discussed in Appendix 

E.4.8. This sample has high salt tolerance, and the dispersion can remain stable with 8 

wt% NaCl. 

This coreflood was performed in a core with 28% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (0.2 wt%, 80nm, 

pH=8) with 1 wt% NaCl were injected. The normalized effluent concentration history, 

Figure C.33, reaches a peak of 88% of the injected concentration. A mass balance shows 

that 16.4 wt% of the injected nanoparticles were retained after a post-flush with 1 wt% 

NaCl brine. 

The retention concentration at rock grain surface and water/oil interface were 

0.02mg/m
2
 and 1.20 mg/m

2
, respectively. Compared with Experiment #54, the cross-link 

reaction increases the retention concentration both at rock grain surface, at water/oil 

interface and retention concentration ratio. The ratio was increased from 24.5 to 53.53, 

which is the biggest value for our research to achieve. It indicated the (cross-linked PSS-

alt-Maleic Acid)-coated nanoparticles would more like to adsorb at water/oil interface 

rather than retain at the rock grain surface. The comparison of the corefloods 

with/without oil was shown in Figure 4.13.  

This is the first nanoparticle coating that satisfies the three pre-requisites 

discussed above: the long-term stability of the nanocluster dispersion in brine; a low 

retention in the rock; and a preferred adsorption of the nanoclusters at oil/water interfaces 

in rock pores. 
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Figure 4.13: Normalized effluent concentration of Cross-linked (Maleic Acid-alt-PSS)-

coated nanoparticles (Experiment #62 & #63) vs. moveable pore volume for 

Boise sandstone. Nanoparticle suspension (0.2 wt%, pH=8) were injected, 

followed by 1 wt% NaCl brine with the same pH. 

 

4.4. SUMMARY AND CONCLUSION 

Summary of the in-house synthesized nanoparticles corefloods containing water 

and oil phases was shown in Table 4.1, and the intermediate values needed for 

calculation was shown in Table 4.2. 
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Table 4.1: Summary of coreflood results in cores containing water and oil 

Exp. 

No. 
Coating 

C0. 

(wt %) 
Oil Type 

Sor 

(%) 

Salinity 

(wt% 

NaCl) 

Max. effluent 

concentration 

(%) 

Retention at 

Rock Surface 

(mg/m
2
) 

 Retention 

at o/w 

interface 

(mg/m
2
) 

Ratio* 

#23 
PAA 

(Non-dialyzed) 
0.1 n-Decane 28 0 96.7 0.07 0.08 1.22 

#26 
PAA 

(dialyzed) 
0.2 Mineral Oil 30 0 86.7 0.10 0.04 0.45 

#27 
PAA 

(dialyzed) 
0.2 n-Decane 28 0 91.6 0.10 0.17 1.70 

#29 
PAA 

(+DTAB) 
0.2 n-Decane 28 0 94.5 0.10 0.25 2.39 

#31 
Cross-linked 

PAA 
0.1 n-Decane 27 0 86.5 0.03 0.09 3.35 

#34 Eutragit 0.48 n-Decane 27 1 43.3 1.17 4.60 2.68 

#36 
PAA-r-PBA 

(3:1) 
0.5 n-Decane 28 1 48.1 0.54 1.74 3.20 

#37 
PAA-r-PBA 

(3:1) 
0.5 n-Decane 20 1 55.9 0.54 1.49 2.73 

#40 
PAA-r-PBA 

(3:1) 
0.4 n-Decane 28 1 55.8 1.26 5.09 4.05 

#43 

Cross-linked 

PAA-r-PBA 

(3:1) 

0.37 n-Decane 28 1 49.3 0.92 4.50 4.88 

#45 

Cross-linked 

PAA-r-PBA 

(3:2) 

0.37 n-Decane 27 1 90.0 0.44 1.19 2.73 

#52 
PAA-PBA-PS1 

(1:1:2) 
0.2 n-Decane 28 1 95.2 0.12 0.39 3.21 

#54 
Maleic Acid-alt-

PSS 
0.2 n-Decane 28 0 68.0 0.01 0.36 24.50 

#58 
Maleic Acid-alt-

PSS (+DTAB) 
0.5 Mineral Oil 30 0 90.6 0.67 0.40 0.59 

#59 
Maleic Acid-alt-

PSS (+DTAB) 
0.5 n-Decane 28 0 89.3 0.67 0.98 1.44 

#61 

Maleic Acid-alt-

PSS (4 wt% 

NaCl) 

0.5 n-Decane 28 4 98.0 0.24 1.09 4.54 

#63 

Cross-linked 

Maleic Acid-alt-

PSS 

0.2 n-Decane 28 1 88.0 0.02 1.20 53.53 

* Ratio: is equal to the retention concentration at water/oil interface over that at rock grain surface 
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Table 4.2: Summary of intermediate values needed for calculation 

Exp. 

No. 
Coating 

Water-Rock 

Surface Area 

(m
2
) 

Retained NPs 

at Rock 

Surface (mg) 

Retained NPs 

at w/o 

Interface (mg) 

W/O 

Interfacial 

Area (m
2
) 

#23 
PAA 

(Non-dialyzed) 
30.65 2.097 0.712 8.51 

#26 
PAA 

(dialyzed) 
29.80 2.936 0.380 8.61 

#27 
PAA 

(dialyzed) 
30.65 3.020 1.428 8.51 

#29 
PAA 

(+DTAB) 
30.65 3.183 2.111 8.51 

#31 
Cross-linked 

PAA 
31.07 0.865 0.794 8.51 

#34 Eutragit 31.07 106.53 78.31 17.02 

#36 
PAA-r-PBA 

(3:1) 
122.60 66.75 59.40 34.05 

#37 
PAA-r-PBA 

(3:1) 
136.22 74.16 35.43 23.84 

#40 
PAA-r-PBA 

(3:1) 
61.30 77.14 86.72 17.02 

#43 

Cross-linked 

PAA-r-PBA 

(3:1) 

61.30 56.55 76.66 17.02 

#45 

Cross-linked 

PAA-r-PBA 

(3:2) 

62.15 27.12 20.30 17.02 

#52 
PAA-PBA-PS1 

(1:1:2) 
61.30 7.433 6.636 17.02 

#54 
Maleic Acid-alt-

PSS 
30.65 0.453 3.082 8.51 

#58 
Maleic Acid-alt-

PSS (+DTAB) 
59.60 40.21 6.83 17.02 

#59 
Maleic Acid-alt-

PSS (+DTAB) 
61.30 41.36 16.63 17.02 

#61 

Maleic Acid-alt-

PSS (4 wt% 

NaCl) 

61.30 14.75 18.62 17.02 

#63 

Cross-linked 

Maleic Acid-alt-

PSS 

61.30 13.72 20.40 17.02 
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The following conclusions can be made from our study of optimizing the surface 

coating for iron-oxide nanoclusters, to achieve good adsorption of nanoclusters at the 

water/oil interfaces in reservoir rock pores: 

(1) A procedure to identify efficiently a surface coating to a given nanoparticle, 

that will allow good absorption at water/oil interface in Boise sandstone rock, has been 

developed; 

(2) Nanoparticle adsorption at water/oil interface will be affected by oil phase 

composition. Nanoparticles would more like to adsorb at water/decane interface rather 

than at water/mineral oil interface under the experimental conditions tested here, as 

shown by PAA-coated and (Maleic Acid-alt-PSS+DTAB)-coated paramagnetic 

nanoparticles. One reason may be the adsorption of nanoparticles at water/oil interface is 

related to the carbon number, and decane has a higher carbon number. Furthermore, 

crude oil is composed of hydrocarbons with different carbon number, many larger than 

decane, and we might therefore expect more nanoparticles adsorption at water/crude oil 

interface; 

(3) To enhance nanoparticle adsorption at water/oil interface, increasing the 

hydrophobicity of the coating is usually required, which however increases the 

nanoparticle retention in the rock. Such was the case with the Eutragit and PAA-r-PBA 

coatings or by adding DTAB. However, these relatively hydrophobic parts were sensitive 

to salinity, and all of these dispersions cannot remain stable with up to 3 wt% NaCl; 

(4)  The cross-linked reaction synthesis method can enhance nanoparticles 

adsorption at water/oil interface under the conditions studied here. The retention 

concentration at water/oil interface was increased more than two times for (Maleic Acid-

alt-PSS)-coated nanoparticles, but not increased too much for PAA-coated nanoparticles. 

For the other side, the cross-linked synthesis method decreases the retention at rock grain 
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surface for PAA-coated nanoparticles, however, it increases the retention at rock grain 

surface for (Maleic Acid-alt-PSS)-coated nanoparticles, which is believed to be caused 

by increased nanoclusters size;  

(5) Increasing salinity (ionic strength) will increase nanoparticles retention at 

water/oil interface. The (Maleic Acid-alt-PSS)-coated nanoparticles are hydrophilic, and 

the interaction energy for nanoparticle aqueous dispersion is favorable when there is no 

salt. After NaCl were added, the water and ion forms hydration because Na
+
 is more 

hydrophilic than surface-modified nanoparticle which forces more nanoparticle 

adsorption at water/oil interface. However, when the salt was added too much, i.e., 8 wt% 

NaCl or 1 wt% CaCl2, the nanoparticle dispersion cannot remain stable and form 

aggregation by van der Waals attraction between nanoparticles; 

(6) The nanoparticle adsorption at water/oil interface is related to the water/oil 

interfacial areas. There are more nanoparticles adsorbed at water/oil interface in core with 

higher residual oil saturation, because of more water/oil interfacial areas under this 

experimental condition.  

(7) Of the coatings studied in this work, the (cross-linked PSS-alt-Maleic Acid)-

coated nanoparticles are the best for meeting the three pre-requisites discussed above for 

the nanosensor application: the long-term stability of the nanocluster dispersion in brine, 

especially high salinity brine; a low retention on the rock grain surface; and a preferred 

adsorption of the nanoclusters at oil/water interfaces in rock pores. 
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CHAPTER 5: Transport and Retention of Hydrophobic Nanoparticles 

with Surfactant in Boise Sandstone Rocks Containing Water & Oil  

 

5.1. OBJECTIVE 

All the nanoparticles tested and discussed in Chapter 3 and 4 can be dispersed in 

water, even when some relatively hydrophobic part is added to the surface coating. With 

the proper adjustment of hydrophilicity and hydrophobicity of the surface coating, the 

nanoparticles (or nanoclusters) can be made capable of some adsorption at water/oil 

interface. One goal of our project was to develop nanoparticles that preferentially adsorb 

at water/oil interface in the rock pores. As a part of this task, nanoparticles with 

hydrophobic coating were employed to investigate their effectiveness.  

To date, the C60 is the most common hydrophobic nanoparticle researched for 

transport in porous media. Although pure C60 is hydrophobic and has extremely low 

solubility in water (10
-13

 wt%), several methods have been developed to disperse C60 in 

water in the form of aggregates, referred to as nC60, without the help of stabilizing agents 

(Cheng et al., 2005; Fortner et al., 2005). Similar to C60, carbon nanotubes and multi-wall 

nanotubes exhibit very high hydrophobicity and extremely low water solubility. 

However, the methods to disperse carbon nanotubes and multi-wall nanotubes in water 

have been developed (Hyung et al., 2007), with the potential applications in material and 

biomedical science. Research on the transport of such nanomaterial is due to concerns 

over their adverse effects: subsequent cytotoxicity studies suggested that nC60 is toxic to 

some fish, mice and human cell lines (Sayes et al., 2004; Oberdorster et al., 2004); 

carbon nanotubes in suspensions exhibit cytotoxicity to human cell lines (Hussain et al., 

2009). 
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In order to explore the feasibility of delivering nanoparticles to the water/oil 

interface or to the oil phase, hydrophobic paramagnetic nanoparticles were employed for 

the research. Unlike C60 and carbon nanotubes, there is no published method available to 

disperse hydrophobic iron-oxide nanoparticle in water. Adapting the chemical enhanced 

oil recovery (EOR) method of delivering chemicals deep into the reservoir, surfactant 

solutions were used to ‘carry’ hydrophobic iron-oxide nanoparticles into the reservoir 

rocks, since surfactant has hydrophobic tail (which can carry hydrophobic nanoparticles) 

and hydrophilic head (which can be dispersed in aqueous phase). The schematic of 

hydrophobic iron-oxide nanoparticles dispersed in aqueous phase by surfactant was 

shown in Figure 5.1.  

 

 

Figure 5.1:  Schematic of hydrophobic iron-oxide nanoparticles dispersed in aqueous 

phase by surfactant. 

 



 123 

5.2. RESEARCH METHOD 

Chemical EOR processes can increase both sweep efficiency and displacement 

efficiency to recover oil. They use polymer for mobility control (increasing volumetric 

sweep efficiency) and surface active agents (surfactants) to decrease the interfacial 

tension and increase capillary number, and thereby reduce residual oil saturation (Sor).  

The main goal of research in this chapter is not to reduce residual oil saturation, 

but to maximize nanoparticle adsorption at water/oil interface. The concept tested here is 

that injecting hydrophobic iron-oxide nanoparticles in a surfactant solution will bring the 

nanoparticles into contact with residual oil, and by virtue of their coating they then 

partition into the oil or strongly adsorb at water/oil interface, so that they carry out the 

task of sensing, catalytically upgrading and recovering the oil. 

There are two functions of surfactant used for this research: 

(I) The main function is to disperse hydrophobic nanoparticles in water phase; 

(II) Another function is to decrease the interfacial tension and reduce residual oil 

saturation to recover oil. 

 

5.2.1. Materials  

The iron oxide nanoparticles investigated in this study were purchased from 

FerroTec, Germany, and were used without further purification. Two hydrophobic 

superparamagnetic iron oxide nanoparticles, EMG 1200 and EMG 1400, were 

investigated. Both surface coating are proprietary, and EMG 1400 is more hydrophobic 

than EMG 1200. 

Rovers et al. (2009) carried out the characterization test for EMG 1200. TEM 

image was shown in Figure 5.2, and particle size distribution (Figure 5.3) analyzed from 

TEM shows 11.4 ± 2.6 nm nanoparticle core size.  
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The more hydrophobic nanoparticles EMG 1400 were tested by Yoon, K.Y. of 

UT CHME. Eng., in a manner similar to the above. The nanoparticle core size, 12.0 ± 

3.0, is nearly the same as EMG 1200. The nanocluster size measured by DLS was around 

20 nm when dispersed in deionized water and decane, which were shown in Figure 5.4. 

We found there were some clusters larger than 100 nm when dispersed in water, which is 

much larger than dispersed in decane due to the extremely low solubility in aqueous 

phase and aggregation. 

 

 

Figure 5.2:  Transmission Electron Microscopy (TEM) image of iron oxide nanoparticle 

EMG 1200 (Rovers et al., 2009). 
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Figure 5.3:  Particle size distribution of EMG 1200 nanoparticles obtained by TEM 

analysis (Rovers et al., 2009). 

  

(a) (b) 

Figure 5.4:  Diameter by volume histogram on EMG 1400 in (a) aqueous dispersion     

(b) decane, measured with DLS (Yoon, as above).  

In order to disperse hydrophobic nanoparticles in aqueous phase, two surfactants 

of C28-35PO-20EO Carboxylate and PetrostopS3B C20-25 IOS were used.  

Boise sandstone core was used for this research. 
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5.2.2. Dispersion Solubility 

The solubility of EMG 1200 and EMG 1400 is extremely low when dispersed in 

water without surfactant. The nanoparticle samples received are not powders, but chunks. 

The samples were firstly ground into small powders by using pestle and mortar. Then the 

powder was added into brine which contained 4 wt% NaCl, 0.5 wt% C28-35PO-20EO 

Carboxylate and 0.5 wt% PetrostopS3B C20-25 IOS. The hydrophobic nanoparticles 

cannot be naturally dispersed in aqueous phase even with surfactant. The sonifier was 

employed to break up the powders to individual nanoparticles with the following 

procedure. The pellet was redispersed in aqueous phase containing nanoparticles and 

surfactant solutions by sonifying for 24 hours with 35% duty cycle. The sonifier can add 

energy to the system to break up the pellets into nanoparticles and thereby promote 

dispersal of the nanoparticles into surfactant solution, however, the temperature went up 

during sonication due to the input energy, and so cooling periods were implemented to 

prevent aqueous phase from heating up. EMG 1200 has a solubility of 0.07 wt% in 

aqueous dispersion containing 1 wt% surfactant and 2 wt% NaCl, shown in Figure 5.5, 

but the solubility of EMG 1400 is less than 0.01 wt% in the same aqueous dispersion.  

 

  

                    (a)         (b) 

Figure 5.5:  Solubility test of EMG 1200 with 1 wt% surfactant in 2 wt% NaCl brine after 

24 hours sonication (a) 0.07 wt%, stable (b) 0.1 wt%, unstable.  
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The solubility of two kinds of nanoparticles was also tested in oil phase. In 

toluene, the solubility of EMG 1200 and EMG 1400 are more than 20 wt%. Even the 

chunks, without grinding to powders, can be dispersed quickly in toluene. However, the 

solubility of both samples in decane is very low (<0.5 wt%) without sonication. It 

indicated that the nanoparticles are likely adsorbed at water/decane interface, not partition 

into decane phase, because nanoparticles cannot be dispersed in oil phase. 

Because the goal of this research is to maximize the nanoparticle adsorption at 

water/oil interface, EMG 1200 was chosen for coreflood test due to its relatively higher 

dispersion capacity.     

 

5.2.3. Phase Behavior  

The surfactant can lower interfacial tension and make emulsion to mobilize the 

trapped oil. Emulsion phase behavior was measured to determine optimum salinity and 

design the salinity gradient. 

2 mL of decane and 2 mL surfactant solution (0.5 wt% C28-35PO-20EO 

Carboxylate and 0.5 wt% PetrostopS3B C20-25 IOS) with different salinity (0, 2, 4, 6, 8 

wt% NaCl) were mixed and shaken by hand. The emulsion phase behavior was shown in 

Figure 5.6. 

The emulsion is Type III under 4 wt% NaCl, which is the optimum salinity to 

design the salinity gradient for coreflood. It is Type I emulsion for 0 wt% and 2 wt% 

salinity, and Type II emulsion for 6 wt% and 8 wt% salinity. A notable issue is the 

viscosity of Type II emulsion is around 1000 cP, which is much higher than Type I and 
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III emulsion (about 10 cP) and not favorable for coreflood because of the high pressure 

drop.  

 

(a)    (b)    (c)    (d)     (e) 

Figure 5.6:  Phase behavior of decane and surfactant solution (0.5 wt% C28-35PO-20EO 

Carboxylate and 0.5 wt% PetrostopS3B C20-25 IOS) with different salinity 

(a) 0 (b) 2 (c) 4 (d) 6 (e) 8 wt% NaCl. 

 

For a typical surfactant flooding design, the salinity of the resident and injection 

brine should stay within the salinity window which is judged to be in the salinity range 

from 2 wt% to 6 wt% NaCl. Because the objective for this research is to maximize the 

adsorption of hydrophobic nanoparticles at water/oil interface, not to reduce the residual 

oil saturation; and because the viscosity of Type II emulsion was too high and not 
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favorable for coreflood, so the salinity window from 2 wt% to 4 wt% NaCl was 

employed for the coreflood. 

