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Stability and Rheology of High Internal Phase CO2-in-Water Foams and 
Stability and Transport of Polymer Grafted Nanoparticles 

 

Zheng Xue, Ph.D. 

The University of Texas at Austin, 2015 

 

Supervisor:  Keith P. Johnston 

 

In an effort to reduce the water consumption in hydraulic fracturing by using 

foam based fracturing fluids, the stability and rheology of ultra-dry supercritical CO2-in-

water foams were investigated in terms of bulk phase viscosity, interfacial tension, and 

interfacial rheology. The foam morphology and long term stability was studied in situ 

with high pressure microscopy. Foams with up to 0.98 CO2 volume fraction and apparent 

viscosities of hundreds of centipoise were stabilized for hours to days by increasing the 

viscoelasticity of the interface and the continuous phase. The interfacial shear viscosity 

and compression elasticity were enhanced with either mixture of oppositely charged 

surfactant and nanoparticles (with and without high molecular weight polyelectrolyte) or 

viscoelastic surfactant alone which formed wormlike micelles. The increased interfacial 

viscoelasticity leads to a rigid foam film as characterized by high Boussinesq number and 

Marangoni number. Thus, the drainage of the foam film was suppressed due to the 

immobile interface and the high continuous phase viscosity, as described by the Reynolds 

drainage equation. The resulting thick film as well as the elastic interface decreases the 

rate for coalescence and Ostwald ripening. Consequently, foams with fine texture of ~20 

µm bubbles were produced and stabilized for hours. 



 vii 

Nanoparticles that can be transported through porous rock at high salinity and 

high temperature are expected to have a large impact on the wellbore diagnostics, 

electromagnetic tomography and enhanced oil recovery. A series of stable anionic and 

zwitterionic polymers in high salinity brine at high tempeartures were identified and 

synthesized. Furthermore, when covalently tethered to the nanoparticles via “grafting to” 

or “grafting through” approach, the obtained polymer grafted nanoparticles exhibited 

colloidal stability in high salinity brine for over 1 month, and also low static adsorption to 

silica microspheres at 1mg/m2. The silica microspheres were used to mimic mineral 

surfaces. The remarkable colloidal stability and low adsorption on mineral surfaces was 

attributed to electrosteric repulsion exerted by the charged and extended polyelectrolyte 

chains on the nanoparticle surface.  
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Chapter 1: Introduction 

The modern chemical industry is mainly built upon crude oil and natural gas 

feedstocks. Conversely, specialty chemicals play important roles in every stage of 

drilling, completion, and production of oil and gas on the basis of chemical principles. As 

the discovery rate of conventional reservoirs is declining in the U.S., the petroleum 

industry becomes more dependent on increasing the production from existing fields and 

efficiently drilling and operation of unconventional oil and gas fields. Chemicals that are 

specifically designed and formulated for such emerging new challenges can be used in 

drilling, completion, stimulation, production and enhanced oil recovery to enhance 

productivity in unconventional and conventional reservoirs. In particular, this thesis is 

focused on the fundamental science and application of CO2-in-water foam fracturing 

fluids and magnetic particle dispersion contrast-enhancing fluids.  

1.1 MOTIVATION FOR ULTRA-DRY FOAMS 

One of the highest impacts on the energy industry over the past 40 years is the 

development of shale oil and gas reservoirs. Technologies such as horizontal drilling and 

multi-staged hydraulic fracturing enable production from shale reservoirs such as 

Bakken, Eagle Ford and Niobrara formations that were considered economically 

inaccessible 40 years ago. U.S. has benefitted from a dramatic increase of shale gas 

production from 0.39 trillion cubic feet (TCF) in 2000 to 4.87 TCF in 2010, which 

accounts for 23% of the total natural gas production in 2010. Over past a few years, low 

gas price has motivated the industry to produce from liquid-rich shales over dry shales. 

Approximately 1 million barrels of oil per day were produced from shale and tight 

dolomite reservoirs. Hydraulic pressure stimulation (fracturing) has now accumulated 

over 40 years of experience and supports a multi-billion dollar service industry that 
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annually consumes more than 130 million pounds of chemical additives. A wide range of 

fracturing fluids such as slick-water, polymer gel fluids, surfactant fluids and 

hydrocarbon-based fluids have been implemented in the field. Thorough reviews of 

conventional fracturing fluids1 and unconventional fracturing fluids2 have been published. 

Water-based hydraulic fracturing fluids, such as slick-water and water-based gels, 

contribute to 97.1 % of the total number of fracturing jobs. Slick-water fracturing is the 

most basic and most common form of well stimulation, which involves adding small 

amounts of chemicals (< 0.5 %) such as friction reducers (high MW polyacrylamides) to 

water to increase the fluid flow. Slick-water fluid can be pumped as fast as 100 bbl/min, 

allowing a higher pressure for fracturing. In comparison, the top speed of pumping 

without using slick-water can reach around 60 bbl/min. However, slick-water carries a 

maximum of 1 lb/gal of proppant. For some fracturing jobs, water-based gels or hybrid 

fracturing (slick-water + gel fluids) are used. Guar gum is added to increase the viscosity 

of fracturing fluids and help to transport the proppants. 

Massive slick-water and water-based gels fracturing consumes large amount of 

fresh water. It is estimated that an average of 4.5 million gallons of water per well were 

required for hydraulic fracturing operations. In 2011, more than 130 billion gallons of 

water were used for shale gas wells, which amounts to 0.3% if total fresh water 

consumption in U.S. In areas such as Texas where water supply is limited while oil & gas 

production activities are enormous, almost 1% of fresh water was used for drilling and 

fracturing.3 Such large quantities of fresh water may not be readily available due to 

limitation of water supply, government regulations or the water quality being not 

compatible with requirements for fracturing operations.  In addition, gas wells give under 

than expected production when using water-based fracturing fluids in many reservoirs. 

Numerous mechanisms such as water blocking, gel damage, proppant settling, fines 
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migration and clay swelling have been identified as detrimental to fracture conductivity 

and thus reduces productivity. Such limitations of water-based fracturing fluids have 

motivated industry to consider waterless and low water foam fracturing fluids as 

alternatives to water-based fluids. 

Deployment of foam fracturing fluids helps reducing water consumption by 

several means. The first is by volumetric substitution of water with CO2/N2. For example, 

a 0.9 quality foam means water only amounts to 10% v/v of the fracturing fluids, thereby 

the consumption of fresh water can be reduced by one order of magnitude. Secondly, an 

increase of the gas component (high foam quality) reduces leak-off of the liquid phase. 

This reduction of leak-off coefficient can be significant and thus reduction of the total 

volume of fracturing fluids required generating fractures of a given volume.4, 5, 6 In 

addition to reducing water consumption, the use of foam fracturing fluids can also 

enhance the productivity of gas wells. A high quality foam means the amount of liquid in 

contact with water sensitive clays is rather small and thus the formation damage. Also, 

water imbibition in under-saturated gas formations may lead to blocking or water 

trapping and reduces gas relative permeability. When foam fracturing fluids are used 

instead of slick-water, the soluble gas will come out of the liquid phase upon 

depressurization after fracturing and facilitates flow back of water. 