 

5.2.4. Coreflood Experiment  

Two corefloods were performed to study the transport of hydrophobic 

nanoparticles with surfactant solution in Boise sandstone cores which had been water-

flooded to establish the residual oil saturation condition. Two Boise sandstone cores were 

prepared with residual oil saturation and 4 wt% NaCl salinity. (The procedure was 

described in Section 4.1.)  

The first coreflood (Experiment #76) was conducted in a core (1 inch diameter, 6 

inches long) having a permeability of 876 mD with 28% residual oil saturation (decane). 

A slug of 0.5 pore volume (0.7 moveable pore volume) nanoparticle/surfactant solution 

(0.07 wt% EMG 1200, 0.5 wt% C28-35PO-20EO Carboxylate and 0.5 wt% 

PetrostopS3B C20-25 IOS, pH=8) with 2 wt% NaCl was injected at a flow rate of 2 

mL/min (Darcy velocity is 18.6 ft/day). Then three pore volumes of brine with 4 wt% 

NaCl were injected into the core as post-flush. The normalized effluent concentration 

history, Figure 5.7, reaches a peak of 16.1% of the injected concentration. A mass 

balance shows that 92.03 % of the injected nanoparticles were retained, and the residual 

oil saturation in the core decreased from 28% to 16%.   
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Figure 5.7:  Effluent concentration of hydrophobic paramagnetic iron-oxide nanoparticle 

vs. pore volume for coreflood #76. A slug of 0.7 pore volume nanoparticle-

surfactant solution (0.07 wt% EMG 1200, 0.5 wt% C28-35PO-20EO 

Carboxylate and 0.5 wt% PetrostopS3B C20-25 IOS, pH=7) with 2 wt% 

NaCl was injected, followed by brine with 4 wt% NaCl. 

 

Only one effluent collector sample that contained the nanoparticles and the total 

retention was very high. There were no additional hydrophobic nanoparticles EMG 1200 

for control experiment to measure the retention concentration at the rock grain surface. 

The type of surfactants were chosen and supplied by Prof. Gary A. Pope, and his group 

has determined the retention concentration of surfactants in different rock type. The 

retention of the mixture of these two surfactants is 0.2 mg/g-rock (Solairaj et al., 2012), 

which is equal to 0.32 mg/m
2
-rock surface. We assume the retention concentration ratio 

at rock grain surface between hydrophobic nanoparticles and surfactants is the same as 
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the ratio of loading concentration in injectant, which indicated the retention concentration 

of hydrophobic nanoparticles at rock grain surface is 0.02 mg/m
2
. Then the retention 

concentration at water/decane interface is 0.45 mg/m
2 

by the same analysis method 

described in Chapter 4. The experiment indicates 18.69% of injected nanoparticles 

retained at rock grain surface, 73.33% adsorbed at water/oil interface, and 7.97% came 

through the core with surfactant and oil. The ratio of retention concentration on rock 

grain surface to that on water/decane interface is 20.2, which is a very promising outcome 

for this chapter’s objective. The retention concentration at water/decane interface for 

cross-linked (PSS-alt-Maleic Acid)-coated nanoparticle is two times of hydrophobic 

nanoparticles, however, the mass of (PSS-alt-Maleic Acid)-coated nanoparticles injected 

are 18 times higher than hydrophobic nanoparticles. This coreflood indicates that more 

nanoparticles retention can be achieved by injecting hydrophobic nanoparticles dispersed 

in surfactant solutions. One reason is that hydrophobic nanoparticles should have much 

larger affinity for adsorbing at water/oil interface or partitioning into oil phase than 

hydrophilic nanoparticles, and another reason may be that more interfacial area is 

generated due to microemulsion formation, which offers more opportunities for 

nanoparticles to contact oil and then adsorb at water/oil interface or partition into oil 

phase.   

The second coreflood (Experiment #77) was designed to investigate the effect of 

hydrophobic nanoparticles on reducing residual oil saturation. It was performed in a new 

core (1 inch diameter, 6 inches long) having a permeability of 845 mD with 28% residual 

oil saturation. A slug of 0.5 pore volume (0.7 moveable pore volume) surfactant solution 

(0.5 wt% C28-35PO-20EO Carboxylate and 0.5 wt% PetrostopS3B C20-25 IOS, pH=8) 

with 2 wt% NaCl was injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

Then three pore volumes of brine with 4 wt% NaCl were injected into the core as post-
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flush. Compared with Experiment #76, the difference was that only surfactant solution 

without nanoparticles was injected. The residual oil saturation decreased from 28% to 

16.5%. It indicated that EMG 1200 hydrophobic nanoparticles do not contribute to 

reducing residual oil saturation, which was as expected achieved by the surfactant. 

In order to quantitatively analyze the water/oil interfacial areas of the emulsions, 

droplet size was measured by optical microscopy, which is shown in Figure 5.8. 

 

  

(a) (b) 

 

(c) 

Figure 5.8:  The droplet size for emulsions under different salinity: (a) 2 wt% NaCl (b) 4 

wt% NaCl (c) 8 wt% NaCl. (Scale bar=50µm) 
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The droplet size analysis showed the larger droplet size for type I and type II 

emulsions but smaller droplet size for type III emulsions. Summary of the droplet size of 

emulsion was shown in Table 5.1; meanwhile, the water/oil interfacial areas were also 

calculated based on the droplet size to compare with water/oil interfacial area areas in 

core with residual oil saturation. 

 

Table 5.1: Summary of droplet size of emulsion under different salinity  

Salinity 

(wt% NaCl) 
Type 

Droplet Size 

(µm) 

W/O Interfacial 

Areas (m
2
) 

Ratio
* 

2 I 1.83 17.57 1.46 

4 III 0.21 153.12 12.76 

6 II 3.98 8.08 0.67 

* Ratio=the water/oil interfacial areas of emulsion over the water/residual oil interfacial 

areas of the core 

 

The table above supports the hypothesis that water/oil interfacial area is a 

dominant factor for nanoparticle adsorption at water/oil interface. This is the key reason 

that hydrophobic nanoparticle has good adsorption at water/oil interface in the Boise 

sandstone core with surfactant solution.  

 

5.3. SUMMARY AND CONCLUSION 

Summary of the corefloods employing hydrophobic paramagnetic iron-oxide 

nanoparticles and surfactant, which contain water and oil phases, is shown in Table 5.2. 
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Table 5.2: Summary of hydrophobic nanoparticle/surfactant coreflood results in cores 

containing water and oil  

 Exp. #76 Exp. #77 

Nanoparticle 

0.07 wt% EMG 1200 

hydrophobic 

paramagnetic iron-oxide 

N/A 

Surfactant 

0.5 wt% C28-35PO-20EO 

Carboxylate 

0.5 wt% PetrostopS3B C20-25 

IOS 

0.5 wt% C28-35PO-20EO 

Carboxylate 

0.5 wt% PetrostopS3B C20-25 

IOS 

Slug PV 0.7 0.7 

Slug Salinity 

(wt% NaCl) 
2 2 

pH 8 8 

Post-flush PV 3 3 

Post-flush Salinity 

(wt% NaCl) 
4 4 

Initial Sor  

(% decane) 
28 28 

Final Sor  

(% decane) 
16 16.5 

Nanoparticle  

Retention (%) 
92.03 N/A 

Retention 

Concentration at Rock 

Surface (mg/m
2
) 

0.022 N/A 

Retention 

Concentration at w/o 

Interface (mg/m
2
) 

0.45 N/A 
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The following conclusions can be made from our study of hydrophobic 

nanoparticles dispersed in surfactant solution, to achieve the goal of maximum 

nanoparticle adsorption at water/oil interface: 

(1) Hydrophobic nanoparticles have the capability to be adsorbed at water/oil 

interface. 

 (2) The surfactant plays a significant role in delivering the hydrophobic 

nanoparticles to the rock pores that contain water and oil. The surfactant can disperse 

hydrophobic nanoparticles in aqueous phase, and more importantly, it can make emulsion 

within the rock pores which provides more water/oil interfacial areas for nanoparticles to 

be adsorbed. This is because the interfacial area is one dominant factor for nanoparticle 

adsorption and retention. Surfactant also can decrease interfacial tension and then reduce 

residual oil saturation. 18.7% of the surfactant injected was retained at rock grain surface 

and 81.3% was produced in the effluent. 

 (3) There is strong evidence that retention concentration (adsorption density) of 

hydrophobic nanoparticles at the rock grain surface is low. Based on the assumption 

described above, the retention concentration of EMG 1200 at the rock grain surface is 

only 0.02 mg/m
2
, which is lower than most hydrophilic nanoparticles described in 

Chapter 3. On the other hand, if we consider all of the 92.03 % retained nanoparticles had 

been retained only at the rock grain surface (hypothesize there is no nanoparticles 

adsorbed at water/oil interface), the retention concentration is less than 0.08 mg/m
2
, 

which is still low. The low retention concentration at the rock grain surface is reasonable 

because the wettability of Boise sandstone is hydrophilic under this experimental 

condition. The reason for higher retention of relatively hydrophobic nanoparticles 

(overall, still hydrophilic) in Chapter 3 is judged to be due to the instability of coating 
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and subsequent nanoparticle aggregation, but not due to the increase in the adsorption 

density on rock surface. 

(4) Water/oil interfacial area is a dominant factor for nanoparticle adsorption at 

water/oil interface. 

(5) The experiments indicate that EMG 1200 hydrophobic nanoparticles do not 

account for reducing the residual oil saturation. The residual oil saturation was decreased 

by surfactant used to deliver the nanoparticles. 
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CHAPTER 6: Discussion on Transport Mechanism of Nanoparticles in 

Sedimentary Rocks  

To date, there is no systematic research about the transport and retention of 

nanoparticles in sedimentary rocks. Most researches of transport of nanoparticles were 

performed in well-defined, model porous media such as clean sand-packs, glass beads or 

soil. Those porous media are homogeneous, isotropic and with high permeability, so they 

did not represent the reservoir rocks. In the majority of these experiments, nanoparticles 

were observed to readily transport through porous media leading to the development of a 

pseudo steady-state effluent concentrations, which was explained by clean-bed filtration 

theory. However, there was no post-flush for these experiments, whereas post-flush will 

be routine for nanoparticle applications in upstream industry. The retention measured 

these experiments without post-flush cannot be attributed to permanent retention: some 

retained nanoparticles are recoverable during post-flush due to Brownian diffusion and 

the nanoparticle concentration gradient between the rock grain surface and injected water. 

An oil phase also exists in reservoirs, and the nanoparticle adsorption mechanisms at 

water-oil interface may be quite different from those applications for the former studies. 

In this research, seventy-seven corefloods were performed in sedimentary rocks to 

systematically research the transport and retention of nanoparticles in sedimentary rocks. 

The corefloods account for the presence of a residual oil phase and the effect of a post-

flush.  The results of these corefloods were described in Chapters 3 and 4.  Here we 

summarize the effects of various operating conditions and parameters on the transport 

and retention of nanoparticles. 
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6.1. EFFECTS OF DIALYSIS PROCESS 

For medical and biological applications of nanoparticle dispersions that have a 

special surface coating, the dispersing solvent usually contains some coating material to 

insure that the coating does not desorb from the nanoparticle surface. For the reservoir 

engineering applications, however, any coating material that had been dissolved in the 

solvent phase of the injected nanoparticle dispersion will be quickly diluted by the 

resident solvent (brine). The effect of the presence of the coating material in the 

nanoparticle-dispersing brine is therefore important. 

Dialyzed nanoparticle dispersions indicate that there is no excess polymer, or 

surface coating materials, in the aqueous phase. Five experiments with two kinds of 

surface coatings were conducted to investigate the effects of dialysis process, and the 

summary of experimental results was shown in Table 6.1. 

Table 6.1: Summary of effects of dialysis process on transport of nanoparticles in 

Boise Sandstone cores with water 

Exp. 

No
*
. 

Nanoparticle 

State 
Dialyzed 

Injected 

PV 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

#21 

PAA  

(0.1 wt% nanoparticles 

with 20 wt% PAA) 

No 2.7 9.9 0.08 

#22 

PAA  

(0.1 wt% nanoparticles 

with 0.3 wt% PAA) 

No 2.8 9.7 0.07 

#24 

PAA  

(0.1 wt% nanoparticles 

with 0.3 wt% PAA) 

Yes 2.9 10.2 0.07 

#68 
PS2 

(0.2 wt%) 
No 3.0 29.5 0.45 

#70 
PS2 

 (0.17 wt%) 
Yes 3.0 31.8 0.41 

 
*
: The effluent curves for #21, #22, #24, #68 and #70 are shown in Figures C.3, 3.18, 

C.5, 3.34, 3.36, respectively 
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For PAA-coated nanoparticles, the first sample (#21) was synthesized with 20 

wt% PAA and the second and third samples (#22, #24) were synthesized with 0.3 wt% 

PAA. As indicated in Table 6.1, there are more excess PAA polymers in #21 than in #22, 

and there is no excess PAA polymer in #24. The corefloods indicate that the retention 

concentration is independent of dialysis process. 

The corefloods with the PS2-coated nanoparticles reveal that the effect of dialysis 

process (or excess polymers in dispersion) on the nanoparticle retention is negligible. 

However, there was some ‘gel’ like material with slightly white color in the injectant for 

non-dialyzed sample (Experiment #68), which were considered to be the excess polymers 

and affected the stability of the nanoparticle dispersion. 

The nanoparticle retention at the rock grain surface is virtually independent of 

dialysis process, i.e., whether the excess polymer (that was used for coating) was in the 

injection dispersion or not. This is reasonable since excess polymer in aqueous phase 

would not affect the nanocluster size or the zeta potential. However, the excess polymers 

may affect nanoparticle dispersion stability. 

 

6.2. EFFECTS OF CROSS-LINKING OF COATING POLYMER 

The purpose of cross-linking the surface coating polymer, thereby creating a thin 

polymer gel film around the iron-oxide core, is to prevent the detachment of the coating 

from the nanoparticles when they flow through the reservoir rock pores. Eight coreflood 

experiments with four kinds of surface coatings were conducted to study the effects of 

cross-linking on nanoparticle retention at rock grain surface. Six corefloods with three 

kinds of surface coatings were also performed to investigate the effects on nanoparticles 
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retention at water/oil interface. The summary of experimental results was shown in Table 

6.2 and 6.3, respectively. 

 

Table 6.2: Summary of effects of cross-linking of coating polymer on retention of 

nanoparticles at rock grain surface 

Exp. 

No
*
. 

Nanoparticle 

State 

Cross-

linked 

Injected 

PV 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

#25 PAA  No 2.9 6.71 0.10 

#30 PAA  Yes 1.27 8.21 0.03 

#38 
PAA-r-PBA 

(3:1) 
No 3.0 40.29 1.26 

#42 
PAA-r-PBA 

(3:1) 
Yes 3.0 32.50 0.92 

#53 
Maleic Acid-alt-PSS  

(0 wt% NaCl) 
No 1.5 1.83 0.01 

#62 
Maleic Acid-alt-PSS 

 (1 wt% NaCl) 
Yes 3.0 1.50 0.02 

#70 PS2 No 3.0 31.79 0.41 

#67 PS2 Yes 3.0 88.18 1.40 

 
*
: The effluent curves for #25, #30, #38, #42, #53, #62, #70 and #67 are shown in Figures 

3.19, 3.21, C.15, 3.24, 3.28, 3.30, 3.36 and 3.33, respectively 
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Table 6.3: Summary of effects of cross-linking of coating polymer on retention of 

nanoparticles at water/oil interface 

Exp. 

No
*
. 

Nanoparticle 

State 

Cross-

linked 

Injected 

PV
b 

Sor 

(%) 

Retention 

(%) 

Retention 

Concentration
# 

(mg/m
2
) 

Ratio
a 

#27 PAA  No 3.3 28 8.13 0.17 1.70 

#31 PAA  Yes 2.2 27 9.05 0.09 3.35 

#40 
PAA-r-PBA 

(3:1) 
No 4.2 28 61.62 5.09 4.04 

#43 
PAA-r-PBA 

(3:1) 
Yes 4.2 28 48.10 4.50 4.88 

#54 

Maleic Acid-

alt-PSS  

(0 wt% NaCl) 

No 2.0 28 10.57 0.36 29.49 

#63 

Maleic Acid-

alt-PSS  

(1 wt% NaCl) 

Yes 4.2 28 16.40 1.20 43.53 

 

b
: moveable pore volume 

#
: nanoparticle adsorption concentration at water/decane interface 

a
: is equal to the retention concentration at water/oil interface over that at rock surface 

*
: The effluent curves for #27, #31, #40, #43, #54 and #63 are shown in Figures C.7, C.9, 

C.17, C.19, C.26 and C.33, respectively, in Appendix C 

 

For the PAA-coated and (PAA-r-PBA)-coated nanoparticles, cross-linking 

reduced nanoparticle retention at rock surface and at water/oil interface. For (Maleic 

Acid-alt-PSS)-coated nanoparticles, cross-linking increased the nanoparticle retention 

both at rock surface and at water/oil interface. Note that for corefloods with cross-linked 

(Maleic Acid-alt-PSS)-coated nanoparticles (Experiment #63), the injection and resident 

salinities were 1 wt% NaCl, which was thought to be a contributing factor for higher 

retention concentration at rock grain surface (than Experiment #54).  

The retention concentration at rock grain surface for cross-linked PS2-coated 

nanoparticles is more than three times that for uncross-linked sample. All other 

corefloods with uncross-linked samples (Experiment #68, #69, #71, #73) had lower 
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retention concentration at rock grain surface. The reason(s) for the difference is not clear 

at present, but it is thought that the cross-linking reaction for PS2-coated nanoparticles is 

a contributing factor; if so, the hexanediamine is not suitable for cross-linking reaction of 

PS2 polymer. 

The generation of cross-linked gel film as coating is critically important for 

nanoparticle dispersion stability, especially in brine with high salinity. While some 

uncross-linked nanoparticle dispersions have high salt tolerance, however, their effluents 

are generally not stable, indicating that the surface coatings are partially lost during the 

transportation. Consequently, nanocluster size is increased after transport through the 

rocks. Another result to note is that, while the nanoparticle retention at water/oil interface 

may vary depending on injection condition, cross-linking increases nanoparticles 

retention at water/oil interface relative to retention at the rock grain surface. It indicates 

that the cross-linked nanoparticles adsorb preferentially at the water/oil interface than the 

rock grain surface.  

Meanwhile without cross-linking, over half of the coating polymer desorbed from 

the particle surface, for PAA-coated and (Maleic Acid-alt-PSS)-coated nanoparticles. 

(Yoon et al., 2011). 

 

6.3. EFFECTS OF HYDROPHOBICITY/HYDROPHILICITY OF SURFACE COATING 

As described in detail by Binks (2002) and Horozov and Binks (2004), by 

adjusting the hydrophobicity and hydrophilicity of its surface coating, a nanoparticle can 

be preferentially adsorbed at water/oil interface. The effects of hydrophobicity 

/hydrophilicity of surface coatings on transport and retention of nanoparticles in 

sedimentary rocks were therefore studied. In particular, we attempted to find the coating 
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that provides the maximum nanoparticle adsorption at water/oil interface and minimum 

nanoparticle retention at rock grain surface. Six coreflood experiments with three kinds 

of surface coatings were conducted to study the effects of hydrophobicity/hydrophilicity 

on nanoparticle retention at rock grain surface, and another seven experiments (the same 

surface coated nanoparticles as above, and EMG 1200 hydrophobic nanoparticle which is 

described in Chapter 5) were performed to investigate the effects on nanoparticles 

adsorption at water/oil interface. The summary of experimental results was shown in 

Table 6.4 and 6.5, respectively. 

 

Table 6.4: Summary of effects of hydrophobicity/hydrophilicity on retention of 

nanoparticles at rock grain surface 

Exp. 

No
*
. 

Nanoparticle 

State 
Salinity 

(wt% NaCl) 

Injected 

PV 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

#25 PAA  0 2.9 6.71 0.10 

#28 PAA + DTAB  0 2.7 7.05 0.10 

#42 
PAA-r-PBA 

(3:1) 
1 3.0 32.50 0.92 

#44 
PAA-r-PBA 

(3:2) 
1 3.0 15.60 0.44 

#53 Maleic Acid-alt-PSS  0 1.5 1.83 0.01 

#57 
Maleic Acid-alt-PSS  

+ DTAB 
0 3.0 16.01 0.67 

 
*
: The effluent curves for #25, #28, #42, #44, #53 and #57 are shown in Figures 3.19, 

3.20, 3.24, C.20, 3.28 and C.29, respectively 
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Table 6.5: Summary of effects of hydrophobicity/hydrophilicity on retention of 

nanoparticles at water/oil interface 

Exp. 

No
*
. 

Nanoparticle 

State 

Salinity 

(wt% 

NaCl) 

Injected 

PV
b 

Sor 

(%) 

Retention 

(%) 

Retention 

Concentration
# 

(mg/m
2
) 

Ratio
a 

#27 PAA  0 3.3 28 8.13 0.17 1.70 

#29 
PAA + 

DTAB 
0 3.3 28 9.35 0.25 2.39 

#43 
PAA-r-PBA 

(3:1) 
1 4.2 28 48.1 4.50 4.88 

#45 
PAA-r-PBA 

(3:2) 
1 4.2 27 20.1 1.19 2.73 

#54 
Maleic Acid-

alt-PSS 
0 2.0 28 10.57 0.36 24.49 

#59 

Maleic Acid-

alt-PSS + 

DTAB 

0 4.2 28 17.60 0.98 1.45 

#76 
Hydrophobic 

EMG 1200 
2~4 0.7 28~16 92.03 0.57 25.32 

 

b
: moveable pore volume 

#
: nanoparticle adsorption concentration at water/decane interface 

a
: is equal to the retention concentration at water/oil interface over that at rock surface 

*
: The effluent curves for #27, #29, #43, #45, #55, #59 and #76 are shown in Figures C.7, 

C.8, C.19, C.21, C.26, C.31 and 5.7, respectively 

 

DTAB, PBA and EMG 1200 are believed to be hydrophobic, while PAA and 

Maleic Acid-alt-PSS are hydrophilic. Even with DTAB or PBA, the nanoparticles are 

overall hydrophilic and they are easy to dissolve in aqueous phase. The hydrophobic 

paramagnetic iron-oxide nanoparticles EMG 1200 were also tested, which were dispersed 

and injected with surfactant solution. 

For PAA-coated and (Maleic Acid-alt-PSS)-coated nanoparticles, DTAB will 

increase the nanoparticle retention both at rock grain surface and at water/oil interface. 
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Especially for (Maleic Acid-alt-PSS)-coated nanoparticles, the retention concentration at 

rock grain surface was increased by forty-five times with DTAB.  

For (PAA-r-PBA)-coated nanoparticles, hydrophobicity was increased by 

decreasing the ratio of PAA to PBA.  With the increased hydrophobicity, zeta potential 

changed from 45.07 mV to 23.22 mV, which indicates PBA decreases the particle 

surface charge. Since the rock grain surface charge is also negative under our 

experimental conditions, the retention of nanoparticles at rock grain surface should 

increase according to DLVO theory, because less negative charge would decrease the 

electrostatic repulsion. However, the experiments exhibited the opposite results that 

lower retention for nanoparticles with less negatively charged surface. This result 

suggests that the relatively more hydrophobic surface coating (PAA:PBA = 3:2) makes 

nanoparticles ‘repel’ the hydrophilic rock grain surface, resulting in lower retention. The 

PAA-coated and (Maleic Acid-alt-PSS)-coated nanoparticles are overall hydrophilic even 

with DTAB and PBA, and they are easily dispersed in injection brine. The EMG 1200 is 

hydrophobic and cannot be dispersed in water. The experiments with EMG 1200 also 

showed that the retention of hydrophobic nanoparticles at rock grain surface can be low, 

again suggesting that the particle hydrophobicity decreases its adsorption on the rock 

surface. The effluent salt tolerance test indicated that all of relatively more hydrophobic 

surface coatings, i.e., Eutragit, PBA, DTAB, are partially lost during transport through 

sedimentary rocks, as evidenced by the fact that the effluent cannot be stable for a long 

time. The dispersion instability and the consequent particle aggregation is the key reason 

for higher retention at the rock surface. Nanoparticles with proper hydrophobic 

/hydrophilic balance in surface coating which insures their long-term stability will 

therefore have minimum retention and good transportability in the reservoirs. 
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Most experiments showed the same tendency of more nanoparticle adsorption at 

water/oil interface with more hydrophobic surface coating. The extent of the preferential 

adsorption at water/oil interface, however, depends on the surface coating material and 

oil compositions, i.e., EMG 1200 has much higher solubility in toluene than in n-Decane; 

and PAA-coated and (Maleic Acid-alt-PSS)-coated nanoparticles preferentially adsorb at 

water/decane interface than at water/mineral oil interface, which will be described below. 

 

6.4. EFFECTS OF OIL TYPE 

Crude oil consists of a complex mixture of hydrocarbons, and is not transparent; 

and accordingly causes difficulty in measuring nanoparticle concentration in it. For this 

reason, n-Decane was mainly employed as oil phase for study of nanoparticle adsorption 

at water/oil interface, and mineral oil was additionally used to study the effect of different 

oil type. Four experiments with two kinds of surface coatings were performed to 

investigate the effects of oil type on nanoparticle retention at water/oil interface. The 

summary of experimental results was shown in Table 6.6. 
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Table 6.6: Summary of effects of oil type on retention of nanoparticles at water/oil 

interface 

Exp. 

No
*
. 

Nanoparticle 

State 
Oil Type 

Sor 

(%) 

Retention 

Concentration
# 

(mg/m
2
) 

Ratio
a 

#26 
PAA  

(Dialyzed, 0.2 wt%) 

Mineral 

Oil 
30 0.04 0.45 

#27 
PAA  

(Dialyzed, 0.2 wt%) 
n-Decane 28 0.17 1.70 

#58 
Maleic Acid-alt-PSS  

+ DTAB 

Mineral 

Oil 
30 0.40 0.59 

#59 
Maleic Acid-alt-PSS  

+ DTAB 
n-Decane 28 0.98 1.44 

 

#
: nanoparticle adsorption concentration at water/decane interface 

a
: is equal to the retention concentration at water/oil interface over that at rock surface 

*
: The effluent curves for #26, #27, #58 and #59 are shown in Figures C.6, C.7, C.30, and 

C.31, respectively 

 

The coreflood results of Table 6.6 show that nanoparticle adsorption at water/oil 

interface is affected by oil type. PAA-coated and (Maleic Acid-alt-PSS + DTAB)-coated 

paramagnetic nanoparticles would adsorb more at water/decane interface than at 

water/mineral oil interface under these experimental conditions. One reason may be that 

with the particle hydrophobicity, more adsorption of nanoparticles at water/oil occurs 

when the oil has a higher molecular weight (Decane has a higher carbon number). 

Another effect of oil type is the solubility of hydrophobic nanoparticles in oil. In 

toluene, the solubility of EMG 1200 and EMG 1400 is more than 20 wt%. However, the 

solubility of both samples in decane is very low (< 0.5 wt%) without sonication. In order 

to investigate the nanoparticle adsorption at water/oil interface, decane was employed as 

oil for Chapter 5 because, while the nanoparticles cannot be easily dispersed in decane, 

they may be preferentially adsorbed at water/oil interface. If nanoparticle retention in oil 

phase is desired, toluene could be employed as oil phase. It indicates that the retention of 
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nanoparticle at water/oil interface, or in oil phase, depends on surface coating materials 

and oil type.   

 

6.5. EFFECTS OF NANOCLUSTER SIZE 

Some of the nanoparticles used for coreflood study are in fact “nanoclusters” 

which are small aggregates of elementary nanoparticles. For nanoparticle dispersions 

prepared by our ChE collaborators, the range of nanocluster size is from 40 to 400 nm, 

although the primary nanoparticle size is between 3 and 10 nm. Six experiments with 

three kinds of surface coatings were conducted to study the effects of nanocluster size on 

nanoparticle retention at rock grain surface. The nanocluster size is controlled by the 

synthesis and coating methods, as described in Kotsmar et al., (2010) and Yoon et al., 

(2011, 2012). The summary of experimental results was shown in Table 6.7. 
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Table 6.7: Summary of effects of nanocluster size on retention of nanoparticles at rock 

grain surface 

Exp. 

No
*
. 

Nanoparticle 

State 

Nanocluster 

Size 

(nm) 

Injected 

PV 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

Monolayer 

Coverage 

(%) 

#1 
3M

@
 Silica 

(PEG-coated)  
5 3.18 8.9 14.51 290 

#4 
3M

@
 Silica 

(PEG-coated) 
20 2.89 11.9 18.49 93 

#16 

Oleic Acid-

coated 

iron-oxide 

55 2.5 89.7 0.79 1.43 

#17 

Oleic Acid-

coated 

iron-oxide 

85 3.0 91.5 0.99 1.16 

#42 
PAA-r-PBA 

(3:1) 
130 3.0 32.5 0.92 0.47 

#41 
PAA-r-PBA 

(3:1) 
400 3.0 52.8 1.52 0.25 

 

*
: The effluent curves for #1, #4, #16, #17, #42 and #41 are shown in Figures 3.6, 3.9, 

C.1, C.2, 3.24 and C.18, respectively
 

 

The experiments with commercial PEG-coated silica nanoparticles, and (Maleic 

Acid)-coated and (PAA-r-PBA)-coated paramagnetic iron-oxide nanoparticles show that 

nanoparticle retention at the rock surface will be increased by increasing nanocluster size. 

This phenomenon could be explained by van der Waals interaction and Brownian motion. 

The van der Waals interaction energy is related to h
-1

, where h is the separation 

distance between surfaces. The geometry of the interaction can be considered as a 

spherical particle and planar rock surface due to the much smaller size of nanoparticle. 

The van der Waals interaction energy can be shown as (Elimelech et al., 1995): 

 

H p

VDW

p p p

A d h 2h h
U [1 log( )]

12h d h d d h
   

 
                         (6.1) 
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where AH is the effective Hamaker constant of the interacting media, and dp is the 

diameter of the particle. The magnitude of the van der Waals attraction decreases as the 

particle size decreases, and it acts over shorter separation distance. The effects of 

nanoparticle size on van der Waals energy under this experimental condition is shown in 

Figure 6.1. 

 

Figure 6.1:  Variation of dimensionless van der Waals energy (Energy/kT) with 

separation distance for different nanoparticle size under this experimental 

condition (From equation 6.1, where HA =8.5×10
-21

J and T=300K). 

 

Seen from Figure 6.1, the magnitude of VDWU is larger for bigger size particle 

with the same separation distance, and weakens as particle size decreases, which can 

explain lower retention for smaller nanoparticles. 
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Particles smaller than 100 nm will exhibit a significant Brownian diffusion, which 

affects transport rather than attachment for smaller particles (Lecoanet and Wiesner, 

2004). The Brownian motion of particles is manifested as diffusion. According to the 

classic kinetic theory, the Stokes-Einstein equation is shown in the following equation:  

 

                            
p

kT
D

6 r



                         (6.2) 

 

where rp is particle radius, D is the Brownian diffusion coefficient, k is the Boltzmann 

constant, T is the absolute temperature in Kelvin, and µ is the viscosity of the surrounding 

fluid (van Oss, 2006). Equation 6.2 indicates larger diffusion coefficients for smaller 

particles, which also can explain the lower retention concentration of smaller 

nanoclusters at rock grain surface. 

 

6.6. EFFECTS OF FLOW VELOCITY 

To date, the effects of flow velocity on nanoparticle retention were studied mostly 

at high fluid velocity. The transport of the nanoparticles for reservoir applications, 

however, will occur at low fluid velocity for which the Darcy’s equation applies. Most 

coreflood experiments for this dissertation research were performed at a flow rate of 2 

mL/min (Darcy velocity is 18.6 ft/day). The effective Reynolds number is 0.006 (the 

length scale we use is 300 µm), and Darcy’s law is valid under this experimental 

condition. Four experiments were conducted to investigate the effects of flow velocity on 

nanoparticle retention at rock grain surface. The summary of experimental results was 

shown in Table 6.8. 
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Table 6.8: Summary of effects of flow velocity on retention of nanoparticles at rock 

grain surface 

Exp. 

No
*
. 

Nanoparticle 

State 

Flow 

velocity 

(ft/d) 

Recovered
 

Nanoparticle
c 

(%) 

Retention 

Concentration
# 

(mg/m
2
) 

Retention 

Capacity
a 

(mg/m
2
)
 

#49 
PAA-r-PBA 

(3:1) 
18.6 95.3 0.13 0.37 

#50 
PAA-r-PBA 

(3:1) 
93 95.5 0.12 0.18 

#72 
Uncross-linked 

PS2 polymer 
465 1.58 -0.02

b 
N/A 

#75 
Uncross-linked 

PS2 polymer 
465 3.6 -0.05

b 
N/A 

 

c
: is equal to 1-%retention, i.e., the amount of recoverable nanoparticles 

#
: nanoparticle adsorption concentration at rock grain surface 

a
: is the capacity of adsorption concentration at rock grain surface estimated from arrival 

time 
b
: no nanoparticle injection, and only involves post-flush and desorption 

*
: The effluent curves for #49, #50, #72 and #75 are shown in Figures 3.25, 3.26, 3.37, 

and 3.39, respectively, in Chapter 3 

 

The experiments #49 and #50 involved nanoparticle dispersion injection and post-

flush, which were designed to compare the effects of flow velocity on overall 

nanoparticle retention at rock grain surface. The flow rates were 2 mL/min and 10 

mL/min, respectively. The normalized effluent concentration history was shown in 

Figure 6.2.  
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Figure 6.2:  Normalized effluent concentration of nanoparticles (Experiment #49 & #50) 

vs. pore volume for Boise sandstone. 3 pore volumes of nanoparticle 

suspension (0.37 wt%, pH=10) were injected, followed by deionized water 

with the same pH. 

The experimental results indicate that increasing flow velocity can reduce 

nanoparticle retention concentration and retention capacity at rock grain surface, and the 

effects on retention capacity is larger than that on retention concentration. 

To further investigate the effects of flow velocity on retention, two additional 

experiments (#72 and #75) were performed. These experiments were continuation of the 

earlier experiments (Experiment #71, #74, respectively) involving no additional 

nanoparticle injection, but only additional post-flush with higher flow velocity to exam 

the effects of flow velocity on desorption of nanoparticles from rock grain surface. Both 

experiments indicate that increasing flow velocity can increase desorption of 

nanoparticles from rock surface, and thereby reduce the nanoparticle. It proves that there 
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exists nanoparticle desorption during their transport through rock pores. It also indicates 

that the retention at rock grain surface is not entirely irreversible and a part of retained 

nanoparticles can be recovered.  

Considering there is a flow field passing parallel to the rock grain surface, 

hydrodynamic forces can be responsible for the desorption of nanoparticles from the rock 

grain surface. Increasing flow velocity will increase hydrodynamic forces and 

hydrodynamic dispersivity, and then increase effective rate constant of desorption. 

Hydrodynamic forcers act both in parallel, as drag force, and perpendicular, as lift force, 

to the surface. However, the lift force is several orders smaller than the adhesion force, 

mainly due to van der Waals interaction (Zhang et al., 2011). Hydrodynamic forces 

acting parallel to the surfaces are considered to be of great significance in the context of 

particle dynamics near the rock grain surface, and ultimately responsible for the 

desorption of nanoparticles from rock grain surface. 

 

6.7. EFFECTS OF PH AND SALINITY 

It is important to study the effects of pH and salinity on the nanoparticle transport 

in reservoirs. To date, the research on the effect of pH on transport of nanoparticles is 

limited. Brant et al. (2005b) studied the effect of pH under different NaCl concentrations, 

noting that the zeta potential became more negative when increasing pH for all the ionic 

strengths. Some surface-coated nanoparticles are not sensitive to pH (e.g., Maleic Acid-

alt-PSS), but others are very sensitive to pH (e.g., PAA-r-PBA). Five experiments with 

both uncross-linked and cross-linked (PAA-r-PBA)-coated nanoparticles were conducted 

to investigate the effect of pH, because (PAA-r-PBA) coating is sensitive to pH. The 

summary of experimental results was shown in Table 6.9. 
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Table 6.9: Summary of effects of pH on retention of nanoparticles at rock grain surface 

Exp. 

No
*
. 

Nanoparticle 

State 
pH 

Salinity 

(wt%NaCl) 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

#38 
Uncross-linked 

PAA-r-PBA (3:1) 
8 1 40.29 1.26 

#39 
Uncross-linked 

PAA-r-PBA (3:1) 
8.5 1 66.87 2.09 

#46 
Cross-linked 

PAA-r-PBA (3:2) 
7 1 34.5 0.94 

#47 
Cross-linked 

PAA-r-PBA (3:2) 
8.5 1 88.3 2.40 

#48 
Cross-linked 

PAA-r-PBA (3:2) 
10 1 48.7 1.33 

 
*
: The effluent curves for #38, #39, #46, #47 and #48 are shown in Figures C.15, C.16, 

C.22, C.23 and C.24, respectively, in Appendix C 

 

Two series of corefloods indicate that the retention of (PAA-r-PBA)-coated 

nanoparticles at rock grain surface is significantly affected by pH and the retention at 

pH=8.5 is much higher than at other pH. While the pH can change the zeta potential of 

nanoparticle surface and rock grain surface, which will in turn affect electrostatic 

repulsion, the effect of a small change in pH that is observed with experiments is 

surprising. In order to explain the strong effects of pH, batch adsorption experiments by 

using cross-linked (PAA-r-PBA)-coated nanoparticle dispersion were performed in 

crushed Boise sandstone, to verify the coreflood experimental results. The batch 

adsorption experiments, shown in Appendix D, were conducted by Andrew Worthen, 

Department of Chemical Engineering of UT Austin. The experimental results, shown in 

Table D.1, are consistent with the coreflood results of high adsorption concentration at 

grain surface at pH 8.5.  
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Many researchers investigated the effect of salinity on retention of nanoparticles, 

and obtained generally consistent conclusions. However, the salinity they tested was 

mostly from 1 mM to 100 mM NaCl (0.0055 wt%~0.55 wt%), which is far lower than the 

salinities of virtually all oil reservoirs. Considering the high reservoir salinity, developing 

nanoparticles with high-salinity tolerant coating was one goal of our project, which was 

accomplished by our Chemical Engineering collaborators. Fourteen experiments with six 

kinds of surface-coated nanoparticles were conducted to study the effects of salinity on 

nanoparticle retention at rock grain surface. The summary of experimental results was 

shown in Table 6.10. 