1.2 BACKGROUND ON THE STABILITY OF FOAMS 

1.2.1 Surfactant Stabilized Foams  

Foams are thermodynamically unstable but can be stabilized kinetically against 

drainage, coalescence and Ostwald ripening by various surface active agents such as 

surfactants, colloidal particles, proteins and polymers. A CO2 in water emulsion/foam 

(C/W foam) is defined as a heterogeneous system where liquid or supercritical CO2 is 
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dispersed in aqueous phase as drops of microscopic or colloidal size (typically around 1-

100 µm). CO2 drops can be generated by applying shear energy to the system to 

overcome the Laplace pressure of small drops. To facilitate the break-up and prevent 

coalescence of newly generated small drops, surfactants are usually used to lower the 

interfacial tension and stabilize the lamellae by Gibbs-Marangoni effects and increase of 

disjoining pressure.7  

Surfactants can be formulated to obtain stable foams with the desired phase 

behavior. Building on the Winsor diagrams to describe the behavior of microemulsions 

and macroemulsions, a key parameter is the hydrophilic-CO2-philic balance (HCB). The 

HCB evaluates the interactions of surfactants with two solvent phases in the system.  
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(1.1) 

Where Aαβ indicates the interaction pair potential between α and β with T = 

surfactant tail, C = CO2, H = surfactant head group, and W = water. HCB is very similar 

to the concept of hydrophilic/lipophilic balance (HLB) used to describe surfactant 

behavior in oil-water systems.8, 9, 10 The weak solvent strength of CO2 causes ATC to be 

very small compared to AHW. Thus, a key to increasing the HCB of a surfactant is to 

minimize the tail-tail interactions, ATT, which can be achieved by using surfactants that 

contain “stubby”, low cohesive energy density tails,11, 12, 13, 14, 15 e.g. through the use of 

branching. When a charged surfactant head group is in a high salinity aqueous phase, the 

charge-dipole interactions are highly screened, reducing AHW, lowering the HCB and 

potentially changing the surfactant behavior.  

There are different mechanisms leads to destabilization of foams. The two major 

ones are drainage followed by coalescence and coarsening7, 16. In the first mechanism, the 

film thins due to drainage via gravity or capillary forces, and may eventually rupture due 
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to the growth of instable waves or formation of thermally activated holes. This process 

leads to coalescence of neighboring bubbles and an increase of the bubble size over time. 

De Gennes17 proposed that the nucleation time of the activated holes should vary 

exponentially with the dilatational elastic modulus. A second mechanism is called 

coarsening/Oswald ripening/disproportionation which also lead to bubble growth. 

Coarsening occurs due to the Laplace pressure is larger in the smaller bubbles than in 

bigger bubbles. The rate of coarsening depends on the solubility of gas in liquid, gas 

fraction, diffusion coefficient, etc. and can be described by Lifshitz-Slezov-Wagner 

(LSW) theory. The dynamics of such processes and stability of foams greatly depends on 

the rheology of surfactant monolayers.18, 19 For surfactant systems, it is observed that the 

dilatational surface elasticity may influence the foam stability,20, 21 where the general 

trend is foams stabilized by surfactants with high elasticity are easy to form and are more 

stable. 

1.2.2 Particle Stabilized Foams 

Recently, particle-stabilized emulsions and foams have attracted considerable 

research interest due to their unique properties such as complete blocking of Ostwald 

ripening and strong stabilization against drop-drop coalescence.22 Similar to the concept 

of HCB for surfactant stabilized foams, it is believed that the foam type (C/W or W/C) is 

determined by the particle wettability, which is characterized by contact angle (θ) 

between the solid and the pair fluids phases.23 For particles at interfaces, if θ is < 90o, 

particles are hydrophilic and tend to stabilize water continuous foams/emulsions, whereas 

if θ > 90o, particles are hydrophobic and tend to stabilize water discontinuous 

emulsions/foams. Most commercial particles such as silica are completely wetted by 

water and remain dispersed in water phase and no stable foams are formed. Surface 
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chemistry modification and surfactants adsorption are reported to tune the wettability of 

silica particles to promote their interfacial activity. The adsorption energy (E) of spherical 

particles at interfaces is dependent on the particle radius (r), the interfacial tension of 

fluid-fluid binary system (γαβ) and the contact angle (θ) measured through the aqueous 

phase. It may be expressed as: 

 ( )22 cos1 θγπ αβ ±= rE  (1.2) 

The major difference between particles and low molecular weight surfactants is 

the slow mass transfer between the interface and the bulk phase and the high adsorption 

energy of particles.24, 25 The capillary forces between neighboring nanoparticles increases 

the disjoining pressure, in addition to the electrostatic, steric and structural forces.26 Also, 

the complete arrest of Oswald ripening was attributed to the high desorption energy and 

the resulting capillary effects, where compression of particle layers upon shrinking of 

drop/bubble diminishes the macroscopic interfacial tension by creating configurations 

with zero mean curvature of the fluid interfaces between particles.22  

Particle stabilized foams also show very favorable interfacial rheological 

properties for foam stabilization. For example, for foams stabilized with intermediate wet 

NPs, it is observed that high dilatational elasticity leads to the suppression of Oswald 

ripening.27, 28, 29 A general argument, provided by Cervantes-Martinez et al28, and based on 

the analysis of Gibbs,30 is: foam coarsening occurs because the derivative of the bubble 

capillary pressure with respect to the bubble radius R is negative. Solid particles have 

high desorption energy and their number at the interface can be considered fixed, similar 

to the case of insoluble surfactant monolayers, meaning their surface concentration varies 

and lead to a high interfacial dilatational elasticity (E, while can be approximated as the 

Gibbs elasticity E0 for particles at interface). Thus, the Gibbs stability criterion states that 

when E > γ/2, coarsening is completely arrested. 
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1.2.3 Particle-Surfactant Mixture Stabilized Foams 

Synergistic interactions between surfactants and solid particles are recently 

reported to boost the generation and stabilization of emulsions/foams.31, 32 Interactions 

between the particles and surfactants influence the competitive adsorption of surfactants 

onto the particles versus the C/W interface. The competing phenomena usually are (1) 

adsorption of surfactant onto particle surface to modify the wettability thus interfacial 

activity of particles, and (2) adsorption of free surfactants onto C/W interfaces lowering 

the interfacial tension to facilitate the bubble break-up. For example, ionic surfactants 

were used to modify the wettability of oppositely charge NPs through electrostatic 

interactions.33 Loss of surfactants to NPs lowers the amount of surfactants that adsorb to 

the fluid interface and may lead to a raise of IFT.34, 35 When like-charged NPs and 

surfactants are used, the IFT may decrease as surfactant is driven to the interface, but the 

NPs may be driven out of thin films due to depletion force and reduces emulsion 

stability.36 Strong synergistic interactions are recently observed when surfactants weakly 

interact with nanoparticles, whereby a high fraction of surfactants is available to adsorb 

to C/W interface to lower the interfacial tension and the rest of the surfactants adsorb to 

particles and tune the wettability, at low surfactant concentrations (below cmc).37 At high 

surfactant concentrations, the surfactant will form a completely coated interfacial layer 

and suppress further adsorption of particles onto interface.33, 34   

1.2.4 Polymer-Surfactant Mixture Stabilized Foams  

Polymer-surfactant mixtures are widely deployed in many practical applications 

such as paper industry and personal care products. Polymers are used to control the 

rheology of the formulations and surfactants are used to control their surface properties 

(wettability, etc.). Polymer addition to the aqueous phase of conventional foams, or 

polymer enhanced foams (PEFs), resulted in foams of enhanced viscosity and stability.38, 
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39 Here conventional foam is defined as foam generated by low MW surfactants or NPs 

without significantly changing the rheology of the continuous phase. It was found that the 

presence of polymers in the liquid phase significantly increases the apparent viscosity of 

foam.6, 40, 41, 42 Also, improved foam stabilities were also reported in polymer enhanced 

foams and is ascribed to slower foam film drainage rate and increased disjoining 

pressure.43, 44 For example, Khade et al41 and Ribeiro et al6 used a circulating loop to 

perform experimental tests with aqueous and gelled water foams using nitrogen as an 

internal phase. Guar and commercial anionic surfactants were used to generate foams. 

The rheology of gelled foams can be adequately described by Hershel-Buckley model as 

below: 

 𝜏 =    𝜏! + 𝐾𝛾! (1.3) 

where τ is the shear stress, τ0 is the yield stress, 𝛾 is the shear rate, K is the flow 

consistency and n is the flow behavior index, respectively.   