All experiments showed that retention of nanoparticles at rock grain surface will 

increase with salinity, or ionic strength, of the aqueous phase. The salinity dependence of 

nanoparticle retention at rock grain surface is again due to the difference in surface 

coating material and coating method. For PAA-coated and (PAA-r-PBA)-coated 

nanoparticles, the effect of salinity is much higher than (Maleic Acid-alt-PSS)-coated 

nanoparticles. The (PAA-PS1)-coated and PS2-coated nanoparticles have dispersion 

stability even in API brine (8 wt% NaCl + 2 wt% CaCl2), which is extremely high 

compared to the brines employed for the earlier studies. The electrostatic repulsion 

should be negligible under such high ionic strength condition, so it is the steric repulsion, 

not the electrostatic repulsion, that overcomes van der Waals attraction between 

nanoparticles and prevents their aggregation.   
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Table 6.10: Summary of effects of salinity on retention of nanoparticles at rock grain 

surface 

Exp. 

No
*
. 

Nanoparticle 

State 

Salinity 

(wt% NaCl) 

Recovered
 

Nanoparticle
a 

(%) 

Retention 

Concentration
# 

(mg/m
2
) 

#30 Cross-linked PAA 0 91.80 0.03 

#32 Cross-linked PAA 3 5.00 0.74 

#49 
Cross-linked 

PAA-r-PBA (3:1) 
0 95.30 0.13 

#42 
Cross-linked 

PAA-r-PBA (3:1) 
1 67.50 0.92 

#57 
Maleic Acid-alt-PSS 

+ DTAB 
0 83.99 0.47 

#56 
Maleic Acid-alt-PSS  

+ DTAB 
1 77.51 0.59 

#53 
Uncross-linked 

Maleic Acid-alt-PSS 
0 98.17 0.01 

#60 
Uncross-linked 

Maleic Acid-alt-PSS 
4 93.80 0.24 

#64 
Cross-linked 

PAA-PS1 
1 79.30 0.32 

#65 
Cross-linked 

PAA-PS1 
API Brine

c 
45.80 0.89 

#66 Post-flush 1 16.10 -0.27
b 

#70 
Uncross-linked 

PS2 polymer 
1 68.21 0.41 

#73 
Uncross-linked 

PS2 polymer 
API Brine

c 
30.55 0.96 

#74 Post-flush 1 23.24 -0.32
b 

 
a
: is equal to 1%retention, i.e., the fraction of recoverable nanoparticles 

#
: nanoparticle adsorption concentration at rock grain surface 

b
: no nanoparticle injection, and only involves post-flush and desorption 

c
: 8 wt% NaCl + 2 wt% CaCl2 

*
: The effluent curves for #30, #32, #49, #42, #57, #56, #53, #60, #64, #65, #70, #73 

and #74 are shown in Figures 3.21, C.10, 3.25, 3.24, C.29, C.28, 3.28, 3.29, 3.31, 3.32, 

3.36, 3.38 and 3.39, respectively 

 



 158 

In Table 6.10, the experimental conditions for the (PAA-PS1)-coated and PS2-

coated nanoparticles are:  

(1) Corefloods (#64 and #70) were performed with 1 wt% NaCl in the core. The 

injected nanoparticle dispersion and post-flush brine both contain 1 wt% NaCl; 

(2) Corefloods (#65 and #73) were conducted in a new core with API brine. The 

injected nanoparticle dispersion and post-flush brine both also contain API brine (8 wt% 

NaCl and 2 wt% CaCl2); and 

(3) After post-flush for the #65 and #73, there was no nanoparticle coming out in 

the effluent. Into the same core, brine with 1 wt% NaCl was subsequently injected 

(Experiment #66, #74, respectively) as secondary post-flush to verify my hypothesis that 

the retention is not totally permanent and can be partly recoverable by decreasing the 

salinity. 

Considering cross-linked (PAA-PS1)-coated nanoparticle cases as example. When 

salinity of dispersion and post-flush was 1 wt% NaCl, the fraction of nanoparticles 

recovered was 79.3%. When salinity of dispersion and post-flush is API brine, 45.8% of 

the injected nanoparticles were recovered, and a second post-flush with 1 wt% NaCl 

recovered an additional 16.1% of the injected nanoparticles. The 79.3% (#64) recovery 

exceeds the cumulative recovery of 45.80% (#65) plus 16.10% (#66). The same 

observations apply to the concentration of retained nanoparticles. Evidently nanoparticles 

retained due to particle/surface interactions at high salinity cannot be entirely recovered 

simply by reducing the salinity during a secondary post-flush. Thus the effects of salinity 

result in both reversible and irreversible adsorption of nanoparticles at rock grain surface. 

It is hypothesized that the irreversible retention is mainly due to the instability of 

nanoclusters under high salinity condition, i.e., surface coatings are partially lost during 
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transport resulting in nanocluster aggregation and subsequent retention, which was 

proved by DLS measurement of nanocluster size in effluent (see Table E.5).  

The effects of salinity, or ionic strength, can be qualitatively explained by DLVO 

theory. As described below, an expression for the electrostatic interaction between two 

surfaces can be derived under the assumption of constant surface potential. In reality, the 

actual surface charge condition will be between the two extremes of constant surface 

potential and constant surface charge. The electrostatic interaction energy per unit area,

EDL , between a spherical particle and a flat surface decays with separation distance (h) 

according to (Hoek and Agarwal, 2006): 
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where 0  is the permittivity of the vacuum, 
12 28.85 10 /J V ; r  is the relative dielectric 

constant of water, 78.5; p  and c  are the surface potentials of the interacting surface, 

which depends on the pH and salinity;   is the inverse Debye constant. 

The inverse of the Debye constant (1/ ) is a measure of the diffuse ionic double 

layer thickness that surrounds charged surfaces in aqueous systems. For this reason it is 

often referred to as the inverse Debye screening length and is determined according to the 

following equation (Adamson, 1997): 
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where e is the electron charge, ni is the number concentration of ion i in the bulk solution, 

zi is the valence of ion i, T is the temperature and k is the Boltzmann constant.  
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According to Eq. (6.3), the electrostatic interaction energy decays exponentially 

with distance and is a function of both the separation distance (h) and the Debye length 

(1/ ). Moreover, electrostatic repulsion is predicted to decrease with decreasing particle 

size, and may therefore decrease barriers to nanoparticle aggregation. The distance from 

charged surfaces over which repulsive interactions occur is often similar to the size of the 

nanoparticle. As shown in Eq. (6.4), 1/  increases when the ionic strength decreases, and 

the increase in Debye length may lead to a decrease in the repulsive electrostatic forces. 

Therefore, the ionic strength and type of ions in the solution strongly affect nanoparticle 

dispersion stability. 

The dependence of nanoparticle retention on pH and salinity are not only due to 

the electrostatic forces between nanoparticles and rock grain surface, but also due to the 

nanoparticle size and other characteristics of particles. Kotsmar et al. (2010) found that 

the average cluster size at pH=6 was somewhat smaller than that at pH=8, and the salt 

tolerance decayed markedly at pH=10. This change with pH may indicate competition in 

complex formation between the carboxylic anion of the citrate on the nanoparticle surface 

and the hydroxide ions. Yoon et al. (2011) investigated the (PSS-alt-Maleic Acid)-coated 

nanocluster sizes under different salinity. They found that the size decreased 

monotonically from 85 to 71 nm with added salt of up to 8 wt% NaCl, which is due to a 

reduction in electrostatic repulsion with a decrease in the charge on the primary particles 

within the cluster with added salt. 

The effects of pH and salinity should be coupled with polymer steric repulsion to 

further investigate nanoparticle transport and retention at rock grain surface, especially 

under high salinity condition. 
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Two more corefloods using (Maleic Acid-alt-PSS)-coated nanoparticles were 

carried out to study the effect of salinity on nanoparticle adsorption at water/oil interface. 

The experimental results are shown in Table 6.11. 

 

Table 6.11: Summary of effects of salinity on nanoparticles adsorption at water/oil 

interface 

Exp. 

No
*
. 

Nanoparticle 

State 
Oil Type 

Sor 

(%) 

Salinity 

(wt% NaCl) 

Retention 

Concentration
# 

(mg/m
2
)
 

#54 
Uncross-linked 

Maleic Acid-alt-PSS 
n-Decane 28 0 0.36 

#61 
Uncross-linked 

Maleic Acid-alt-PSS 
n-Decane 28 4 1.09 

 

#
: nanoparticle adsorption concentration at water/decane interface 

*
: The effluent curves for #54 and #61 are shown in Figures C.26 and C.32, respectively 

 

It indicates that nanoparticle adsorption at water/oil interface increases with 

increasing salinity. The (Maleic Acid-alt-PSS)-coated nanoparticles are hydrophilic, and 

the interaction energy for nanoparticle aqueous dispersion is favorable when there is no 

salt. After NaCl were added, the water and ion forms hydration because Na
+
 is more 

hydrophilic than surface-modified nanoparticle which forces more nanoparticle 

adsorption at water/oil interface. 
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6.8. EFFECTS OF OTHER PARAMETERS 

Transport of nanoparticles in reservoir rock is also affected by other parameters, 

i.e., rock lithology, water/oil interfacial areas, and injected nanoparticle concentration. 

Six experiments with three kinds of surface coatings were conducted to 

investigate the effects of lithology on nanoparticle retention at rock grain surface. The 

summary of experimental results is shown in Table 6.12. 

 

Table 6.12: Summary of effects of rock type on retention of nanoparticles at rock grain 

surface 

Exp. 

No. 

Nanoparticle 

State 
Lithology 

K 

(mD) 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

#2 
3M

@
 Silica 

(PEG-coated)  

Boise 

sandstone 
494 9.4 12.64 

#5 
3M

@
 Silica 

(PEG-coated) 

layered-Berea 

sandstone 
136 7.0 6.94 

#8 
Washed 

Nanorods 

Boise 

sandstone 
480 100 N/A 

#9 
Washed 

Nanorods 

layered-Berea 

sandstone 
86 100 N/A 

#19 
Nanoclusters 

With Citrate 

Boise 

sandstone 
576 2.7 0.03 

#20 
Nanoclusters 

With Citrate 

Texas-Cream 

limestone 
17.5 16.4 0.04 

 
*
: The effluent curves for #2, #5, #19 and #20 are shown in Figures 3.7, 3.10, 3.16 and 

3.17, respectively, in Chapter 3 

 

For the PEG-coated silica nanoparticles, the effect of lithology on retention is 

small. However, the retention concentration at Boise sandstone surface is about twice of 

that at layered-Berea sandstone surface. The PEG-coated silica nanoparticles are non-
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ionic in 3 wt% NaCl brine, which indicates electrostatic repulsion does not account for 

the effects on retention concentration.   

The experiments with citrate-coated nanoclusters were performed under pH 8 and 

3 wt% NaCl condition. Salinity drastically reduces the value of surface zeta potential. 

The negative surface charge for Boise sandstone and positive surface charge for Texas-

Cream limestone (at pH=8) again proves that electrostatic forces are not responsible for 

the retention concentration observed. The higher retention in Texas-Cream limestone is 

due to its larger surface area. 

Because the PEG-coated and citrate-coated nanoparticles are non-ionic in 3 wt% 

NaCl brine, electrostatic forces are not responsible for the retention concentration. The 

coreflood results indicate that the nanoparticle retention is virtually independent of 

lithology, but depends on rock surface area, which also has been proved by Caldelas 

(2010). He tested the transport of surface-coated silica nanoparticles (including the PEG-

coated ones used in this study) in crushed sands and glass beads.   

The rock surface area is an important factor for nanoparticle retention, but not for 

retention concentration. Larger surface area leads to more retention even if the retention 

concentration remains constant. This is also true for water/oil interfacial area. The 

experiments with hydrophobic EMG 1200 nanoparticles and surfactant solution (Table 

5.1) validate the hypothesis that water/oil interfacial area is a dominant factor for 

nanoparticle adsorption at water/oil interface. This is the key reason that hydrophobic 

nanoparticle has good adsorption at water/oil interface in the Boise sandstone core. 

The effects of injected nanoparticle concentration were investigated by eight 

corefloods with four kinds of surface coatings. The summary of experimental results is 

shown in Table 6.13. 
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Table 6.13: Summary of effects of nanoparticle concentration on retention of 

nanoparticles at rock grain surface 

Exp. 

No
*
. 

Nanoparticle 

State 

Concentration 

(wt%) 

Injected 

PV 

Retention 

(%) 

Retention 

Concentration 

(mg/m
2
) 

#1 
3M

@
 Silica 

(PEG-coated)  
18.64 3.18 8.9 14.51 

#3 
3M

@
 Silica 

(PEG-coated) 
5 3.47 9.0 4.08 

#13 
Nanorods  

with Citrate 
10 1.7 5.2 2.32 

#12 
Nanorods  

with Citrate 
1 2.5 4.0 0.24 

#68 
PS2 Polymer 

(Non-dialyzed) 
0.2 3.0 29.5 0.45 

#69
a PS2 Polymer 

(Non-dialyzed) 
0.11 3.0 0.05 0.0004 

#70 
PS2 Polymer 

(Dialyzed) 
0.17 3.0 31.79 0.72 

#71
b PS2 Polymer 

(Dialyzed) 
0.17 3.0 0.10 0.002 

 
a
: 3 pore volumes of effluent (from Experiment #68) were re-injected to the same core as #68 

b
: 3 pore volumes of new batch of dispersion were re-injected to the same core as #70 

*
: The effluent curves for #1, #3, #13, #12, #68, #69, #70 and #71 are shown in Figures 

3.6, 3.8, 3.13, 3.12, 3.34, 3.35, 3.36 and 3.37, respectively, in Chapter 3 

 

For the PEG-coated silica nanoparticles and the nanorods coated with citrate, the 

higher injected nanoparticle concentration leads to higher retention and retention 

concentration.  

For dialyzed and non-dialyzed PS2, the re-injection of effluents into the same 

core after a post-flush does not result in additional retention. Similarly, injecting a fresh 

nanoparticle dispersion into a core that has already been flooded and post-flushed results 

in negligible retention and no increase in retention concentration. It seems the rock grain 
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surface is ‘saturated’ with nanoparticles during the first exposure to nanoparticles, and 

subsequently no more permanent retention happens.   

 

6.9. SUMMARY AND CONCLUSION 

The following conclusions can be made from our research on transport 

mechanism of nanoparticles in sedimentary rocks: 

 (1) The nanoparticle synthesis method and surface-coating, especially the cross-

linking of the coating polymer, has a significant impact on dispersion stability, especially 

for aqueous dispersion with high ionic strength. With the usual physical adsorption of the 

coating polymer on the particle surface, surface coatings are partially lost during their 

transportation in the reservoir rock. The nanocluster size increases after transport through 

the rocks, for uncross-linked nanoparticles. Cross-linked nanoparticles have a better 

tendency to adsorb at water/oil interface than the same material without cross-linking. 

More nanoparticles appear to adsorb at water/oil interface by increasing salinity. 

(2) More nanoparticle adsorption at water/oil interface can be achieved by 

increasing hydrophobicity of surface coating; however, it also increases nanoparticle 

retention at rock grain surface. The key reason for higher retention at rock grain surface is 

the inability of the coating material to stay on the particle surface during their transport 

through the rock. Although the nanoparticles can be stabilized in aqueous dispersion by 

these surface coatings (such as PBA, Eutragit and DTAB), they are partially lost during 

transport through sedimentary rocks and form aggregates.  

 (3) Retention concentration (adsorption density) at rock grain surface can be 

decreased by decreasing nanocluster size and increasing flow velocity. The van der 

Waals interaction energy weakens and Brownian diffusion strengthens as particle size 
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decreases. Increasing flow velocity can reduce nanoparticle retention capacity, and 

increase nanoparticle desorption from rock grain surface which is caused by increased 

hydrodynamic forces acting parallel to the surfaces. 

 (4) For both the dispersion stability and the transportability in the reservoir rock, 

the reservoir brine salinity and pH are important design parameters because they control 

not only the electrostatic repulsion between the particles and between the particle and the 

pore wall, but also the molecular conformation and complexation capability of the 

coating layer on the nanoparticle surface. Depending on the surface coating material and 

coating method, a polymer layer that can provide a sufficient steric repulsion can be 

formed to stabilize the nanoparticles in aqueous phase with high salinity. Also, pH and 

salinity affect the nanoparticle cluster size.  

 (5) Some but not all nanoparticles retained by the rock grain surface can be 

recovered during a post-flush by increasing flow velocity or by decreasing ionic strength. 

This demonstrates nanoparticles can desorb from rock grain surface. It indicates 

nanoparticle retention at rock grain surface is unlike the irreversible adsorption of 

polymer molecules. Increasing ionic strength results in reversible and irreversible 

adsorption of nanoparticles at rock grain surface, and the irreversible retention is mainly 

due to the instability of nanoclusters under high salinity condition. 

(6) Rock grain surface area and water/oil interfacial area are dominant factors for 

nanoparticle retention. Larger surface area leads to more retention. 
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CHAPTER 7: Concluding Remarks and Future Work 

Recommendations 

7.1. CONCLUDING REMARKS 

In addition to having the functional capability for upstream industry application, 

the crucial pre-requisites for the nanoparticles are: 

(I) They should stay dispersed individually in the injected water, without 

generating any aggregates, with a long-term stability; 

(II) They should be able to propagate a long distance deep into the reservoir with 

minimal retention; 

(III) They should be able to attach themselves only at specific, desired locations in 

the reservoir, such as the oil/water interfaces of the residual oil ganglia.  

The objective of the work presented in this dissertation was to investigate 

transport and retention of nanoparticles at rock grain surface and water/oil interface in 

sedimentary rocks. To this end, I carried out seventy-six coreflood experiments, to help 

identify and develop nanoparticles that meet the above requirements, specifically, the 

minimum nanoparticle retention at rock grain surface and maximum nanoparticle 

adsorption at water/oil interface. 

By carrying out the corefloods and providing quick feedback to our nanoparticle 

development experts at UT Chem. Eng. I made a critical contribution for them to develop 

a procedure to identify efficiently a surface coating to a given nanoparticle, that will 

allow both long-term dispersion stability and long-distance transportability in a given 

reservoir rock. 

While the long-term dispersion stability is a necessary pre-requisite to achieve the 

long-distance transportability, it does not necessarily guarantee the transportability. 

While the dispersion stability will ensure that the small-size nanoparticles pass through 
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the rock pore throats freely, they may still be adsorbed on the pore wall, depending on the 

interaction forces between the particle surface coating and the pore wall. For example, 

surface coating may be partially lost during nanoparticle transport through sedimentary 

rocks causing their retention in the rock, even when the nanoparticle dispersion maintains 

stability before injection. A commercially available iron oxide nanoparticle with a 

proprietary surface coating provided a good long-term dispersion stability, but exhibited 

very poor transportability in the reservoir rock. However its transportability could be 

significantly improved with a modest surface-coating optimization effort. 

We tested the hypothesis that transport of nanoparticles in sedimentary rocks can 

be quantitatively correlated with various parameters. Retention concentration (adsorption 

density) at rock grain surface can be decreased by decreasing nanocluster size and 

increasing flow velocity. van der Waals interaction energy weakens and Brownian 

diffusion strengthens as particle size decreases. Increasing flow velocity can reduce 

nanoparticle retention capacity, and increase nanoparticle desorption from rock grain 

surface, which is believed to occur by increased hydrodynamic forces acting parallel to 

the surfaces.   

For both the dispersion stability and the transportability in the reservoir rock, the 

reservoir brine salinity and pH are important design parameters because they control not 

only the electrostatic repulsion between the particles and between the particle and the 

pore wall, but also the molecular conformation and complexation capability of the 

coating layer on the nanoparticle surface. The effects of ionic strength depend on the 

surface coating materials and coating method, because they govern the formation of a 

sufficient polymer steric layer to stabilize the nanoparticles in aqueous phase with high 

salinity. Also, pH and salinity affect nanoparticle aggregation, which is a controlling 

factor for nanoparticle retention.  
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Some retained nanoparticles can be recovered from rock grain surface by 

increasing flow velocity or decreasing ionic strength, which strongly suggests that there 

exists nanoparticle desorption from rock grain surface, unlike the irreversible adsorption 

of polymers and surfactants that are usually observed. Ionic strength results in both 

reversible and irreversible adsorption of nanoparticles at rock grain surface, and the 

irreversible retention is mainly due to the dispersion instability of nanoclusters and 

subsequent aggregation, under high salinity and/or high hardness conditions. 

More nanoparticle adsorption at water/oil interface can be achieved by increasing 

hydrophobicity of surface coating; it, however, also increases nanoparticle retention 

concentration at rock grain surface. The key reason for higher retention at rock grain 

surface with use of PBA, eutragit, and DTAB was found to be the dispersion instability. 

Although the nanoparticles can be stabilized in aqueous dispersion by these surface 

coatings, the coating is partially lost during transport through sedimentary rocks and the 

nanoparticles subsequently form aggregates within the rock. Research with hydrophobic 

nanoparticles and surfactant solution indicates the possibility of low retention at rock 

grain surface with adjustment of hydrophobic-hydrophilic balance, which however needs 

further investigation. 

The nanoparticle adsorption at water/oil interface is proportional to the water/oil 

interfacial areas. All else being equal, more nanoparticles adsorb at water/oil interface in 

core with higher residual oil saturation, because more water/oil interfacial area exists. 

Increasing salinity (ionic strength) generally increases nanoparticles retention at 

water/oil interface. The (Maleic Acid-alt-PSS)-coated nanoparticles are relatively 

hydrophilic, and the interaction energy for nanoparticle aqueous dispersion is highly 

repulsive when there is no salt. After NaCl is added, increased hydration of the surface-

coating material allows the surface-modified nanoparticles to approach the water/oil 
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interface more easily and thereby enables more nanoparticle adsorption at water/oil 

interface. 

 

7.2. FUTURE WORK RECOMMENDATIONS 

Some of the parameters that may have significant impact on the nanoparticle 

transport in the reservoir rock have not been adequately studied, and those specific items 

are discussed below. 

 

7.2.1. Effects of pH 

We investigated the effects of pH on nanoparticle retention at rock grain surface 

in Section 6.7. The experiments showed that the retention concentration of (PAA-r-

PBA)-coated nanoparticles at pH 8.5 is much higher than at other pH (7, 8, 10). We 

cannot explain the effects of pH for these experiments. Batch adsorption experiments 

have been conducted (by Andrew Worthen, UT Chem. Eng.) in crushed Boise 

sandstones. Although the batch experiments are generally consistent with the corefloods 

described here, additional more quantitative investigations of effects of pH are required. 

 

7.2.2. Effects of oil type 

n-Decane and mineral oil were employed to investigate effects of oil type. We 

found that nanoparticles adsorb more at water/decane interface than at water/mineral oil 

interface. We hypothesize that the reason is the adsorption of nanoparticles at water/oil 

interface is influenced by the characteristics of oil, such as the carbon number. This 

assumption should be verified with further testing with other types of oil. We did not 

study transport of nanoparticles at water/crude oil interface due to limitation of 
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experimental condition. Crude oil should be employed as oil phase to improve 

nanoparticle application potential in oil reservoirs.  

 

7.2.3. Effects of nanoparticle concentration 

The effects of nanoparticle concentration were studied in Section 6.8. For 

commercial silica nanoparticles and nanorods with citrate, the higher injected 

nanoparticle concentration leads to higher retention and retention concentration, which 

indicated the higher retention capacity with higher concentration. However, for dialyzed/ 

non-dialyzed PS2-coated nanoparticles, the re-injection of effluents, or even new batch of 

nanoparticle dispersion, to the same core did not increase the retention or retention 

concentration. More research should be conducted to investigate the effects of 

nanoparticle concentration on their adsorption at the rock grain surface. 
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Appendix A: Silica Nanoparticles Experimental Runs 

 

Experiment #1 

The first core flood was perfumed in a Boise sandstone having a permeability of 

921 mD. 3.18 pore volumes (33.87 mL) of silica nanoparticle dispersion (18.64 wt%, 

5nm) were injected at a flow rate of 4 mL/min (Darcy velocity is 37.2 ft/day). The 

effluent concentration history, Figure 3.6, showed a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.7 PV. The effluent reaches a peak of 94% of 

the injected concentration. The retention of silica nanoparticles in this coreflood was 

8.9% after postflush of 17 pore volumes, and the apparent viscosity was 2.1 cP.  

 

Experiment #2 

For this core flood, 2.66 pore volumes (27.93 mL) of nanoparticle dispersion 

(18.64 wt%, 5nm) were injected at a flow rate of 1.1 mL/min (Darcy velocity of 10.2 

ft/day) into a Boise sandstone core (1 inch diameter, 3 inches long) of permeability 494 

mD. The effluent concentration history, Figure 3.7, shows a delay in breakthrough, with 

the 50% normalized concentration arriving at about 1.75 PV. The effluent reaches a peak 

of 94% of the injected concentration. The retention of silica nanoparticles in this 

coreflood was 9.4% after postflush, and the apparent viscosity was 1.65 cP.  
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Experiment #3 

This core flood was perfumed in a Boise sandstone (1 inch diameter, 3 inches 

long) having a permeability of 867 mD. 3.47 pore volumes (38.45 mL) of silica 

nanoparticle dispersion (5 wt%, 5nm) were injected at a flow rate of 4 mL/min (Darcy 

velocity is 37.2 ft/day). The effluent concentration history, Figure 3.8, shows a delay in 

breakthrough, with the 50% normalized concentration arriving at about 1.7 PV. The 

effluent reaches a peak of 94% of the injected concentration. The retention of silica 

nanoparticles in this coreflood was 9.0% after postflush, and the apparent viscosity was 

1.05 cP. 

 

Experiment #4 

For this core flood, 2.89 pore volumes (31.65 mL) of nanoparticle dispersionwas 

(18.64 wt%, 20nm) were injected at a flow rate of 4 mL/min (Darcy velocity of 37.2 

ft/day) into a Boise sandstone core (1 inch diameter, 3 inches long) of permeability 421 

mD. The effluent concentration history, Figure 3.9, shows a delay in breakthrough, with 

the 50% normalized concentration arriving at about 1.75 PV. The effluent reaches a peak 

of 93% of the injected concentration. The retention of silica nanoparticles in this 

coreflood was 11.9% after postflush, and the apparent viscosity was 1.4 cP.  

 

 

 

 

 

 

 



 174 

Experiment #5 

This core flood was perfumed in a Berea sandstone (1 inch diameter, 3 inches 

long) having a permeability of 136 mD. 3.46 pore volumes (29.76 mL) of silica 

nanoparticle dispersion (18.64 wt%, 5nm) were injected at a flow rate of 1 mL/min 

(Darcy velocity is 9.3 ft/day). The effluent concentration history, Figure 3.10, shows a 

delay in breakthrough, with the 50% normalized concentration arriving at about 1.3 PV. 

The effluent reaches a peak of 96% of the injected concentration. The retention of silica 

nanoparticles in this coreflood was 7.0% after postflush, and the apparent viscosity was 

1.6 cP. 
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Appendix B: Commercial Iron-Oxide Nanoparticles Experimental Runs 

 

Experiment #6 

This core flood was performed with a dilution of the dispersion with pH=7, using 

3 wt% NaCl brine, which contained 5 wt% iron oxide nanorods.  The coreflood was 

carried out in a Boise sandstone core (1 inch diameter, 3 inches long) with a permeability 

of 460 mD. Two pore volumes (23 mL) of the 5 wt% nanorod dispersion were injected at 

a flow rate of 1 mL/min (Darcy velocity is 9.3 ft/day). After ten pore volumes of post-

flush with nanoparticle-free brine, the retention in the core was more than 90% of the 

injected amount. 

 

Experiment #7 

The original dispersion was diluted to 1 wt% nanorod concentration, to be used as 

injectant at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The pH and salinity 

of this dispersion were same as those for the Experiment #6 (pH=7 and 3 wt% NaCl). 

This coreflood was carried out in a new Boise sandstone core (1 inch diameter, 3 inches 

long), having a permeability of 460 mD. 20 mL (1.74 pore volumes) of the nanorod 

dispersion was injected into the core. After post-flush of 15 pore volumes by 3 wt% 

NaCl, the retention was still over 90 % of the injected amount. 
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Experiment #8 

This coreflood was carried out in Boise sandstone core (1 inch diameter, 3 inches 

long) having a permeability of 480 mD. 23 mL (2.1 pore volumes, 2 wt% NaCl) of 0.9 

wt% washed nanorods dispersion (pH=10) was injected at a flow rate of 1 mL/min 

(Darcy velocity is 9.3 ft/day). After fourteen pore volumes of post-flush with 2 wt% 

NaCl, the retention is 100% and there is no nanoparticle in the effluent.  

 

Experiment #9 

This coreflood experiment was performed in Layered Berea sandstone core (1 

inch diameter, 3 inches long) with a permeability of 86 mD. 23 mL of 0.9 wt% nanorod 

dispersion (3.3 pore volumes, 2 wt% NaCl, pH=10) was injected at a flow rate of 2 

mL/min (Darcy velocity is 18.6 ft/day). After ten pore volumes of post-flush with 2 wt% 

NaCl, no observable nanorod production was detected in the effluent, the retention being 

100%. The washed particles were forming aggregates and causing the core surface 

plugging. 
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Experiment #10 

The commercial iron-oxide nanoparticle (not the nanorods, and supplied by 

Department of Chemical Engineering, The University of Texas at Austin) can be 

stabilized in aqueous dispersion without salinity, and the diameter of this nanoparticle is 

about 7 nm in pH 7. Three pore volumes of 0.1 wt% of this kind of iron-oxide 

nanoparticles were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day) 

through a Boise sandstone core (1 inch diameter, 3 inches long) with a permeability of 

421 mD. After seven pore volumes of post-flush with deionized water, no observable 

nanoparticles was detected in the effluent, the retention being 100%. These nanoparticles 

were forming aggregates and causing the core surface plugging. 

 

Experiment #11 

This coreflood was performed in a Boise sandstone (1 inch diameter, 3 inches 

long) with a permeability of 646 mD, 2.6 pore volumes (28 mL) of nanoparticle 

dispersion were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure 3.11, shows a long delay in 

breakthrough, with the 50% normalized concentration arriving at about 3.3 PV, and 

reaches a peak of 90.1% of the injected concentration. However, the retention was 57.7% 

of the injected amount after post-flush of 15 pore volumes.  
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Experiment #12 

This coreflood was performed in a Boise sandstone (1 inch diameter, 3 inches 

long) with a permeability of 461 mD, 26 mL (2.5 pore volumes) of nanoparticle 

dispersion (1 wt%, nanorods treated with Citrate Acid, pH=8) was injected at a flow rate 

of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration 

history, Figure 3.12, shows a much less delay in breakthrough, with the 50% normalized 

concentration arriving at about 1.5 PV, and reaches a peak of 99.9% of the injected 

concentration. A mass balance shows that 4.0 wt% of the injected nanoparticles were 

retained after post-flush of of six pore volumes deionized water. 

 

Experiment #13 

This coreflood was performed in a Boise sandstone (1 inch diameter, 3 inches 

long) with a permeability of 610 mD, 18 mL (1.7 pore volumes) of nanoparticle 

dispersion (10 wt%, nanorods treated with Citrate Acid, pH=8) was injected at a flow rate 

of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration 

history, Figure 3.13, shows a larger delay in breakthrough than experimental #12, with 

the 50% normalized concentration arriving at about 2.2 PV, and reaches a peak of 98.9% 

of the injected concentration. Despite the high injected particle concentration, the mass 

balance shows that only 5.2 wt% of the injected nanoparticles were retained after post-

flush of six pore volumes deionized water. 
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Appendix C: Paramagnetic Nanoparticles Experimental Runs 

 

C.1. IN-HOUSE SYNTHESIZED PARAMAGNETIC NANOPARTICLES 

Experiment #14 

For the Boise sandstone core (1 inch diameter, 3 inches long) with a permeability 

of 421 mD, three pore volumes (32 mL) of nanocluster dispersion (treated with TMAOH, 

0.12 wt%) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). After 

fifteen pore volumes of post-flush with deionized water with the same pH, the retention is 

100% and there is no particle passing through the core. 

 

Experiment #15 

The coreflood was performed in a Boise sandstone core (1 inch diameter, 3 inches 

long) having a permeability of 491 mD. 2.3 pore volumes (24.5 mL) of nanoparticle 

dispersion (treated with PVP, 0.12 wt%) were injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). Even after seven pore volumes of post-flush, no particle was 

detected in the effluent, the retention being 100%. 
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Experiment #16 

This core flood was carried out in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 670 mD. 27 mL (2.5 pore volumes) of nanoparticle 

dispersion (treated with oleic acid, 0.14 wt%, 55nm, pH=7) was injected at a flow rate of 

2 mL/min (Darcy velocity is 18.6 ft/day), and the retention was 89.7% after the post-flush 

of four pore volumes deionized water. 

 

Figure C.1: Effluent concentration of in-house synthesized nanoparticles coated with 

Oleic Acid vs. pore volume for coreflood #16.  2.5 pore volumes of 

nanoparticle suspension (0.14 wt%, pH=7) were injected, followed by 

deionized water with the same pH. 
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Experiment #17 

This Boise sandstone (with 737 mD permeability) coreflood (1 inch diameter, 3 

inches long) was intended to test the effect of nanoclusters size. We injected three pore 

volumes (32.1 mL) of 0.14 wt% nanocluster dispersion (treated with oleic acid, 85nm, 

pH=7) at the same flow rate as above (2 mL/min, Darcy velocity is 18.6 ft/day). But the 

retention was 91.5% of the injected amount after four pore volumes of deionized water. 

 

Figure C.2: Effluent concentration of in-house synthesized nanoparticles coated with 

Oleic Acid (dialyzed) vs. pore volume for coreflood #17.  Three pore 

volumes of nanoparticle suspension (0.14 wt%, pH=7) were injected, 

followed by deionized water with the same pH. 
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Experiment #18 

For the Boise sandstone (with 590 mD permeability) coreflood (1 inch diameter, 3 

inches long) with the citrate nanoclusters, 2.77 pore volumes (30 mL) of nanoparticle 

dispersion (0.5 wt%) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 

ft/day). The normalized effluent concentration history, Figure 3.15, shows a delay in 

breakthrough, with the 50% normalized concentration arriving at about 1.8 PV, and 

reaches a peak of 98.1% of injected concentration. A mass balance shows that 8.73 wt% 

of the injected nanoparticles were retained after four pore volumes of post-flush. 

 

Experiment #19 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 576 mD. 3.22 pore volumes (34 mL) of 

nanoparticle dispersion (0.12 wt%) with 3 wt% salinity were injected at a flow rate of 3 

mL/min (Darcy velocity is 28 ft/day). The normalized effluent concentration history, 

Figure 3.16, shows a similar delay in breakthrough, with the 50% normalized 

concentration arriving at about 1.55 PV, and reaches a peak of 98.6% of the injected 

concentration. A mass balance shows that 2.7 wt% of the injected nanoparticles were 

retained after a post-flush of six pore volumes. 
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Experiment #20 

This coreflood was carried out in a Texas Cream limestone (1 inch diameter, 3 

inches long), this core having a low permeability of 17.5 mD. 31 mL (2.8 pore volumes) 

of nanocluster dispersion (0.12 wt%) was injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history, Figure 3.17, 

shows more delay in breakthrough compared to the above corefloods #18 and #19 in 

Boise sandstone, with the 50% normalized concentration arriving at about 2.0 PV, and 

reaches a peak of 81.4% of the injected concentration. A mass balance shows that 16.4 

wt% of the injected nanoparticles were retained after a post-flush of six pore volumes. 

 

Experiment #21 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 837 mD. 2.7 pore volumes (32 mL) of nanoparticle 

dispersion treated with PAA (0.1 wt% nanoparticles with 20 wt% PAA, non-dialyzed, 

pH=7) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure C.3, shows a shorter delay in 

breakthrough, with the 50% normalized concentration arriving at about 1.6 PV, and 

reaches a peak of 98.3% of the injected concentration. A mass balance shows that 9.9 

wt% of the injected nanoparticles were retained after a post-flush of four pore volumes 

deionized water with the same pH.  
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Figure C.3: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA (20 wt% PAA, non-dialyzed) vs. pore volume for coreflood #21.  2.7 

pore volumes of nanoparticle suspension (0.1 wt%, pH=7) were injected, 

followed by deionized water with the same pH. 

Experiment #22 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 614 mD. 2.8 pore volumes (30 mL) of nanoparticle 

dispersion treated with PAA (0.1 wt% nanoparticles with 3 wt% PAA, non-dialyzed, 

pH=7) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure 3.18, shows a shorter delay in 

breakthrough, with the 50% normalized concentration arriving at about 1.5 PV, and 

reaches a peak of 96.7% of the injected concentration. A mass balance shows that 9.7 

wt% of the injected nanoparticles were retained after a post-flush of four pore volumes 

deionized water with the same pH. 
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Experiment #23 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 1052 mD with 28% residual oil saturation. 2.7 pore 

volumes (moveable pore volume, and it is water space pore volume for cores with oil) of 

nanoparticle dispersion (the same as Experiment #22) were injected at a flow rate of 2 

mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration history, 

Figure C.4, reaches a peak of 96.7% of the injected concentration. A mass balance shows 

that 12.4 wt% of the injected nanoparticles were retained after a post-flush of four pore 

volumes deionized water with the same pH. 