Further, the interactions of polymers and surfactants in the bulk and on the surface 

were revealed to be important for synergistic interactions for foam generation, rheology 

and stabilization.45 The surfactant-polymer interactions in the bulk solutions are well-

understood.46, 47, 48, 49, 50, 51, 52 In contrast, the behavior of polymer-surfactant surface 

complex is less understood and attracts a tremendous amount of interest. Researchers 

have distinguished between weakly interacting polymer-surfactant systems (usually 

comprising a neutral polymer and charged surfactants) and strongly interacting systems 

(containing surfactants and polymers with opposite charges).45 The surface tension 

isotherm and polymer-surfactant complex formation of the weakly interacting systems 

are relatively well understood.45, 53, 54 The surface behavior of these systems is described 

by two breaking points, the critical aggregation concentration (cac) T1 and the critical 

micelle concentration (cmc) T2/T3. In this case, the cac denotes the concentration at 
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which the micelles start to form on the polymer, and the cmc is the point at which the 

polymer is saturated and free micelles form in the solution. The neutron reflectivity 

results confirm that the significant reduction in the surface tension at low surfactant 

concentration is due to polymer/surfactant complex formation at the interface, and 

initially in the form of monolayer. As the surfactant concentration increases, the thickness 

of the adsorbed layer increases, results in a broad plateau. However, for the second type 

of systems where bulk polymer-micelle complex forms, such as cationic poly(dimethyl-

diallyl ammonium chloride) (polyDMDACC) and the anionic sodium dodecyl sulfate 

(SDS), it was observed that the IFT pass through a deep minimum and followed by a 

maximum as the concentration of surfactant increases at fixed polymer concentration 45, 55 

From the neutron reflectivity data, this peak is associated with a depletion of 

polymer/surfactant complex from the surface in favor of bulk polymer/surfactant 

complex. The subsequent decrease in the surface tension at higher SDS concentrations is 

associated with an increased SDS adsorption as the SDS monomer concentration in 

solution increases. Also, it was shown that this minimum on IFT isotherm can be avoided 

by mechanical agitation where the aggregates were redispersed and supplies surfactants 

to the air/water interface.  

Along with surface tension isotherms, the polymer-surfactant mixtures also 

exhibit interesting surface rheological properties.56, 57, 58, 59, 60 At fixed polymer 

concentration, the adsorbed layers are viscoelastic at low surfactant concentrations and 

become fluid at high surfactant concentrations. The viscoelastic region is larger at higher 

polymer concentrations and coincides with the appearance of turbidity of the bulk 

solutions. The behavior of the IFT isotherm and dilatational elasticity has been reported 

in numerous studies.57, 58, 61, 62, 63 For example, Bykov et al.62 investigated the kinetics of 

adsorption layer formation in solutions of PAA/DTAB complexes with oscillating ring 
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method with frequency about 0.1 Hz. However, a direct correlation between interfacial 

rheological properties and foam stability for polymer-surfactant system still warrants 

further study.60 

 As mentioned earlier, for simple systems such as surfactant stabilized foams20, 21, 

it is observed that coalescence is controlled by the high frequency surface elasticity 

modulus, because the film rupture occurs on very short timescales (shorter than ms) and 

the bulk/surface exchanges have no time to take place. In contrast, coarsening is slow and 

bubble size evolves over timescales of the order of minutes, the elasticity to be 

considered is thus the low frequency elasticity. In NPs stabilized foam systems, a 

correlation of dilatational elasticity with foam stability was observed.27, 28, 29 Rheological 

studies on bare particles show that the dilatational response of bare particles is very small 

and not related to the stability of foams.29 On the contrary, NPs with surface coatings of 

hydrophobic dichlorodimethyl silanes27, 28 or polymers64 shows a direct correlation 

between dilatational elasticity and foam/emulsion stability in some systems. In fact, at 

high concentrations of intermediate wet NPs, Gibbs stability criterion (E > γ/2) is met 

and the foams are stable against Oswald ripening.27 Literature reports on the effect of 

polymer-surfactant systems on foam stability are rather scarce an inconclusive.60  

Monteux et al.57 demonstrated a correlation between the surface shear modulus 

and foam stability for PSS/C12TAB system. It is ascribed to the formation of 

interconnected surfactant /PSS aggregates. The foam stability has no apparent correlation 

with dilatational modulus. However, the dilatational modulus of the same system was 

later reported by Noskov et al.56 and shows somewhat different results. The discrepancy 

was ascribed to different surface ages and frequency of oscillations in the two studies.63 

However, no attempts were made to further correlate the rheology with foam stability. 
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1.3 MOTIVATION FOR THE DESIGN OF MAGNETIC PARTICLE DISPERSIONS 

Electromagnetic (EM) tomography is based on the contrast in electromagnetic 

properties, such as electrical conductivity, magnetic permeability, and dielectric 

permittivity, of geologic features present in the reservoir. While well logs give high 

resolution information at the vicinity of well bore, and surface based EM schemes give 

basin scale but coarse resolution, EM measurements performed through crosswell 

tomography bridge the gap and provide information, for example, on reservoir 

heterogeneity and fluid front at the interwell region. A large portion of conventional 

crosswell EM tomography is based on conductivity contrast. Typically, a transmitter 

generates a time-varying electromagnetic field and multiple receivers were deployed to 

detect the EM signal, which is a superposition of the primary field generated by the 

receiver and secondary field generated by the induced currents in electrically conductive 

region. The secondary field depends on the conductivity, frequency and borehole 

separation. This process gives an image of interwell conductivity profile. Recently, EM 

tomography based on magnetic permeability contrast via magnetic particle aqueous 

dispersions as contrast-enhancing agents were proposed to potentially provide more 

information regarding reservoir properties.   

There are major challenges to apply nanoparticles in formation evaluation. (1) At 

high ionic strength typically encountered for reservoir fluids, extensive charge screening 

results in very thin double layers and weakens electrostatic repulsion between particles, 

leading to loss of colloidal stability in reservoir fluids at elevated temperatures; (2) the 

porous media contains large surface area and various minerals such as clays, plus the 

electrosteric repulsive forces between particles and mineral surfaces being highly 

screened in high salinity brine at high temperatures, leading to high retention of particles 

flowing through porous media; (3) the large volumes and surface areas of the formation 
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provide a strong thermodynamic driving force for desorption of stabilizers from NP 

surfaces.  

1.4 BACKGROUND ON THE COLLOIDAL STABILITY AT HIGH SALINITY 

The molecular and surface forces governing the colloidal stability of dispersions 

are well-understood up to moderate salinities.65, 66 To address potential agglomeration and 

aggregation of NPs, polymeric stabilizers are often attached to the NPs. In general, the 

polymeric stabilizers are more likely to prevent particle aggregation if the polymer itself 

is solvated under the same conditions.67 Weak polyelectrolytes, such as poly(acrylic acid) 

(PAA) remain soluble in 1 M NaCl at 90 C, but precipitate in the presence of Ca at 

ambient temperature due to specific ion complexation and loss of hydration, as shown by 

NMR spectroscopy and calorimetry.68, 69, 70 In contrast, highly acidic sulfonated polymers 

exhibit low Ca binding affinities and remain solvated even at high temperatures, 

especially those containing high levels of styrenesulfonate (SS) or 2-acrylamido-2-

methylpropanesulfonate (AMPS).71, 72, 73 Moreover, when coated onto NP surfaces, the 

well-solvated polymer chains do not collapse and provide strong electrosteric 

stabilization. For example, PAA or polymethacrylic acid (PMAA) stabilize latexes and 

IO NPs in aqueous solutions of Na or K up to 3.5 M at room temperature,74 although 

introduction of small quantities of Ca and Mg (5 mM) induces flocculation.75 IO NPs 

with adsorbed random copolymers of PAA, PSS and poly(vinylsulfonic acid) (PVS) were 

stable in 5 M NaCl at room temperature.76 Furthermore, PSS-based copolymers stabilized 

NP dispersions in relatively dilute solutions of 0.1 M Mg or Ca at room temperature.77 

The same polyelectrolytes that provide electrosteric repulsion between NPs have the 

potential to minimize the adsorption of NPs onto like-charged mineral surfaces. 

However, studies of static and dynamic adsorption of NPs by far have not examined high 
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salinities, especially with divalent cations. Here, charge screening weakens the repulsion 

between NPs and mineral surfaces, and furthermore, divalent cations may bridge like-

charged NPs and mineral surfaces. Given these extreme conditions, it is particularly 

challenging to obtain low retention of NPs in porous media. 

1.5 OBJECTIVES 

The primary objective of this dissertation is to study the stabilization and rheology 

of ultra-dry supercritical CO2-in-water foams with viscoelastic aqueous phases. The 

aqueous phase viscosity and the interfacial shear and dilatational viscoelasticity are 

enhanced by three major systems of (1) an anionic nanoparticle and cationic surfactant, 

(2) an anionic nanoparticle, cationic surfactant and anionic polyelectrolyte, and (3) an 

anionic surfactant alone that forms wormlike micelles. The surfactant is used to lower the 

interfacial tension, and therefore facilitates the bubble break-up and decreases the 

capillary pressure. The nanoparticles adsorb to the interface and increase the interfacial 

elasticity, and therefore suppress the lamella film drainage to maintain a thick foam film, 

in order to increase the stability against coalescence and Ostwald ripening. When 

polyelectrolyte is added to increase the aqueous phase viscosity and the interfacial 

viscosity, the lamella drainage is further reduced due to the immobile interface (high 

interfacial viscosity) and high aqueous phase viscosity. The adsorption of hydrophilic 

nanoparticles and polyelectrolyte is likely facilitated by the interaction with oppositely 

charged surfactant. For the system with viscoelastic surfactant alone, the dense packing 

of surfactant at the interface contributes to high surface shear viscosity and possibly high 

dilatational elasticity. Therefore, the interface becomes immobile. Also, the entanglement 

of wormlike micelles in the bulk phase increases the aqueous viscosity, similar to the 

case of high MW polyelectrolytes, and therefore decreases the lamellae drainage rate. 
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The resulting thick film and possibly more elastic interface will contribute to the 

suppression of coalescence and Ostwald ripening.  

The second objective is to develop polymer grafted iron oxide (IO) NPs with 

colloidal stability and low retention for transport in high salinity brine at elevated 

temperatures in porous rock. The principle challenge is to avoid charge screening and 

loss of solvation of the polymer stabilizers. To achieve this goal, PAMPS based polymers 

are tethered to IO NPs, considering AMPS demonstrates low affinity to Ca2+ 

complexation due to the strong acidity of sulfonate groups and strong hydration of the 

hydrophilic amide moieties. The “grafting to’ is used to tether poly(AMPS-co-AA) 

copolymer to IO NPs and the “grafting through” approach is explored to graft PAMPS 

homopolymer to IO NPs. In the case of “grafting to” with poly(AMPS-co-AA) 

copolymer, the AA groups are used as anchors to form amide bond with amine-

functionalized IO NPs. The unreacted AA groups may lead to high adsorption to mineral 

surfaces due to strong complexation with divalent ions in the brine. Increase of the 

AMPS ratio in the copolymer will be explored to attempt to reduce the adsorption to 

mineral surfaces. In the “grafting through” approach, the polymer loading of the PAMPS 

on IO NPs are varied. The removal of AA groups and increase of the polymer loadings to 

further reduce the adsorption are explored. 

1.6 DISSERTATION OUTLINE 

Chapter 2 describes the stability and rheology of φ = 0.80-0.98 CO2-in-water 

foams stabilized with two systems, (1) mixtures of nanoparticle and surfactant, and (2) 

mixtures of nanoparticle and surfactant and polyelectrolyte. The interaction between 

positively charged laurylamidopropyl betaine (LAPB) surfactant and negatively charged 

silica nanoparticles (NPs), with and without negatively charged partially hydrolyzed 
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polyacrylamide (HPAM) raised the interfacial shear and compression viscoelasticity, as 

characterized by the large Boussinesq number and possibly large Marangoni number. The 

surfactant was used to reduce the interfacial tension, as well as increase the interfacial 

activity of the relatively hydrophilic nanoparticles and polyelectrolytes via electrostatic 

and hydrophobic interactions. The nanoparticles increased foam viscosity by reducing the 

bubble size, and increased foam stability against coalescence and Ostwald ripening by 

increasing the interfacial elasticity. The polyelectrolyte significantly increased the bulk 

phase viscosity and slowed down foam film drainage. Also, the increase of surface 

viscosity and Boussinesq number leads to rigid foam film with much slower drainage 

than mobile film. The resulting thicker film, more elastic interface and lower diffusion 

coefficient due to the high continuous phase viscosity inhibits foam coalescence and 

Ostwald ripening. 

Chapter 3 describes continued efforts of using viscoelastic surfactants that form 

wormlike micelles to stabilize high viscosity and high internal phase foams. The 

wormlike micelles are used to replace polymers that induce formation damage. The 

packing parameter of sodium lauryl ether sulfate (CH3(CH2)11(OCH2CH2)3OSO3Na, 

SLES) was increased by adding various cationic surfactants and salts to screen the 

electrostatic repulsion between SLES surfactant head groups. The dense packing at the 

interface increases the surface shear viscosity and possibly the compression elasticity, 

therefore the foam film becomes rigid, and exhibits lower drainage rate than mobile 

films. Further, the entanglement of the wormlike micelles increases the continuous phase 

viscosity, and therefore further reduces the film drainage as described by the Reynolds 

drainage equation. The resulting thick film, lower diffusion coefficient due to the high 

continuous phase viscosity and possibly more elastic interface reduces the foam 

coalescence and Ostwald ripening rate.  
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Chapter 4 describes the stabilization of iron oxide nanoparticles using grafted 

sulfonated copolymers. The sulfonated copolymer consists of AMPS stabilizers that are 

stable in high salinity brine and AA anchors to attach to amine functionalized iron oxide 

surface. The copolymer was tethered to the iron oxide surface via the “grafting to” 

approach. Dynamic light scattering and electrophoretic mobility study shows the polymer 

remain charged and extended after grafted onto the nanoparticle surfaces, therefore 

provided electrosteric repulsion to stabilize iron oxide nanoparticles and give low 

adsorption to silica microsphere surfaces. Zheng Xue and Hitesh Bagaria contributed 

equally to this study. The colloidal stability of polymer-grafted iron oxide nanoparticles 

and the static adsorption study were performed by Zheng Xue. The amine 

functionalization of iron oxide nanoparticles, polymer grafting techniques and the writing 

of the manuscript were contributed from Dr. Hitesh Bagaria.  

Chapter 5 describes continued efforts to vary the AMPS:AA ratio to further 

reduce the adsorption of nanoparticles onto mineral surfaces. It is found that increasing 

the fraction of the AMPS stabilizer in the copolymer helps to reduce the adsorption to 

mineral surfaces. The unreacted AA in the polymer chain can bind strongly to divalent 

cations in the brine, and therefore give high adsorption to mineral surfaces. Zheng Xue 

and Edward Foster contributed equally to this study. The optimization of polymer 

grafting techniques, colloidal stability, nanoparticles adsorption to mineral surfaces and 

the writing of the manuscript were conducted by Zheng Xue. The polymer synthesis 

procedures originally developed by Dr. Bethany Neilson in Chapter 4 were optimized by 

Dr. Edward Foster.  

Chapter 6 describes an innovative approach of grafting homopolymers of AMPS 

to the iron oxide nanoparticles via “grafting through” approach. Lower adsorption values 

to mineral surfaces were observed due to the elimination of AA anchor groups. Further, 
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zwitterionic polymer can also be tethered to iron oxide nanoaparticles by the same 

approach. Zwitterionic polymer grafted nanoparticles exhibit lower adsorption to clays 

than purely anionic AMPS grafted nanoparticles. Zheng Xue and Edward Foster 

contributed equally to this study and the development of “grafting through” chemistry. 