 

Figure C.4: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA (3 wt% PAA, non-dialyzed) vs. moveable pore volume for coreflood 

#23 with 28% residual oil saturation (n-Decane).  2.7 pore volumes of 

nanoparticle suspension (0.1 wt%, pH=7) were injected, followed by 

deionized water with the same pH. 
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Experiment #24 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 652 mD. 2.9 pore volumes of nanoparticle 

dispersion treated with PAA (0.1 wt% nanoparticles with 3 wt% PAA, dialyzed, pH=7) 

were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure C.5, shows a shorter delay in breakthrough, with 

the 50% normalized concentration arriving at about 1.6 PV, and reaches a peak of 95.7% 

of the injected concentration. A mass balance shows that 10.2 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes deionized water with 

the same pH. 

 

Figure C.5: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA (3 wt% PAA, dialyzed) vs. pore volume for coreflood #24.  2.9 pore 

volumes of nanoparticle suspension (0.1 wt%, pH=7) were injected, 

followed by deionized water with the same pH. 
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Experiment #25 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 687 mD. 2.9 pore volumes of nanoparticle 

dispersion treated with PAA (0.2 wt% nanoparticles with 3 wt% PAA, dialyzed, pH=9) 

were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure 3.19, shows a shorter delay in breakthrough, with 

the 50% normalized concentration arriving at about 1.7 PV, and reaches a peak of 95.4% 

of the injected concentration. A mass balance shows that 6.71 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes deionized water with 

the same pH. 

 

Experiment #26 (Containing oil-Mineral Oil) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 846 mD with 30% residual oil saturation (mineral 

oil). 2.7 pore volumes (moveable pore volume, and it is water space pore volume for 

cores with oil) of nanoparticle dispersion (the same as Experiment #25) were injected at a 

flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent 

concentration history, Figure C.6, reaches a peak of 86.7% of the injected concentration. 

A mass balance shows that 7.0 wt% of the injected nanoparticles were retained after a 

post-flush of six pore volumes deionized water with the same pH. 
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Figure C.6: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA (3 wt% PAA, dialyzed) vs. moveable pore volume for coreflood #26 

with 30% residual oil saturation (mineral oil).  2.7 pore volumes of 

nanoparticle suspension (0.2 wt%, pH=9) were injected, followed by 

deionized water with the same pH. 

Experiment #27 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 875 mD with 28% residual oil saturation (decane). 

3.3 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #25, #26) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 

ft/day). The normalized effluent concentration history, Figure C.7, reaches a peak of 

91.6% of the injected concentration. A mass balance shows that 8.13 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes deionized water with 

the same pH. 
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Figure C.7: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA (3 wt% PAA, dialyzed) vs. moveable pore volume for coreflood #27 

with 28% residual oil saturation (decane).  3.3 pore volumes of nanoparticle 

suspension (0.2 wt%, pH=9) were injected, followed by deionized water 

with the same pH. 

Experiment #28 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 789 mD. 2.7 pore volumes of nanoparticle 

dispersion treated with PAA+DTAB (0.2 wt% nanoparticles, dialyzed, pH=9) were 

injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure 3.20, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.75 PV, and reaches a peak of 96.6% of the 

injected concentration. A mass balance shows that 7.05 wt% of the injected nanoparticles 

were retained after a post-flush of four pore volumes deionized water with the same pH. 
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Experiment #29 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 812 mD with 28% residual oil saturation (decane). 

3.3 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #28) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.8, reaches a peak of 94.5% of 

the injected concentration. A mass balance shows that 9.35 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes deionized water with 

the same pH. 

 

Figure C.8: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA+DTAB vs. moveable pore volume for coreflood #29 with 28% 

residual oil saturation (decane).  3.3 pore volumes of nanoparticle 

suspension (0.2 wt%, pH=9) were injected, followed by deionized water 

with the same pH. 
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Experiment #30 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 786 mD. 1.27 pore volumes of nanoparticle 

dispersion treated with cross-linked PAA (0.1 wt% nanoparticles, dialyzed, pH=7) were 

injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure 3.21, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.5 PV, and reaches a peak of 70.8% of the 

injected concentration. A mass balance shows that 8.21 wt% of the injected nanoparticles 

were retained after a post-flush of six pore volumes deionized water with the same pH. 

 

Experiment #31 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 812 mD with 27% residual oil saturation (decane). 

2.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #30) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.9, reaches a peak of 86.5% of 

the injected concentration. A mass balance shows that 9.05 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes deionized water with 

the same pH. 
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Figure C.9: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA vs. moveable pore volume for coreflood #31 with 27% 

residual oil saturation (decane).  2.2 pore volumes of nanoparticle 

suspension (0.1 wt%, pH=7) were injected, followed by deionized water 

with the same pH. 

Experiment #32 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 837 mD. Three pore volumes (33 mL) of cross-

linked PAA coated nanoparticle dispersion (0.1 wt%, pH=7) with 3 wt% salinity were 

injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). A mass balance shows 

that 95 wt% of the injected nanoparticles were retained after a post-flush of six pore 

volumes. The normalized effluent concentration history was shown in Figure C.10. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8 9 10

C
/C

o

Pore Volume



 193 

 

Figure C.10: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA vs. pore volume for coreflood #32.  Three pore volumes 

of nanoparticle suspension (0.1 wt%, pH=7) with 3 wt% NaCl were 

injected, followed by brine with the same pH. 

Experiment #33 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 856 mD. Three pore volumes of nanoparticle 

dispersion treated with eutragit (0.48 wt% nanoparticles, dialyzed, pH=8, 1 wt% NaCl) 

were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure 3.22, shows a longer delay in breakthrough, with 

the 50% normalized concentration arriving at about 2.5 PV, and reaches a peak of 69% of 

the injected concentration. A mass balance shows that 45.7 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes brine with the same 

pH. 
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Experiment #34 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 759 mD with 27% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #34) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.11, reaches a peak of 43.3% of 

the injected concentration. A mass balance shows that 58.1 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes brine with the same 

pH. 

 

Figure C.11: Effluent concentration of in-house synthesized nanoclusters coated with 

Eutragit vs. moveable pore volume for coreflood #34 with 27% residual oil 

saturation (decane).  4.2 pore volumes of nanoparticle suspension (0.48 

wt%, pH=8) were injected, followed by 1 wt% NaCl brine with the same 

pH. 
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Experiment #35 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 12 

inches long) having a permeability of 845 mD. 0.8 pore volumes of nanoparticle 

dispersion treated with PAA-r-PBA (0.5 wt% nanoparticles, 400nm, uncross-linked, 

pH=8, 1 wt% NaCl) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 

ft/day). The normalized effluent concentration history, Figure C.12, shows a delay in 

breakthrough, with the 50% normalized concentration arriving at about 1.5 PV, and 

reaches a peak of 63.3% of the injected concentration. A mass balance shows that 53.4 

wt% of the injected nanoparticles were retained after a post-flush of three pore volumes 

brine with the same pH. 

 

Figure C.12: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA-r-PBA vs. pore volume for coreflood #35.  0.8 pore volumes of 

nanoparticle suspension (0.5 wt%, pH=8) with 1 wt% NaCl were injected, 

followed by brine with the same pH. 
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Experiment #36 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 12 

inches long) having a permeability of 863 mD with 28% residual oil saturation (decane). 

1.1 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #35) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.13, reaches a peak of 48.1% of 

the injected concentration. A mass balance shows that 72.37 wt% of the injected 

nanoparticles were retained after a post-flush of three pore volumes brine with the same 

pH. 

 

Figure C.13: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA-r-PBA vs. moveable pore volume for coreflood #36 with 28% residual 

oil saturation (decane).  1.1 pore volumes of nanoparticle suspension (0.5 

wt%, pH=8) were injected, followed by 1 wt% NaCl brine with the same 

pH. 
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Experiment #37 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 12 

inches long) having a permeability of 896 mD with 20% residual oil saturation (decane). 

One pore volume (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #35, #36) was injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 

ft/day). The normalized effluent concentration history, Figure C.14, reaches a peak of 

55.9% of the injected concentration. A mass balance shows that 64.09 wt% of the 

injected nanoparticles were retained after a post-flush of three pore volumes brine with 

the same pH. 

 

Figure C.14: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA-r-PBA vs. moveable pore volume for coreflood #37 with 20% residual 

oil saturation (decane).  One pore volumes of nanoparticle suspension (0.5 

wt%, pH=8) were injected, followed by 1 wt% NaCl brine with the same 

pH. 
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Experiment #38 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 864 mD. Three pore volumes of nanoparticle 

dispersion treated with PAA-r-PBA (the same as experiment #35, but difference 

concentration of 0.4 wt% nanoparticles) were injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history, Figure C.15, 

shows a delay in breakthrough, with the 50% normalized concentration arriving at about 

1.7 PV, and reaches a peak of 87.4% of the injected concentration. A mass balance shows 

that 40.29 wt% of the injected nanoparticles were retained after a post-flush of four pore 

volumes brine with the same pH. 

 

Figure C.15: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA-r-PBA vs. pore volume for coreflood #38.  Three pore volumes of 

nanoparticle suspension (0.4 wt%, pH=8) with 1 wt% NaCl were injected, 

followed by brine with the same pH. 
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Experiment #39 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 789 mD. Three pore volumes of nanoparticle 

dispersion treated with PAA-r-PBA (the same as experiment #38, but difference pH=8.5) 

were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure C.16, shows a long delay in breakthrough, with the 

50% normalized concentration arriving at about 2.7 PV, and reaches a peak of 58.1% of 

the injected concentration. A mass balance shows that 66.87 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Figure C.16: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA-r-PBA vs. pore volume for coreflood #39.  Three pore volumes of 

nanoparticle suspension (0.4 wt%, pH=8.5) with 1 wt% NaCl were injected, 

followed by brine with the same pH. 
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Experiment #40 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 841 mD with 28% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #38) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.17, reaches a peak of 55.8% of 

the injected concentration. A mass balance shows that 61.62 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Figure C.17: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA-r-PBA vs. moveable pore volume for coreflood #40 with 28% residual 

oil saturation (decane).  One pore volumes of nanoparticle suspension (0.4 

wt%, pH=8) were injected, followed by 1 wt% NaCl brine with the same 

pH. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8 9 10

C
/C

o

Pore Volume



 201 

Experiment #41 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 853 mD. Three pore volumes of nanoparticle 

dispersion treated with PAA-r-PBA (0.37 wt%, cross-linked, 400nm, pH=8) were 

injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure C.18, shows a long delay in breakthrough, and 

reaches a peak of 49.3% of the injected concentration. A mass balance shows that 52.8 

wt% of the injected nanoparticles were retained after a post-flush of four pore volumes 

brine with the same pH. 

 

Figure C.18: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA vs. pore volume for coreflood #41.  Three pore 

volumes of nanoparticle suspension (0.37 wt%, pH=8) with 1 wt% NaCl 

were injected, followed by brine with the same pH. 
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Experiment #42 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 876 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-r-PBA (0.37 wt%, 130nm, pH=8) were injected 

at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent 

concentration history, Figure 3.24, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.5 PV, and reaches a peak of 99.7% of the 

injected concentration. A mass balance shows that 32.5 wt% of the injected nanoparticles 

were retained after a post-flush of four pore volumes brine with the same pH. 
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Experiment #43 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 901 mD with 28% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #42) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.19, reaches a peak of 81.7% of 

the injected concentration. A mass balance shows that 48.1 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Figure C.19: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA vs. moveable pore volume for coreflood #43 with 

28% residual oil saturation (decane).  4.2 pore volumes of nanoparticle 

suspension (0.37 wt%, pH=8) were injected, followed by 1 wt% NaCl brine 

with the same pH. 
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Experiment #44 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 754 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-r-PBA (0.37 wt%, PAA: PBA=3:2, 120nm, 

pH=8) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure C.20, shows a delay in breakthrough, 

with the 50% normalized concentration arriving at about 1.4 PV, and reaches a peak of 

98.5% of the injected concentration. A mass balance shows that 15.6 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Figure C.20: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA (3:2) vs. pore volume for coreflood #44.  Three 

pore volumes of nanoparticle suspension (0.37 wt%, pH=8) with 1 wt% 

NaCl were injected, followed by brine with the same pH. 
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Experiment #45 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 712 mD with 27% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #44) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.21, reaches a peak of 90.0% of 

the injected concentration. A mass balance shows that 20.1 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Figure C.21: Effluent concentration of in-house synthesized nanoclusters coated with 

corss-linked PAA-r-PBA (3:2) vs. moveable pore volume for coreflood #45 

with 27% residual oil saturation (decane).  4.2 pore volumes of nanoparticle 

suspension (0.37 wt%, pH=8) were injected, followed by 1 wt% NaCl brine 

with the same pH. 
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Experiment #46 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 857 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-r-PBA (0.37 wt%, PAA: PBA=3:2, 120nm, 

pH=7) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure C.22, shows a delay in breakthrough, 

with the 50% normalized concentration arriving at about 1.7 PV, and reaches a peak of 

89.5% of the injected concentration. A mass balance shows that 34.5 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Figure C.22: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA (3:2) vs. pore volume for coreflood #46.  Three 

pore volumes of nanoparticle suspension (0.37 wt%, pH=7) with 1 wt% 

NaCl were injected, followed by brine with the same pH. 
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Experiment #47 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 957 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-r-PBA (the same as Experiment #46, but 

pH=8.5) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure C.23, shows a delay in breakthrough, 

and reaches a peak of only 11% of the injected concentration. A mass balance shows that 

88.3 wt% of the injected nanoparticles were retained after a post-flush of four pore 

volumes brine with the same pH. 

 

Figure C.23: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA (3:2) vs. pore volume for coreflood #47.  Three 

pore volumes of nanoparticle suspension (0.37 wt%, pH=8.5) with 1 wt% 

NaCl were injected, followed by brine with the same pH. 
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Experiment #48 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 675 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-r-PBA (the same as Experiment #46, but 

pH=10) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure C.24, shows a delay in breakthrough, 

with the 50% normalized concentration arriving at about 1.75 PV, and reaches a peak of 

92.4% of the injected concentration. A mass balance shows that 48.7 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Figure C.24: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked PAA-r-PBA (3:2) vs. pore volume for coreflood #48.  Three 

pore volumes of nanoparticle suspension (0.37 wt%, pH=10) with 1 wt% 

NaCl were injected, followed by brine with the same pH. 
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Experiment #49 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 804 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-r-PBA (0.37 wt%, PAA: PBA=3:1, 114nm, 

pH=10, no salt) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure 3.25, shows a delay in 

breakthrough, with the 50% normalized concentration arriving at about 1.6 PV, and 

reaches a peak of 99.1% of the injected concentration. A mass balance shows that 4.7 

wt% of the injected nanoparticles were retained after a post-flush of four pore volumes 

deionized water with the same pH. 

 

Experiment #50 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 814 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-r-PBA (the same as Experiment #49) were 

injected at a flow rate of 10 mL/min (Darcy velocity is 93 ft/day). The normalized 

effluent concentration history, Figure 3.26, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.3 PV, and reaches a peak of 100% of the 

injected concentration. A mass balance shows that 4.5 wt% of the injected nanoparticles 

were retained after a post-flush of four pore volumes deionized water with the same pH. 
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Experiment #51 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 1036 mD. Three pore volumes of nanoparticle 

dispersion treated with PAA-PBA-PS1 (0.2 wt%, pH=8, 113 nm) were injected at a flow 

rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration 

history, Figure 3.27, shows a delay in breakthrough, with the 50% normalized 

concentration arriving at about 1.3 PV, and reaches a peak of 99% of the injected 

concentration. A mass balance shows that 7.4 wt% of the injected nanoparticles were 

retained after a post-flush of four pore volumes 1 wt% NaCl brine with the same pH. 

 

Experiment #52 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 770 mD with 28% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #51) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.25, reaches a peak of 95.2% of 

the injected concentration. A mass balance shows that 10.8 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes brine with the same 

pH. 
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Figure C.25: Effluent concentration of in-house synthesized nanoclusters coated with 

PAA-PBA-PS1 (1:1:2) vs. moveable pore volume for coreflood #52 with 

28% residual oil saturation (decane).  4.2 pore volumes of nanoparticle 

suspension (0.2 wt%, pH=8) were injected, followed by 1 wt% NaCl brine 

with the same pH. 

Experiment #53 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 752 mD. 1.5 pore volumes of nanoparticle 

dispersion treated with PSS-alt-Maleic Acid (0.2 wt%, pH=8, 44 nm) were injected at a 

flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent 

concentration history, Figure 3.28, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.5 PV, and reaches a peak of 85.1% of the 

injected concentration. A mass balance shows that 1.83 wt% of the injected nanoparticles 

were retained after a post-flush of four pore volumes deionized water with the same pH. 
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Experiment #54 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 3 

inches long) having a permeability of 769 mD with 28% residual oil saturation (decane). 

Two pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #53) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.26, reaches a peak of 68.0% of 

the injected concentration. A mass balance shows that 10.57 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes deionized water with 

the same pH. 

 

Figure C.26: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS vs. moveable pore volume for coreflood #54 with 28% 

residual oil saturation (decane).  Two pore volumes of nanoparticle 

suspension (0.2 wt%, pH=8) were injected, followed by deionized water 

with the same pH. 
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Experiment #55 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 12 

inches long) having a permeability of 798 mD. 0.9 pore volumes of nanoparticle 

dispersion treated with Maleic Acid-alt-PSS + DTAB (1 wt%, pH=8, 150 nm) were 

injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure C.27, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.6 PV, and reaches a peak of 52.5% of the 

injected concentration. A mass balance shows that 34.18 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Figure C.27: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS + DTAB vs. pore volume for coreflood #55.  0.9 pore 

volumes of nanoparticle suspension (1 wt%, pH=8) with 1 wt% NaCl were 

injected, followed by brine with the same pH. 
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Experiment #56 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 725 mD. Three pore volumes of nanoparticle 

dispersion treated with Maleic Acid-alt-PSS + DTAB (the same as Experiment #55, but 

the concentration is 0.5 wt%) were injected at a flow rate of 2 mL/min (Darcy velocity is 

18.6 ft/day). The normalized effluent concentration history, Figure C.28, shows a delay 

in breakthrough, with the 50% normalized concentration arriving at about 1.4 PV, and 

reaches a peak of 85.2% of the injected concentration. A mass balance shows that 22.49 

wt% of the injected nanoparticles were retained after a post-flush of four pore volumes 

brine with the same pH. 