Zheng Xue further improved the sensitivity of the static adsorption technique. Dr. 

Edward Foster contributed to the sample preparations and the drafting of the manuscript. 

Chapter 7 presents the conclusion of the entire dissertation and some proposed 

future work. Supplemental materials are included in the appendixes.  
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Chapter 2: Viscosity and Stability of Ultra-High Internal Phase CO2-in-
Water Foams Stabilized with Surfactants and Nanoparticles with or 

without Polyelectrolytes 

To date, relatively few examples of ultra-high internal phase supercritical CO2-in-

water foams (also referred to as macroemulsions) have been observed, despite interest in 

applications including “waterless” hydraulic fracturing in energy production. The 

viscosities and stabilities of foams with internal phase fractions up to 0.98 v/v CO2 were 

investigated in terms of foam bubble size, interfacial tension, and bulk and surface 

viscosity. The foams were stabilized with laurylamidopropyl betaine (LAPB) surfactant 

and silica nanoparticles (NPs), with and without partially hydrolysed polyacrylamide 

(HPAM). For foams stabilized with mixture of LAPB and NPs, fine ~70 µm bubbles and 

high viscosities on the order of 100 cP at > 0.9 internal phase fraction were stabilized for 

hours to days. The surfactant reduces interfacial tension, and thus facilitates bubble 

generation and decreases the capillary pressure to reduce the drainage rate of the 

lamellae. The LAPB, which is cationic, also attracts anionic NPs (and anionic HPAM in 

systems containing polymer) to the interface. The adsorbed NPs at the interface are 

shown to slow down Ostwald ripening (with or without polymer added) and increase 

foam stability. In systems with added HPAM, the increase in the bulk and surface 

viscosity of the aqueous phase further decreases the lamella drainage rate and inhibits 

coalescence of foams. Thus, the added polymer increases the foam viscosity by three-

fold. Scaling law analysis shows the viscosity of 0.90 v/v foams is inversely proportional 

to the bubble size.  

2.1 INTRODUCTION 

An aqueous dispersion of a gas in liquid, or foam, is thermodynamically unstable 

but can be kinetically stabilized with various amphiphiles including surfactants, solid 
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particles, polymers, and biopolymers including proteins or combinations thereof.78 Foams 

may coarsen and phase separate by a variety of mechanisms including Ostwald ripening 

and lamellae drainage followed by coalescence.16, 79, 80, 81, 82 Typically, the internal 

(dispersed) phase of foam is gas such as air or nitrogen in the ideal state. Foams formed 

with dense supercritical CO2, which has an appreciable solvent strength between that of a 

gas and a hydrocarbon,83, 84, 85, 86, 87, 88 exhibit properties of both gas-in-liquid foams as 

well as liquid-in-liquid macroemulsions.11, 87, 89 CO2-in-water (C/W) foams have been 

utilized for a variety of applications including enhanced oil recovery,86 hydraulic 

fracturing,4, 42 fire retardants and synthesis of porous materials.90, 91, 92  

High internal phase C/W foams with > 0.75 v/v CO2 have received relatively little 

attention and their properties are poorly understood due to the poor stability. Unlike the 

case for foams with nitrogen or other water insoluble gases, the high solubility of CO2 in 

water93 increases the rate of Ostwald ripening whereby CO2 diffuses from smaller 

bubbles to larger ones. Also, as the CO2 volume fraction (φ) increases, the lamella 

becomes more susceptible to drainage (film thinning) and eventually coalescence. The 

capillary pressure, or the pressure difference between the foam lamella and Plateau 

border that drives the lamella drainage, increases as φ increases.82 A better mechanistic 

understanding of the effects of surfactants, NPs and polymers on the morphology, 

viscosity and stability of high internal phase C/W foams would be beneficial for 

designing foams for a variety of practical applications including low water hydraulic 

fracturing fluids. 

In an effort to achieve stable high CO2 fraction foams, various surfactants with 

branched hydrocarbon tails13, 84, 85, 87, 94 and in some cases ethylene oxide groups 84, 85, 94, 95 

have been explored. C/W foam with a φ  = 0.9, viscosity up to 60 cP and stability over 60 

hours was reported.87 In these foams, the viscosity of the continuous phase is as low as 
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that of water. Recently, quaternary ammonium surfactants that form wormlike micelles 

and viscoelastic aqueous phases were reported to stabilize φ  = 0.75 C/W foams up to 250 

cP,96 however, the long term stability and morphology of foams with viscoelastic 

continuous phases has received little attention. The stability of foams may also be raised 

by adding a viscoelastic polymer to the aqueous phase, especially when attractive 

interactions are formed between the polymer and a surfactant with opposite charge.45 

Here the electrostatic attraction induces formation of polymer-surfactant complexes in the 

bulk phase and at the fluid interface, which raise the stability of foam film against 

drainage and coalescence, due to an increase in the interfacial shear and dilatational 

viscoelasticity 60, 62, 97, 98 and structural forces99, 100, 101. For C/W foams, mixtures of anionic 

surfactants and negatively charged guar- and cellulose-based biopolymers have been 

studied for application as energized hydraulic fracturing fluids.4, 42 C/W foams with φ up 

to 0.8 were reported to have viscosities of tens to hundreds of centipoise at shear rate of 

100 s-1.4, 42 For such like-charged polymer-surfactant systems, polymer may be expected 

to be depleted from the interface due to electrostatic repulsion and thus only slightly 

influence the interfacial rheological properties.56, 60, 62 The formation and long term 

stability of foams stabilized with polymer and surfactant with attractive interactions has 

rarely been studied.  

Foams stabilized with colloidal particles may exhibit increased stability against 

Ostwald ripening and coalescence relative to surfactant stabilized foams.22, 26 The 

enhanced stability may be attributed to enhanced structural forces102 and a large 

desorption energy of the particles from the interface22. The wettability of particles at the 

fluid/fluid interface, characterized by the contact angle, defines their interfacial activity 

and the preferred interfacial curvature. For example, fumed silica particles with 

decreasing surface coverage of hydrophobic dichlorodimethylsilane were reported to 
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have the optimum wettability in terms of stabilizing air-water foams103, C/W foams104, 

and oil-water emulsions, 23 respectively. Here the cohesive energy density of the NP 

surfaces must match that of the internal phases. In addition to modifying the surface 

chemistry, the wettability of particles may be altered by adding salt. High salinity is also 

beneficial for the adsorption of charged particles towards fluid interface.22,24 The 

adsorption of anionic particles to a negatively charged oil-water interface increases with 

increasing salinity by reducing electrostatic repulsion, both for equilibrium and kinetic 

reasons.22,24  However, too much salt may screen the charge to the extent that lack of 

repulsion results in aggregation of particles,105, 106, 107, 108 thereby breaking the foam.34 

Despite the efforts to facilitate the adsorption of particles to C/W interfaces, C/W foams 

stabilized with particles alone have had a maximum viscosity of ~ 16 cP up to φ = 0.9.104  

The adsorption of relatively hydrophilic particles to fluid interface can be 

facilitated by mixing with oppositely charged surfactants, whereby surfactants adsorb to 

particles and increases their hydrophobicity (and thus amphiphilicity).33 Such synergistic 

interactions between NPs and surfactants were studied in a number of air-water foams 

and oil-water emulsions.33, 109 Mixtures of bare silica NPs and surfactant were also 

reported to stabilize C/W foams with a  high viscosity of 80 cP up to φ = 0.75.110 

However, the effect of NPs on the morphology, viscosity and long term stability of C/W 

foams remains to be investigated, particularly for φ above 0.75. 

The objective of this work is to demonstrate the stabilization of φ = 0.9–0.98 

supercritical CO2-in-water foams with high viscosity (on the order of 100 cP) and long 

lifetime (on the order of hours), by a judicious design of the interfacial and rheological 

properties. We examine two types of amphiphilic systems: (1) surfactant and NPs, and 

(2) surfactant and NPs and polymer. The addition of anionic silica NPs to very dilute 

cationic surfactant (laurylamidopropyl betaine, LAPB) produces viscous foams with ~ 70 
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µm fine bubbles and long-term stability against Ostwald ripening, as evaluated 

systematically with foam bubble size, change in bubble size with time, interfacial tension 

and surface viscosity. The LAPB surfactant reduces C/W interfacial tension, but by itself 

is too dilute to stabilize highly viscous foams. In addition, LAPB promotes the adsorption 

of NPs to the C/W interface and consequently increases the foam stability against 

coalescence and Ostwald ripening. In the second type of amphiphilic system, partially 

hydrolyzed polyacrylamide (HAPM) polymer is added to the mixture of LAPB and NPs 

to increase the continuous phase and surface viscosity. The polymer slows down the 

lamella drainage and inhibits coalescence, resulting in a 2-3 fold higher viscosity and 

finer bubbles of ~ 20 µm than in the case without polymer. The effects of bubble size and 

continuous phase viscosity on the C/W foam viscosity at high φ were characterized by 

scaling law analysis. The ability to stabilize viscous foams at extreme CO2 fractions ≥ 0.9 

is expected to find utility in a broad range of applications, including low water hydraulic 

fracturing fluids that could potentially replace vast quantities of water used currently. 

2.2 EXPERIMENTAL 

2.2.1 Materials  

Surface-modified colloidal silica NPs (EOR-5XS, Lot No. LB130204, Nissan 

Chemical America Corporation) were received as a 20 % w/v aqueous dispersion. The 

NPs had a proprietary, covalently attached non-ionic steric stabilizer on the surface as 

provided by the manufacturer. The purpose of the surface modification was to enable 

colloidal stability in presence of high salinity. Laurylamidopropyl betaine (LAPB) 

(Mackam DAB-ULS, Lot No. UP1J13X04) was from Rhodia (now Solvay). Alpha olefin 

sulfonate (AOS) (Bioterge AS-40) was from Stepan. Flopaam 3330S and 3630S were 

received from SNF Floerger. The Flopaam 3330S and 3630S were partially hydrolyzed 
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polyacrylamide polymers with hydrolysis content of 25-30%. The molecular weight of 

FP 3330S and 3630S was 8 M and 20 M Dalton, respectively. The received powdered 

polymers were hydrated and filtered before use for subsequent studies (please see 

Supporting Information for the detailed description). The list of polymers and surfactants 

used in this study is tabulated in Table S1. Potassium chloride (KCl), hydrochloric acid 

(HCl) and sodium hydroxide (NaOH) were obtained from Fisher Scientific. All the 

chemicals were used as received unless otherwise noted. 

2.2.2 Aqueous Phase Behavior in High Pressure CO2 Saturated Brine 

The phase behavior of mixtures of NPs, polymers and surfactants in high pressure 

CO2 saturated 2% KCl brine solution were studied with an adjustable volume high 

pressure view cell as described in Figure B1. 2% KCl brine was used to mimic the 

salinity level in hydraulic fracturing fluids. The view cell is equipped with a piston inside 

for controlling the pressure and a sapphire glass window on the sides for visual 

observation. Mixtures of 4 g CO2 and 4 g 2% KCl brine containing amphiphiles were 

loaded in the front part of the view cell to obtain CO2 saturated brine condition. A cross-

shaped magnetic stir bar was placed into the view cell for gentle mixing. The pressure on 

the rear side of the view cell was controlled by a high pressure syringe pump (Isco, model 

260D) with CO2 as the pressuring fluid. The temperature of the system was measured and 

controlled by thermocouples.  

2.2.3 CO2/Water Interfacial Tension Measurements  

The interfacial tension between CO2 and water under 3000 psia and 50 oC was 

determined from axisymmetric drop shape analysis of a CO2 captive bubble method. The 

CO2 bubble was equilibrated for 30 min in aqueous phase, which contained a known 

concentration of surfactants, NPs and polymers in 2% KCl brine. Before each 
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measurement, the aqueous dispersion was equilibrated with pure CO2 for 2 hrs. The drop 

shape profile was fitted with Yong-Laplace equation using a commercial software 

package (CAM 200, KSV Ltd., Finland). 

2.2.4 Shear Viscosity Measurements  

The steady-state shear rheology of aqueous dispersions of polymers, NPs and 

surfactants at 50 oC were measured using AR G2 rotational rheometer (TA Instruments) 

with a cone-and-plate geometry (40 mm, 2o). Rheology measurements were conducted in 

2 % KCl brine solution at pH 4 (to mimic the low pH of CO2 saturated water) adjusted 

with 1N HCl. At least 3 scans of shear rates were conducted and the reported values are 

the average of these measurements. 

2.2.5 Surface Shear Viscosity Measurements  

Surface steady-state shear viscosity between air and 2% KCl aqueous dispersions 

containing polymer, surfactant and NPs at 50 oC and pH 4 was measured using AR G2 

rotational rheometer (TA Instruments) with double wall ring (DWR) geometry. The 

DWR geometry works as a 2D analogue of a Couvette geometry and was designed to 

minimize the contribution of sub-phase drag to the apparent torque measured by the 

pressure transducer. To evaluate the contribution of surface drag relative to the sub-phase 

drag, a dimensionless number called the Boussinesq number (Bo) is defined under shear 

flow conditions: 
 

𝐵𝑜 =   
𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑑𝑟𝑎𝑔
𝑠𝑢𝑏𝑝ℎ𝑎𝑠𝑒  𝑑𝑟𝑎𝑔 =   

𝜇!
𝑉
𝐿!
𝑃!

𝜇 𝑉𝐿!
𝐴!

=   
𝜇!
𝜇!𝐺

 (2.1) 

where 𝜇! is the surface shear viscosity (Pa.s.m), 𝜇! is the viscosity of sub-phase (Pa.s), 𝑉 

is the characteristic velocity, 𝐿! and 𝐿! are the characteristic length scale over which the 

velocity decays at the bulk sub-phase and surface, respectively. 𝑃! and 𝐴! are the contact 
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perimeter and area between the geometry and the surface, respectively. G is the 

characteristic length of the geometry, which is 0.7 mm for the DWR geometry.111 The 

ring was carefully placed at the air-water interface by observing the appearance of 

capillary rise. The reported steady state torque at fixed angular velocities was the average 

of at least 6 measurements. The detailed procedures are presented in the Appendix B and 

the calculated velocity profiles are in Figure B2. The contribution of sub-phase drag to 

the measured steady state torque was evaluated with Boussinesq number and corrected 

with the iterative numerical procedures described by Vandebril et al..111  

2.2.6 C/W Foam Formation and Apparent Viscosity  

The apparatus for measuring foam viscosity in high pressure is shown in Figure 

2.1, which was adapted from previous studies.87, 104, 110 A water bath was used to control 

the temperature. Isco syringe pump with a Series D pump controller was used to inject 

CO2. Aqueous formulations were injected by a second Isco syringe pump via a high 

pressure accumulator. Before co-injection of CO2 and aqueous solution, the saturation of 

the porous media was achieved by running a sufficient volume of aqueous solutions (40 

mL) through the beadpack (pore volume = 0.45 mL). The mixture of CO2 and aqueous 

solution entered a glass bead pack with hydrophilic pores for foam generation. The glass 

bead pack has inner diameter of 0.38 cm and length of 11.3 cm, packed with 180 µm 

spherical glass beads (70-100 mesh soda-lime silica glass, stock umber P-0080, Potters 

Industries Inc., Valley Forge, PA). The pore throat size in the glass bead pack ranges 

from 28 to 75 µm for hexagonal and cubic packing of 180 µm spheres, respectively. The 

foam then passes through a capillary tube viscometer and the apparent viscosity (µμ!"") is 

calculated from the measured pressure drop (∆P) with the Hagen–Poiseuille equation:  
   

(2.2) 
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𝜇!"" =   
𝜋 ∙ ∆𝑃 ∙ 𝑅!