 

Figure C.28: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS + DTAB vs. pore volume for coreflood #56.  Three 

pore volumes of nanoparticle suspension (0.5 wt%, pH=8) with 1 wt% NaCl 

were injected, followed by brine with the same pH. 
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Experiment #57 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 812 mD. Three pore volumes of nanoparticle 

dispersion treated with Maleic Acid-alt-PSS + DTAB (the same as Experiment #56, but 

no salt) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure C.29, shows a delay in breakthrough, 

with the 50% normalized concentration arriving at about 1.3 PV, and reaches a peak of 

91.7% of the injected concentration. A mass balance shows that 16.01 wt% of the 

injected nanoparticles were retained after a post-flush of four pore volumes deionized 

water with the same pH. 

 

Figure C.29: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS + DTAB vs. pore volume for coreflood #57.  Three 

pore volumes of nanoparticle suspension (0.5 wt%, pH=8) were injected, 

followed by deionized water with the same pH. 
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Experiment #58 (Containing oil-Mineral Oil) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 816 mD with 30% residual oil saturation (mineral 

oil). 4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #56) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.30, reaches a peak of 90.6% of 

the injected concentration. A mass balance shows that 13.5 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes deionized water with 

the same pH. 

 

Figure C.30: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS + DTAB vs. moveable pore volume for coreflood #58 

with 30% residual oil saturation (mineral oil).  4.2 pore volumes of 

nanoparticle suspension (0.5 wt%, pH=8) were injected, followed by 

deionized water with the same pH. 
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Experiment #59 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 897 mD with 28% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #56) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.31, reaches a peak of 89.3% of 

the injected concentration. A mass balance shows that 17.6 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes deionized water with 

the same pH. 

 

Figure C.31: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS + DTAB vs. moveable pore volume for coreflood #58 

with 28% residual oil saturation (decane).  4.2 pore volumes of nanoparticle 

suspension (0.5 wt%, pH=8) were injected, followed by deionized water 

with the same pH. 
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Experiment #60 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 864 mD. Three pore volumes of nanoparticle 

dispersion coated with Maleic Acid-alt-PSS (0.5 wt%, 44 nm, pH=8) with 4 wt% NaCl 

were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure 3.29, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.4 PV, and reaches a peak of 98.6% of the 

injected concentration. A mass balance shows that 6.2 wt% of the injected nanoparticles 

were retained after a post-flush of four pore volumes brine with the same pH. 

 

Experiment #61 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 748 mD with 28% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #60) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.32, reaches a peak of 98.0% of 

the injected concentration. A mass balance shows that 9.9 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes brine with the same 

pH. 
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Figure C.32: Effluent concentration of in-house synthesized nanoclusters coated with 

Maleic Acid-alt-PSS vs. moveable pore volume for coreflood #61 with 28% 

residual oil saturation (decane).  4.2 pore volumes of nanoparticle 

suspension (0.5 wt%, pH=8) were injected, followed by 4 wt% NaCl brine.  

Experiment #62 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 897 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked Maleic Acid-alt-PSS (0.2 wt%, 80 nm, pH=8) with 1 

wt% NaCl were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure 3.30, shows a delay in breakthrough, 

with the 50% normalized concentration arriving at about 1.3 PV, and reaches a peak of 

95.4% of the injected concentration. A mass balance shows that 1.5 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 
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Experiment #63 (Containing oil-Decane) 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 1024 mD with 28% residual oil saturation (decane). 

4.2 pore volumes (moveable pore volume) of nanoparticle dispersion (the same as 

Experiment #62) were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

The normalized effluent concentration history, Figure C.33, reaches a peak of 88.0% of 

the injected concentration. A mass balance shows that 16.4 wt% of the injected 

nanoparticles were retained after a post-flush of six pore volumes brine with the same 

pH. 

 

Figure C.33: Effluent concentration of in-house synthesized nanoclusters coated with 

cross-linked Maleic Acid-alt-PSS vs. moveable pore volume for coreflood 

#63 with 28% residual oil saturation (decane).  4.2 pore volumes of 

nanoparticle suspension (0.2 wt%, pH=8) were injected, followed by 1 wt% 

NaCl brine with the same pH. 
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Experiment #64 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 1036 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-PS1 (0.2 wt%, 133 nm, pH=9) with 1 wt% 

NaCl were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure 3.31, shows a delay in breakthrough, 

with the 50% normalized concentration arriving at about 1.4 PV, and reaches a peak of 

91% of the injected concentration. A mass balance shows that 20.7 wt% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

 

Experiment #65 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 770 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PAA-PS1 (the same as Experiment #64) with API 

brine (8 wt% NaCl + 2 wt% CaCl2) were injected at a flow rate of 2 mL/min (Darcy 

velocity is 18.6 ft/day). The normalized effluent concentration history, Figure 3.32, 

shows a delay in breakthrough, with the 50% normalized concentration arriving at about 

2.5 PV, and reaches a peak of 68% of the injected concentration. A mass balance shows 

that 70.11 wt% of the injected nanoparticles were retained after a post-flush of four pore 

volumes brine with the same pH. 
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Experiment #66 

This coreflood was based on the the Experiment #65, and was designed to 

research the effect of salinity. There is no nanoparticle dispersion injection for this 

coreflood, which was only involved in post-flush process. 

When Experiment #65 was finished, brine (containing 1 wt% NaCl) was injected 

through the same core as Experiment #65 (not a new core), and the effluent was then 

collected. 

A noticeable issue is that the effluent was not ‘stable’, and we could see the 

chunks coming out, which was the only time that we found unstable nanoparticles 

directly coming through the rock. For any other corefloods, the effluent can be stable for 

days, or at least hours. These chunks bring troubles for us to measure the nanoparticle 

concentration of the effluent. Then we collect all of the effluent, and the chunks were 

broken into nanoparticles by probe sonication for twenty-four hours. A mass balance 

shows that 16.1% of the injected nanoparticles (Experiment #65) were recoverable during 

this experiment.   The normalized effluent concentration history was not available due to 

the chunks. 
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Experiment #67 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 915 mD. Three pore volumes of nanoparticle 

dispersion treated with cross-linked PS2 (0.2 wt%, 130 nm, pH=8) with 1 wt% NaCl 

were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure 3.36, shows the effluent reaches a peak of only 

32.7% of the injected concentration. A mass balance shows that 88.18 wt% of the 

injected nanoparticles were retained after a post-flush of four pore volumes brine with the 

same pH. 

 

Experiment #68 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 897 mD. Three pore volumes of nanoparticle 

dispersion treated with uncross-linked PS2 (0.2 wt%, 190 nm, pH=8, non-dialyzed) with 

1 wt% NaCl were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Figure 3.34, shows a delay in breakthrough, 

with the 50% normalized concentration arriving at about 1.4 PV, and the effluent reaches 

a peak of 89.8% of the injected concentration. A mass balance shows that 29.5% of the 

injected nanoparticles were retained after a post-flush of four pore volumes brine with the 

same pH. 
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Experiment #69 

After Experiment #68 was finished and effluent concentration was measured, the 

remained effluent was mixed and uniformed by probe sonication for 30 minutes. The 

nanoparticle concentration was 0.11 wt%. Three pore volumes of this dispersion were 

injected into the same core as Experiment #68 (not a new core) at a flow rate of 2 

mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration history, 

Figure 3.35, shows a very short delay in breakthrough, with the 50% normalized 

concentration arriving at about 1.1 PV, and the effluent reaches a peak of 102% of the 

injected concentration. A mass balance shows that 0.05% of the injected nanoparticles 

were retained after a post-flush of four pore volumes brine with the same pH. 

 

Experiment #70 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 875 mD. Three pore volumes of nanoparticle 

dispersion treated with uncross-linked PS2 (0.17 wt%, 60 nm, pH=8, dialyzed) with 1 

wt% NaCl were injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The 

normalized effluent concentration history, Fig 3.36, shows a delay in breakthrough, with 

the 50% normalized concentration arriving at about 1.7 PV, and the effluent reaches a 

peak of 92% of the injected concentration. A mass balance shows that 31.79 wt% of the 

injected nanoparticles were retained after a post-flush of four pore volumes brine with the 

same pH. 
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Experiment #71 & 72 

After Experiment #70 was finished three pore volumes of nanoparticle dispersion 

(the same as Experiment #70) were injected into the same core as Experiment #70 (not a 

new core) at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). The normalized 

effluent concentration history, Figure 3.37, shows a delay in breakthrough, with the 50% 

normalized concentration arriving at about 1.1 PV, and the effluent reaches a peak of 

98.2% of the injected concentration. A mass balance shows that 0.1% of the injected 

nanoparticles were retained after a post-flush of four pore volumes brine with the same 

pH. 

There is no nanoparticle dispersion injection for Experiment #72, which was only 

involved in post-flush process, After Experiment #71 was finished, and there were no 

nanoparticles coming out from the core, the flow rate of the post-flush brine was 

increased to 50 mL/min (Darcy velocity is 465 ft/day). A mass balance shows that 1.58% 

of the injected nanoparticles (Experiment #71) were recoverable during this experiment. 

 

Experiment #73 

This coreflood was performed in a Boise sandstone core (1 inch diameter, 6 

inches long) having a permeability of 912 mD. Three pore volumes of nanoparticle 

dispersion (the same as Experiment #70) with API brine were injected at a flow rate of 2 

mL/min (Darcy velocity is 18.6 ft/day). The normalized effluent concentration history, 

Figure 3.38, shows a delay in breakthrough, with the 50% normalized concentration 

arriving at about 3.0 PV, and the effluent reaches a peak of 57.8% of the injected 

concentration. A mass balance shows that 69.45% of the injected nanoparticles were 

retained after a post-flush of four pore volumes API brine with the same pH. 
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Experiment #74 & 75 

For the both corefloods, there were no nanoparticles injected. 

After Experiment #73 was finished, the same core was post-flushed by 1 wt% 

NaCl, not the API brine (Experiment #74). The effluent was collected until there were no 

nanoaprticles transporting through the core. A mass balance shows that 23.24% of the 

injected nanoparticles (Experiment #73) were recoverable during this experiment. 

After Experiment #74 was finished, the flow rate of the post-flush brine was 

increased to 50 mL/min (Darcy velocity is 465 ft/day). A mass balance shows that 3.6% 

of the injected nanoparticles (Experiment #73) were recoverable during this experiment. 

The normalized effluent concentration history was shown in Figure 3.39. 
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C.2. COMMERCIAL PARAMAGNETIC NANOPARTICLES 

 

Experiment #76 & 77 

The first coreflood (Expeiment #76) was conducted in a core (1 inch diameter, 6 

inches long) having a permeability of 876 mD with 28% residual oil saturation (decane). 

A slug of 0.5 pore volume (0.7 moveable pore volume) nanoparticle/surfactant solution 

(0.07 wt% EMG 1200, 0.5 wt% C28-35PO-20EO Carboxylate and 0.5 wt% 

PetrostopS3B C20-25 IOS, pH=8) with 2 wt% NaCl was injected at a flow rate of 2 

mL/min (Darcy velocity is 18.6 ft/day). Then three pore volumes of brine with 4 wt% 

NaCl were injected into the core as post-flush. The normalized effluent concentration 

history, Figure 5.7, reaches a peak of 16.1% of the injected concentration. A mass 

balance shows that 90.02 wt% of the injected nanoparticles were retained, and residual 

oil saturation decreased from 28% to 16%.   

The second coreflood (Experiment #77) was designed to research the effect of 

hydrophobic nanoparticles on reducing residual oil saturation. It was performed in a core 

(1 inch diameter, 6 inches long) having a permeability of 845 mD with 28% residual oil 

saturation. A slug of 0.5 pore volume (0.7 moveable pore volume) surfactant solution 

(0.5 wt% C28-35PO-20EO Carboxylate and 0.5 wt% PetrostopS3B C20-25 IOS, pH=8) 

with 2 wt% NaCl was injected at a flow rate of 2 mL/min (Darcy velocity is 18.6 ft/day). 

Then three pore volumes of brine with 4 wt% NaCl were injected into the core as post-

flush. Compared with Experiment #76, the difference was only surfactant solution 

injected and did not contain nanoparticles. The residual oil saturation decreased from 

28% to 16.5%.  
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Appendix D: Batch Adsorption Experiments 

 

The batch adsorption experiments were conducted by one of our Chemical 

Engineering collaborators: Andrew Worthen. 

Stock solutions of PAA-r-PBA were prepared at an iron oxide concentration of 

0.2 wt% (per flame atomic absorption spectroscopy measurements of the iron content of 

the samples) by dilution with DI water or 0.1M carbonate buffer at pH 10.  2 mL of each 

stock solution was added to 1 g of crushed and sieved Boise sandstone (90-105 µm grain 

size) and stirred with a magnetic stir bar at 200 rpm for 1 h.  The large sandstone grains 

were allowed to settle for 1 minute, and then 200 µL of each nanoparticle solution was 

removed and added to 5 mL of DI water in 15mL centrifuge tubes.  The samples were 

then centrifuged twice at 5000 rpm for 6 minutes with the supernatant liquid removed and 

placed in a clean 15 mL centrifuge tube after each centrifugation.  The centrifugation step 

allowed for removal of most of the sand fines so that the concentration of remaining 

nanoparticles could be measured with a UV-visible spectrophotometer.  The absorbance 

of the samples was measured at 575 nm and compared to linear calibration curves 

developed with samples of known iron oxide concentration.  The pH of each solution was 

also measured at the end of the experiment. The experimental results were shown in 

Table D.1. 

Table D.1: Summary of batch adsorption experiments 

Nanoparticle 

State 
pH 

Retention 

(%) 

Retention Concentration  

at Grain Surface  

(mg/m
2
) 

Cross-linked 

PAA-r-PBA (3:2) 
8.5 89 3.4 

Cross-linked 

PAA-r-PBA (3:2) 
9.95 5 0.18 
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Appendix E: Material Characterizations 

 

Materials properties, including nanocluster size, zeta potential and nanocluster 

size, were characterized by our Chemical Engineering collaborators: Ki Youl Yoon, 

Hitesh Bgaria and Csaba Kotsmar. 

 

E.1. NANOPARTICLE CHARACTERIZATION TECHNIQUES 

Dynamic light scattering (DLS), shown in Figure E.1(a), was performed on a 

custom-built apparatus and the data were analyzed using a digital autocorrelator 

(Brookhaven BI-9000AT) and a non-negative least-squares (NNLS) routine (Brookhaven 

9KDLSW32) (Ryoo et al., 2003).  The scattering angle was set to 90º. The suspension 

concentration was 0.05 mg/mL which gave a measured count rate of approximately 200 

kcps. Measurements were made over a period of 2 min at least three times on each 

sample. 

Transmission electron microscopy (TEM), shown in Figure E.1(b), was used to 

observe the morphology of the nanorods, and the synthesized nanoparticles/nanoclusters. 

The experiments were performed on a FEI TECNAI G2 F20 X-TWIN TEM using a high-

angle annular dark field detector.  

Zeta potential measurements were performed in triplicate on the ZetaPlus 

dynamic light scattering apparatus (Brookhaven Instruments), shown in Figure E.1(c), at 

90° scattering angle and temperature of 25 °C. All of the zeta potential measurements 

were conducted in deionized water. 
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(a) (b) 

 
(c) 

 

Figure E.1:    Schematic of characterization techniques; (a) DLS, (b) TEM, (c) ZetaPlus.  

 

Thermo gravimetric analysis (TGA); flame atomic absorption spectroscopy 

(FAAS); and superconducting quantum interference device (SQUID) magnetometer were 

also employed for further characterization of the synthesized and surface-coated 

nanoclusters. These results are reported elsewhere (Yoon et al., 2011; Yoon et al., 2012). 
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E.2. SEDIMENTARY ROCKS 

The surface area and zeta potential of three kinds of sedimentary rocks are shown 

in Table E.1. The zeta potential was measured by ZetaPlus dynamic light scattering 

apparatus, as described in section E.1., and the surface area of different sedimentary rock 

cores was measured by using BET (Brunauer-Emmett-Teller) adsorption isotherm tests 

with a Quantichrome Instruments (Boynton Beach, FL) Nova 2000 series surface area 

analyzer using nitrogen as the adsorbate gas.  

 

Table E.1: Surface area, zeta potential and density of sedimentary rock cores 

Sedimentary Rock 

Surface Area 

(m
2
/g) 

Specific 

Surface Area 

(m
2
/m

3
,×10

6
) 

Zeta Potential 

(mV) 

Grain 

Density 

(g/cc) 

Boise  

Sandstone 0.626 1.6276 22.12 ± 5.58 2.60 

Berea  

Sandstone 0.773 2.048 20.23 ± 3.45 2.65 

Texas Cream 

Limestone 2.103 5.6781 15.49 ± 1.71 2.70 

 

 

 

 

 

 



 232 

E.3. COMMERCIAL IRON-OXIDE NANOPARTICLES 

 

E.3.1. Commercial Nanorods 

The 35±2 wt% of iron oxide particles (as received) contained a stabilizing agent, 

which enabled long-term dispersion stability even at that high particle concentration. The 

stabilizer is proprietary and appears to be a surface active polymeric molecule containing 

carboxylate groups, according to a FTIR spectroscopy. TEM image (Figure E.2) shows 

less than 100 nm size iron oxide rods, consistent with the label of the dispersion bottle. 

Dynamic light scattering showed reasonably narrow size distribution with a peak value at 

around 86 nm and small amount of aggregates with the size of about 240 nm diameter. 

The D50 value (50% of the particles by volume are below that diameter) of the particles 

measured with DLS at pH=7 was 84 nm.  The measured surface charge of the particles 

was 40.2 ± 2 mV, indicating the polymer stabilizer was anionic, consistent with the 

observation of carboxylate groups above. The surface charge of Boise sandstone at pH=7 

is also negative.  The negative charge on both the particles and the rock is beneficial for 

electrostatic repulsion to minimize the attraction and favor transport. 

Since the dispersion remained stable even with 3 wt% NaCl, the transport 

experiments were carried out at this salinity. At 3 wt% salinity, the surface charge of the 

particles decreased dramatically to 0.63 ± 4.1 mV because of the screening of charges 

by the double layer. The fact that the particles remained dispersed at such low surface 

charge suggests that the proprietary stabilizer provided steric stabilization for the 

particles (Saleh et al., 2008). The salt addition resulted in an increase in the D50 value to 

127 nm as well (Figure E.3). 
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Figure E.2:   Transmission Electron Microscopy (TEM) image of iron oxide nanorods at 

pH=7. The clustering of individual particles on the TEM grid occurs as a 

result of drying.  