8𝑞𝐿  

where R is the capillary tube inner radius, q is the volumetric flow rate, and L is the 

length between the  ∆P cells. The inner diameter of the capillary tube is 762 µm. During 

foam generation in the glass bead pack at 200 ft/day of superficial velocity, the shear rate 

in the capillary tube is 200 s-1. The residence time in the glass bead pack is 54 s, and in 

the capillary tube is 107 s. The generated foam then flows into a high pressure view cell 

equipped with a sapphire glass window where the appearance of foams can be visually 

observed. Finally, the foam flows through the back pressure regulator where the system 

pressure at the outlet is controlled to be within ± 100 psia. 

 

Figure 2.1:   Schematic of the apparatus used for foam viscosity and mean bubble size 
measurements. The glass bead pack was foam generator. 

2.2.7 C/W Foam Microscopy and Stability  

The foam bubble size and size distribution were measured at room temperature in 

situ with a high pressure microscopy cell installed at the exit of the glass bead pack.87 The 

microscopy cell was mounted onto a microscope (Nissan Eclipse ME600). The image 
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from the microscope was captured with a Photometrics CoolSNAP CF CCD camera 

connected to a computer. Pictures at different time intervals were captured to show the 

foam stability over time. The images were analyzed with Image J software. Bubble size 

and size distribution were averaged over at least 100 bubbles. The Sauter mean diameter 

𝐷!" and the dimensionless polydispersity 𝑈!"#$ are calculated as follows: 
 

𝐷!" =   
𝐷!!!

𝐷!!!
 (2.3) 

 
𝑈!"#$ =   

1
𝐷!"#

𝐷!!! 𝐷!"# − 𝐷!
𝐷!!!

 
(2.4) 

where 𝐷! is the diameter of a foam bubble, 𝐷!"# is the median of the volume averaged 

bubble diameter in the foam. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Aqueous Phase Behavior for All Systems  

The phase behavior of the various binary and ternary mixtures of solutes was 

measured with low shear stirring in CO2 saturated 2% w/v KCl brine (Debye length = 

0.56 nm) versus pressure at 50 oC to identify boundaries for one-phase transparent 

solutions (Figure B1). For CO2 saturated brine at 3000 psia and ~ pH 4, the LAPB 

surfactant with pKa of ~5 is positively charged, opposite to that of the anionic silica NPs 

and HPAM. Transparent aqueous dispersions were observed for each of the amphiphiles 

alone in CO2 saturated 2% KCl brine from 0 to 5000 psia, indicating good solvation. For 

1% NPs and LAPB, the aqueous dispersions remained transparent up to 0.08% surfactant 

concentrations and then became cloudy. Similarly, the mixture of 0.1% HPAM and 

LAPB, with and without NPs, remained transparent up to 0.08% surfactant and then 

underwent a transparent-to-cloudy transition as LAPB concentration increased. In 

contrast, mixtures of HPAM and AOS, with and without silica NPs, remained transparent 
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at all tested conditions as expected. In the case of mixtures with oppositely charged 

species, the electrostatic and hydrophobic interactions produced turbid dispersions, and 

eventually precipitated as NP-surfactant or polymer-surfactant large aggregates.52 For the 

like-charged HPAM-AOS system, the electrostatic repulsion did not result in phase 

separation into polymer-rich phase and surfactant-rich phase.112, 113  

2.3.2 Systems Composed of Surfactant and NPs   

In section 2.3.3-2.3.5, the interfacial tension, surface viscosity, foam viscosity and 

foam stability with mixtures of oppositely charged NPs and LAPB surfactant were 

characterized. Synergistic interactions between the LAPB and NPs were shown to 

increase the foam viscosity and stability. 

2.3.3 CO2-Water Interfacial Tension  

To probe the interfacial behavior, the interfacial tension (IFT) between CO2 and 

2% KCl brine was measured at 3000 psia and 50 °C in presence of surfactant with or 

without other amphiphiles as shown in Figure 2.2. Upon adding LAPB surfactant, the IFT 

was reduced from ~22 mN/m to ~5 mN/m above the CMC. The addition of NPs to the 

surfactant solution produced only a slight increase in the IFT. At 0.08% LAPB above the 

CMC, where the IFT reaches a plateau, the mixture was still soluble in the bulk aqueous 

phase (Figure B1).  

The relatively low IFT of < 6 mN/m above the CMC indicates that the surfactant 

head group solvation was partially balanced by the solvation of the surfactant tail by CO2. 

The negligible change in IFT upon addition of negatively charged NPs indicates that a 

significant amount of surfactant was present on the C/W interface. In this case, the 

adsorption of surfactant to the NPs surfaces must be weak as a large amount of surfactant 

remains available to adsorb at the CO2-water interface and lower the IFT. This 
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phenomena has been discussed in detail for weakly interacting systems of anionic silica 

NPs with zwitterionic caprylamido propyl betaine surfactant37, as well as surface active 

fumed silica particles with nonionic alkylpoly(oxyethylene) surfactant at oil-water 

interfaces34. The lack of strong adsorption of cationic surfactant on the anionic NP 

surface may be attributed to the presence of the non-ionic stabilizing ligands on NP 

surface. 

 

Figure 2.2:   Interfacial tension between CO2 and 2% KCl brine at 3000 psia and 50 oC in 
presence of LAPB surfactants alone, binary mixture of 1% w/v silica NPs 
and LAPB surfactants, as well as tertiary mixtures of 0.1% w/v HPAM 
polymer (MW = 20 M), 1% w/v silica NPs and LAPB surfactants. 

2.3.4 Air-Water Surface Viscosity  

The steady-state surface viscosity of 2% KCl brine (relative to air) containing 

LAPB surfactant, or silica NPs, and mixtures of the two at pH 4 and 50 oC were 

measured at an angular velocity of 1 rad/s. The results are given in Table 2.1. The surface 

viscosities of all systems were very low,  ~ 10-6 Pa s m, indicating a fluid-like surface as 
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often seen for surfactant monolayers.114 Thus, the adsorption of NPs did not significantly 

modify the surface viscosity. 

Table 2.1:     Torque measured with double wall geometry at the air-water interface, 
Boussinesq number (µs/µbG) and the air-water surface viscosity after 
correction of sub-phase drag. 1 

Systems Torque (mN.m) Boussinesq number 
(Bo) 

Surface viscosity 
(Pa.s.m) 

1% NP 0.38 ± 0.02 6.0 2.3E-6 
0.08% LAPB 0.32 ± 0.02 5.2 2.0E-6 

0.1% AOS 0.42 ± 0.02 7.8 3.0E-6 
1% NP + 0.08% 

LAPB 
0.40 ± 0.02 6.3 2.4E-6 

 
0.1% HPAM 0.64 ± 0.03 0.7 5.0E-6 
0.88% HPAM 93 ± 3 1.7 7.2E-4 

0.1% HPAM + 1% NP 
+ 0.08% LAPB 

0.77 ± 0.03 0.9 6.0E-6 
 

0.88% HPAM + 1% 
NP + 0.08% LAPB 

138 ± 4 2.4 1.0E-3 
 

0.88% HPAM + 1% 
NP + 0.1% AOS 

87 ± 3 1.6 6.8E-4 

2.3.5 C/W Foams Stabilized with NPs and Surfactants  

The viscosity of φ = 0.75 foams produced with either very dilute LAPB (0.01%), 

or 1% NPs, or a mixture of the two is shown in Figure 2.3a. By itself, the surfactant 

below the CMC was too dilute to stabilize foams. In DI water, the apparent viscosity 

measured with the NPs alone was very low (1.8 cP) and foam was not observed in the 

view cell. As the salinity increases, the viscosity increases, suggesting the NPs were 

“salted out” and migrated from the aqueous phase to the interface.104 For 3% KCl brine, 

the viscosity reached 16 cP for a foam with fine opaque white texture.104 We attributed 

this foam formation and stabilization to a decrease in the hydrophilicity of the NPs where 

                                                
1 All the measurements were done at an angular velocity of 1 rad/s, 50 oC in 2% KCl brine. 
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the SiO- charges are screened, thus driving the NPs to the interface, as seen by Binks et 

al. for silica NPs stabilized air-water foams.103 Interestingly, the combination of surfactant 

and NPs resulted in synergy whereby the viscosities were much higher than expected 

from a combination of the values from each species alone. At all salinities tested, the 

opaque white foams had viscosities in the range of 20-27 cP at a salinity of 0 to 3% KCl. 