 

 

Figure E.3:   Diameter by volume histogram on iron oxide nanorods in pH=7 aqueous 

dispersion with 3 wt% NaCl, measured with DLS.  
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E.3.2. Washed Nanorods 

A dispersion containing 1 wt% nanorods was centrifuged at 8000 rpm for 10 

minutes and the pellet was redispersed in DI water using probe sonication. The final 

particle concentration was around 0.9 wt%, and after centrifugation and washing, the 

dispersion was still stable, suggesting that sufficient amount of stabilizer remained on the 

particle surface. The pH was adjusted to 10 with 0.1 M NaOH solution in order to gain 

high negative surface charge on the particles (Massart, 1981). The measured zeta 

potential value was 20.79 ± 3.9 mV, which is actually a lower negative value than was 

observed in the case of unwashed particles. This change suggested that the proprietary 

stabilizer was anionic. The measured DLS data showed slight growth in the particle size, 

which suggests minor aggregation of the particles in the dispersion (Figure E.4). The 

hydrodynamic diameter was around 92 nm and some aggregates could be observed with 

the size of about 680 nm diameter. The D50 value of the particles was 95 nm. The growth 

in size is probably the result of a smaller amount of the proprietary stabilizer in the 

dispersion. Salt tolerance was still present, thus the transport experiment was performed 

with 2 wt% NaCl content. By adding salt to the dispersions the surface charge of the 

particles decreased to 12.13 ± 6.92 mV via screening of the double layer. It also resulted 

in growth in their size. On Figure E.4, the position of the peak is at 336 nm. 
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Figure E.4:   Diameter by volume histogram on washed iron oxide nanorods in pH=10 

aqueous dispersion with 2 wt% NaCl, measured with DLS.  

 

E.3.3. Nanorods Treated with TMAOH 

Further transport investigation was made by adding tetramethylammonium 

hydroxide (TMAOH) to a 1 wt% nanorod dispersion. The pH was raised with base to 14, 

in order to increase the surface charge of the particles as much as possible, the idea being 

that electrostatic repulsion would enable their transport through Boise sandstone. The 

measured zeta potential indicated a greater negative charge of 53 ± 4.6 mV. The result 

of a DLS measurement on the dispersion is shown on Figure E.5. On the histogram a 

large, relatively narrow peak can be observed at around 80 nm and a small peak at around 

800 nm, the D50 value being 70 nm. 

 

 

0.00

20.00

40.00

60.00

80.00

100.00

120.00

100.00 1000.00

diameter [nm]

re
la

ti
v
e

 v
o

lu
m

e 
%



 236 

 

Figure E.5:   Diameter by volume histogram on iron oxide nanorods in pH=14 for 

nanorods treated with TMAOH aqueous dispersion, measured with DLS. 

 

E.3.4. Nanorods Treated with Citrate 

In order to further modify the surface of the nanorods to imporove transport, 0.07 

wt% sodium-citrate was added to the 1 wt% nanorod dispersion and the mixture was 

sonicated in bath for 10 minutes. Two of the three carboxylate groups on the small citrate 

anion are known to form a strong charge transfer complex with the iron atoms (see 

Figure E.6). The strong chemisorption produces a large negative zeta potential, and 

provides electrostatic stabilization above approximately pH=6.4 (Massart et al., 1995; 

Lyon et al., 2004; Campelj et al., 2008; Hui et al., 2008). The bidentate complexation for 

two carboxylate functionalities is stronger than the single binding of carboxylate head 

groups on oleate anions. The pH of the dispersion was adjusted to 8 by adding small 

amount of NaOH. At this pH value where all of the carboxylic groups of the ionized 

citrate are dissociated, the measured surface charge was 39.4 ± 1.6 mV. The DLS 

measurement showed a peak at around 160 nm (Figure E.7), and the D50 value was 155 

nm. 
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Figure E.6:   Schematic of citrate coated synthesized iron oxide NPs and the change of 

their surface charge with the change of pH. 

 

 

Figure E.7:   Diameter by volume histogram on citrate stabilized iron oxide nanorods at 

pH=8, measured with DLS. 
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E.4. IN-HOUSE SYNTHESIZED PARAMAGNETIC NANOPARTICLES 

 

E.4.1. Nanoclusters Coated with TMAOH 

The dispersions of the particles in pH=10 TMAOH solution were studied with 

TEM, DLS and zeta potential measurements. The observed experimental data suggest 

that the particles form clusters during their synthesis by co-precipitation of iron chloride 

salts. The TEM micrograph (Figure E.8) shows the clusters formed in pH=10 TMAOH 

solution. The TEM grids were prepared using a “flash-freezing” technique described 

above.  According to our observations, the sizes of the primary particles ranges between 3 

and 10 nm which are very common in case of particles synthesized with co-precipitation 

of iron-chloride salts in alkaline media. The sizes of the clusters on the TEM micrographs 

are in agreement with the measured DLS data shown in Table E.2 from four different 

syntheses. In the (volumetric) particle size distribution, sharp, large peaks can be 

observed between 40 and 70 nm and a small amount of aggregates around 110 nm. The 

average D50 value of the particles was 52 nm. 

Van der Waals and electrostatic interactions govern cluster formation during 

kinetic assembly. Since the point of zero charge of this particle is approximately pH=6.8, 

electrostatic repulsion of the nanoparticles may be weakened by a change in pH.  It is 

also weakened by increasing salinity. Here, the negative surface charge of the bare iron 

oxide even at higher pH values, such as pH=10, cannot prevent the primary particles from 

forming clusters as the van der Waals attraction overcomes the electrostatic repulsion. 

During hydrolysis of the iron chlorides, the particle nucleation formed a gel-like 

precipitate which was collected on a magnet. The gel is dispersed with sonication to yield 

the nanocluster at this pH in the presence of TMAOH. The negative surface charge 

facilitates breakup of the gel into the nanoclusters (Massart, 1981). The measured zeta 
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potential value was 32.1 ± 4 mV, which is large enough to stabilize the particles in 

dispersion. The observed cluster sizes are reproducible after removing the large 

aggregates with centrifugation and after probe sonication. The concentration of the 

nanoclusters in the dispersion was 0.12 wt%. 

 

 

Figure E.8:  TEM image of nanoclusters in TMAOH solution at pH=10. 
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Table E.2: Reproducibility of D20, D50 and D80 Values for Synthesized Iron Oxide 

Nanoclusters in pH=10 Aqueous TMAOH solution, measured with DLS  

D20 (nm) D50 (nm) D80 (nm) 

51 55 59 

41 43 46 

45 48 52 

60 62 66 

 

E.4.2. Nanoclusters Coated with PVP 

100 mL of the 0.1 wt% dispersion of the synthesized nanoclusters in pH=10 

TMAOH was heated to 80 °C and was mixed with 0.1 g PVP (polyvinylpyrrolidone) 

under vigorous magnetic stirring. After 1 hour, the dispersion was cooled to room 

temperature and the pH was adjusted to 9 with 0.1 M NaOH solution and the dispersion 

was sonicated with sonification probe for 5 minutes. The individual particles are in the 

size range of 3-10 nm. The DLS measurements indicated a volume average size of 35 nm 

in the dispersion and some aggregation could be seen on the histogram at around 400 nm. 

The measured zeta potential value of the particles at pH=9 was 37.4 ± 2.6 mV from the 

hydroxide ions on the iron oxide. 

 

E.4.3. Nanoclusters Coated with Oleic Acid Bilayers 

100 mL of stable particle dispersion in pH=10 TMAOH was heated to 80°C and 

mixed with 40 μL of oleic acid. Upon dissolution, the pH decreased to 7 while the 

mixture was stirred. After 1 hour, the dispersion was cooled to room temperature. 

Volume histogram of the dispersion, Figure E.9, shows that a narrow, large peak can be 
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observed at 58 nm and some aggregation can be seen around 144 nm. The measured D50 

value was 55 nm, and the zeta potential value of the particles was 38.8 ± 1 mV. The fact 

that the particles have sufficiently large negative surface charge at pH=7, where the bare 

iron oxide surface would be uncharged, proves that the oleic acid molecules in the form 

of oleate anions cover the particle surface. The adsorption of oleate onto iron oxide 

surfaces has been studied extensively and is known to form bilayers (Rozenfel’d et al., 

1982). The inner portion of bilayer consists of carboxylate anions strongly complexed 

with the iron atoms on the particle surface. As shown in Figure E.10, the second layer of 

oleate ions adsorbs due to van der Waals forces between their hydrocarbon tails and those 

of the already adsorbed molecules (Shen et al., 1999). The outward portion of the second 

layer consists of negatively charged carboxylate groups above pH=5 (Prakash et al., 

1999), which makes the particles hydrophilic. 

 

 

Figure E.9:   Diameter by volume histogram on synthesized oleic acid coated iron oxide 

nanoparticles at pH=7, measured with DLS. 
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Figure E.10: Schematic of oleic acid coated synthesized iron oxide nanoclusters and their 

structure change upon interaction with rock surface. 

 

In the second case of oleate coated synthesized nanoparticles, after adding oleic 

acid to the synthesized nanoparticle dispersion in pH=10 TMAOH solution, the  

dispersion was dialyzed for 1 day against DI water with a volume 45 times that of the 

dispersion to remove excess oleic acid and impurities. The dispersion pH was 7 after 

dialysis. The sizes of the nanoclusters formed by the original nanoparticles appear to 
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become larger after dialysis, according to the DLS measurements. The D50 value was 85 

nm, and the surface charge was 36.2 ± 2 mV. 

 

E.4.4. Nanoclusters Coated with Citrate 

Two methods were employed to synthesize nanoparticle dispersion with citrate 

surface coating.  

In one approach (Sahoo et al., 2005), citrate was added to the reaction mixture 

before the nucleation of the iron oxide nanoparticles by co-precipitation of iron-chloride 

salts. With the slight modification of the Sahoo et al. (2005) procedure, the dispersion 

was very stable for weeks with 0.5 wt% nanoparticle concentration. The size of the 

primary particles was between 3 and 10 nm, and the highly negative zeta potential of 

65.6 ± 3 mV resulted from the abundance of the citrate ions under pH=10. This 

procedure produced clusters of the individual particles, as seen above for the hydrolysis 

of iron chlorides without citrate. DLS measurement showed D50 value of 80 nm and, on 

the histogram, a small amount of aggregates can be seen at around 245 nm. 

The second approach of preparing stable nanocluster dispersion was to add citrate 

to pre-synthesized nanoclusters as reported above in the case of PVP and oleate coating. 

100 mL of synthesized 0.12 wt% magnetic nanoparticle dispersion in pH=10 TMAOH 

was mixed with 20 mg/mL citrate acid solution at a pH of 5 and stirred for 90 minutes at 

90 ºC. Under this pH condition, the carboxylates on the citrate complex with the iron 

atoms of the particle surface (Campelj et al., 2008). Next, the solution was cooled to 

room temperature and the pH was adjusted to 8 by using 30 wt% TMAOH solutions, 

where the third carboxylic group of the citrate is also dissociated. The resulting negative 

surface charge provides electrostatic stabilization of the dispersion. After probe 
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sonication the large iron oxide aggregates were removed from the dispersion by 

centrifugation (6000 rpm for 5 min) and the excess citrate was removed by using filter 

centrifuge tubes. The resulting clusters were re-dispersed in 40 mL deionized water by 

sonication in bath. The pH was adjusted to the desired values by using 30 wt% TMAOH 

solution or 0.1 M HCl. Figure E.11 represents a DLS histogram on the investigated 

dispersion. A narrow peak can be observed at around 94 nm and small amount of 

aggregates at around 340 nm. The D50 value was 92 nm. The measured surface charge 

was 22.5 ± 8.5 mV, which is still a large enough negative value to stabilize the 

dispersion even at 3 wt% salinity.  

 

 

Figure E.11: Diameter by volume histogram on synthesized citrate coated iron oxide 

nanoparticles at pH=8 with 3 wt% NaCl, measured with DLS. 
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TEM images were taken on the dispersion and are shown on Figure E.12, which 

indicated the diameter of a cluster of the individual was 3-10 nm. On the micrographs, 

the size of the clusters appear to be slightly larger than the sizes measured with DLS, 

perhaps because of further aggregation during deposition on the TEM grid. The DLS 

technique is more reliable for this purpose, since it does not require drying. The surface 

charge and the size of the nanoclusters were further investigated at different pH values 

and salinities. 

 

  
(a) (b) 

Figure E.12: TEM images of synthesized citrate stabilized iron oxide nanoparticles at 

pH=8 with 3 wt% NaCl. (a) at lower magnification, (b) at higher 

magnification. 
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Table E.3 presents the dependence of zeta potential of the citrate coated iron 

oxide nanoclusters on the solution salinity at pH values of 6, 8 and 10. The magnitude of 

the surface charge decreases by adding NaCl to the systems which is resulted by the 

compaction of the electrical double layer around the clusters. The measured values do not 

show significant differences at pH=6 and pH=8. Even at the 3% salinity, the surface 

charge was maintained at around 20 mV which appeared to be sufficient for 

stabilization of the particle dispersions. At pH=10, the particles tolerated only 0.1 wt% 

NaCl content, whereas at higher salinity the particles settled. Figure E.13 shows the 

average D50 values of iron oxide nanoclusters measured with DLS at pH=6 and pH=8, 

where the dispersions remained stable. At pH=6, the sizes are not significantly affected 

by the salt content of the solution. The measured average D50 value of the clusters at zero 

salinity is 12 nm; and the data have a fairly constant tendency with increasing salinity. At 

pH=8, the cluster sizes are much more affected by salt: the D50 value increases with 

increasing salinity, being about 92 nm at 3 wt% NaCl. The dispersions at pH=8 were 

employed for the coreflood experiments in order to ensure that the surface charges on the 

rock surfaces are strongly negative. 
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Table E.3: Zeta-potential values of synthesized citrate coated iron oxide 

nanoparticles/nanoclusters at different solution salinities at pH=6, pH=8 and 

pH=10  

Salinity 

(wt%) 

Zeta potential at 

pH=6 (mV) 

Zeta potential at 

pH=8 (mV) 

Zeta potential at 

pH=10 (mV) 

0 53.7 64.6 45.6 

0.1 42.2 41.43 45.7 

0.5 28.9 36.9 settles 

1 19.6 26.5 settles 

1.5 15.3 13.9 settles 

2 22.5 13.1 settles 

2.5 24.8 22.3 settles 

3 4.1 22.5 settles 

3.5 5.2 6.3 settles 

4 18.8 24.7 settles 

 

 

Figure E.13: Average D50 values (from 3 measurements) of synthesized citrate coated 

iron oxide nanoparticles at pH=6 and pH=8 with different salinities, 

measured with DLS. 
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E.4.5. Nanoclusters Coated with PAA 

By using the same synthesize method as citrate coated nanoparticles, PAA (Poly 

acrylic acid) was employed as the surface coating. The size of the primary particles was 

between 3 and 10 nm, and the highly negative zeta potential of 39.7 mV resulted from 

the abundance of the citrate ions under pH=7. This procedure produced clusters of the 

individual particles, as seen above for the hydrolysis of iron chlorides without PAA. DLS 

measurement showed D50 value of 75 nm. 

Further attempts were made to stabilize the nanoparticle dispersions by cross-

linking reaction on polymer-stabilized iron oxide surface. To a 100 ml dispersion of 

polymer-stabilized iron oxide particles, containing 0.4 wt% iron oxide (based on iron 

amount from PAA), 1-10 mg/mL aqueous solution of 1,6-hexanediamine was added 

drop-wise in over 5 minutes with magnetic stirring. The concentration of the added 1,6-

hexanediamine solution was varied to adjust the cross-link density. The reaction mixture 

was stirred for additional 2 hours at room temperature.  Then 10 mg/mL aqueous solution 

of EDC was added and the mixture was further stirred 20 hours at room temperature 

before transferring to the dialysis tubing, and dialyzed against DI water for one day to 

remove the unreacted reagents. The volume increase in the dispersion upon addition of all 

the reagents was negligible relative to the initial volume. According to our observations, 

the sizes of the primary particles ranges between 3 and 10 nm which are very common in 

case of particles synthesized with co-precipitation of iron-chloride salts in alkaline media. 

The average D50 value of the cross-linked PAA coated paramagnetic nanoparticles was 

90 nm which is relatively bigger than uncross-linked nanoparticles. The measured zeta 

potential value was 47.1 mV, which is large enough to stabilize the particles in 

dispersion and larger than uncross-linked ones. The concentration of the nanoclusters in 

the dispersion was 0.1 wt%. 
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E.4.6. Nanoclusters Coated with Eutragit 

The D50 value (50% of the particles by volume are below that diameter) of the 

particles measured with DLS at pH=8 was 180 nm. 

 

E.4.7. Nanoclusters Coated with PAA-PBA-PS1 

A ter-polymer, PAA-PBA-PS1, was employed as the surface coating, because 

PS1 is a strong anion and is much less sensitive to pH than PAA and had high salt 

tolerance. It is noted that the PAA ligand is still required because its three carboxylic 

branches not only allow attachment to the iron-oxide core but also is needed for the 

crosslinking of the polymer. 

The measured zeta potential for the (PAA-PBA-PS1)-coated nanoclusters was 

50.4 mV, and the dispersion was stable at 5 wt% NaCl brine, confirming that the new 

coating provides a strong electrostatic repulsion. 

 

E.4.8. Nanoclusters Coated with Maleic Acid-alt-PSS 

Maleic acid was employed instead of PAA (or PAA-r-PBA), because of its low 

cost and because its two carboxylic branches can carry out the tasks of attaching to the 

iron-oxide core and the polymer crosslinking, as was done by the PAA’s carboxylic 

branches. With the presence of PSS, this coating also provides a strong electrostatic 

repulsion, evidenced by the measured zeta potential of 58.6 mV, and the long-term 

dispersion stability maintained for salinities up to 8 wt% NaCl. 

To better research the transport of paramagnetic nanoparticles, the nanoparticles 

were then cross-linked. The nanoparticle size was between 3 and 10 nm (see Figure 
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E.14), nanocluster size was increased to 80 nm (see Figure E.15) and zeta potential was 

still maintained at 58.6 mV.  

 

Figure E.14: Transmission Electron Microscopy (TEM) image of Maleic Acid-alt-PSS 

stabilized iron oxide nanoclusters. The clustering of individual particles on 

the TEM grid occurs as a result of drying. 

 

 

Figure E.15: Diameter by volume histogram on Maleic Acid-alt-PSS stabilized iron oxide 

nanoclusters at pH=7, measured with DLS. 
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E.4.9. Nanoclusters Coated with PAA-PS1 

The diameter of the cross-linked (PAA-PS1)-coated nanoclusters is 147 nm, and 

zeta potential is 24 mV under no salinity condition. 

 

E.4.10. Nanoclusters Coated with Sulfonate-Based Polymer (PS2) 

The zeta potential of PS2-coated nanoparticles are 24 mV. The nanoclusters 

sizes due to different coating methods were not the same, and will be shown in Table 

E.4, and E.5. 

 

Table E.4: PS2-coated nanocluster sizes with different synthesis method  

Synthesis Method Nanocluster Size (nm) 

Cross-linked 130 

Uncross-linked, non-dialyzed 190 

Uncross-linked, dialyzed 60 

 

Table E.5: Effluent nanocluster sizes with different salinity 

Experiment No. Salinity 
Nanocluster size of 

injectant (nm) 

Nanocluster size of 

effluent (nm) 

#70 1 wt% NaCl 60 ± 14% 80 ± 25% 

#73 API Brine 60 ± 14% 91 ± 46% 
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