The cationic LAPB surfactant likely adsorbed on the silica NPs surfaces, lowering their 

hydrophilicity and raising the interfacial activity. The synergistic effect decreased as 

salinity increased, as the salt also made the NPs less hydrophilic.  

Figure 2.3b shows the viscosity of C/W foams generated with 1% silica NPs and 

increasing concentrations of LAPB surfactant at 50 oC and 2% KCl brine. At only 0.01% 

surfactant below the CMC, the foam viscosity decreases monotonically as φ increases, 

and eventually above φ of 0.9, foam was not generated. At higher surfactant 

concentrations above the CMC, φ = 0.9-0.98 foams with much higher viscosities were 

generated. For example, for mixture of 1% silica NPs and 0.08 % LAPB where NPs starts 

to flocculate (Figure  B1), foams with a viscosity of 70 cP and 36 cP at φ of 0.9 and 

0.95, respectively, were stabilized. To our knowledge, highly viscous CO2 foams at φ > 

0.9 are very rare. At higher surfactant concentrations, a large increase of foam viscosity 

was observed reaching 70 cP for 1% LAPB at a φ of 0.95 (Figure 2.3c). Surfactant with 

concentrations above 0.08% induces flocculation and precipitation of silica NPs, as 

shown in Figure B1. Similar results were also observed by Binks et al34 whereby 

emulsions stabilized with a mixture of anionic surfactant and cationic alumina-coated 

silica NPs were most stable at surfactant concentrations corresponding to flocculated NP 

dispersions.   
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Figure 2.3:   (a) Foam viscosity with LAPB alone, silica NPs alone, and mixtures of NPs 
and LAPB at varying salinities of 0-3% KCl. (b) Foam viscosity with 
mixtures of 1% silica NPs and 0-1% LAPB at φ of 0.75-0.98 in 2% KCl.  (c) 
Foam viscosity as a function of LAPB concentrations while NP 
concentration is fixed at 1% in 2% KCl brine. Viscosities are measured at 
3000 psia, 50 oC at a shear rate of 200 s-1. (d) Aqueous phase viscosity of 
mixtures of NPs and LAPB at 50 oC. The concentrations in w/v % are 
specified in the legend. The lines are only to guide the eye. 
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Figure 2.4:   (a) Micrographs of φ = 0.95 C/W foams stabilized with LAPB alone, and 
mixture of silica NPs and LAPB in 2% KCl at different time. Scale bar of 
100 µm is located in the micrograph. (b) Evolution of bubble size over time 
at 3000 psia and room temperature. 
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Table 2.2:     Sauter mean diameter and apparent viscosity of C/W foams at 3000 psia, 
2% KCl brine and room temperature2 

Mixtures CO2 volume 
fraction 

Dsm (µm) Upoly µcontinuous 

phase (cP) 
µfoam 
(cP) 

0.08% LAPB and 1% 
NP 

0.90 72 0.98 1 74 

0.1% HPAM, 0.08% 
LAPB and 1% NP 

0.90 49 0.40 5 160 

0.88% HPAM, 0.08% 
LAPB and 1% NP 

0.90 23 0.41 80 274 
 

0.88% HPAM, 0.08% 
LAPB 

0.90 46 0.29 80 147 

0.88% HPAM, 0.08% 
LAPB and 1% NP 

0.95 36 0.36 80 105 
 

0.88% HPAM, 0.08% 
LAPB 

0.95 74 0.34 80 53 

The evolution of foam texture at φ = 0.95 over time at room temperature is shown 

in Figure 2.4. Clearly, the initial bubble size was decreased by a factor of 3 upon addition 

of NPs at LAPB concentration of 0.08%. The Sauter mean diameter (Dsm) of bubbles 

stabilized with LAPB alone increased dramatically within hours, while that with the 

mixture of NPs and LAPB only increased slightly from 72 µm to 97 µm over 3 hours, 

indicating the NPs effectively stabilized foam against coalescence and Ostwald ripening.   

The evolution of the mean bubble size is governed by the two competing 

processes of bubble generation and bubble destruction, both of which are influenced by 

the concentrations of the surface active agents.22 The reduction in bubble size upon 

addition of silica NPs to the surfactant solution will now be explained in terms of various 

effects on lamella creation and stability as summarized in Table 2.3. The foam viscosities 

when generated with > 0.08% versus 0.01% LAPB are higher in part due to crossing the 

CMC, as shown in Figure 2.2, whereby the IFT was decreased to 6.6 mN/m. The lower 

IFT decreases the thermodynamic energy penalty for creation of bubbles. Furthermore, 
                                                
2 The viscosity of continuous phase and the C/W foam are measured at 200 s-1. 
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the presence of micelles above the CMC raises the availability of the surfactant for 

transporting to the expanding interfaces during lamella creation.115 Another important 

manifestation of the lower IFT is the decrease of the capillary driving force for the 

drainage velocity V of the aqueous phase in the lamella to the plateau borders, as 

described by the relationship79 
   

𝑉 = −
𝑑ℎ!
𝑑𝑡 =

ℎ!!

3𝜇!𝑅!!
∆𝑃!!"# (2.5) 

where ∆𝑃!"#$ = 2 𝑃! − 𝛱! . 𝑃! is the capillary pressure originating from the curvature at 

the Plateau border.  𝛱! is the disjoining pressure. 𝜇! is the viscosity of the continuous 

phase, and Rf and hf are the radius and thickness of the thin film, respectively. The 

reduction in IFT with surfactant also provides an opportunity to develop Marangoni 

interfacial tension gradients that slow down film drainage. Also, layers of micelles may 

provide structural repulsion to raise the disjoining pressure.102  

The adsorption of relatively hydrophilic silica NPs onto negatively charged 

interfaces can be facilitated by the presence of salts.22, 24 Also, in the current case, the 

electrostatic interactions with the cationic LAPB are attractive and favor adsorption. As 

LAPB surfactant adsorbs to silica NPs, the contact angle of the initially very hydrophilic 

NPs is shifted towards a more balanced state of 90o favoring adsorption at C/W interface.  

Also, the ordering of NPs layers in the lamella could lead to large structural forces 

in the disjoining pressure and therefore slower drainage rates.102 With slower drainage, 

the lamella remain thicker and are less prone to breakage by capillary wave instabilities 

and by nucleation of holes in the film.116 The thermal activation energy barrier (𝑊∗) for 

coalescence can be expressed as116 
   

𝑊∗ =   
𝜋ℎ!!𝛾!!

𝛾  (2.6) 
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where hf is the thickness of the lamella film, 𝛾! is the interfacial tension of the curved 

border of the hole, and γ is the interfacial tension of a planar interface. Clearly, increase 

of the film thickness greatly increases the lamella stability against rupture. Also, the 

strong capillary interactions between neighbouring particles at the liquid menisci may 

stabilize lamella against coalescence.26 The reduction of particle charge with surfactant 

adsorption as shown in Figure S1 may result in particle flocculation, which is known to 

provide a greater steric barrier for lamella stability against coalescence, as well as raise 

the continuous phase viscosity to slow down drainage (Figure 2.3d), as seen for silica and 

hexadecyltrimethylammonium bromide,34 as well as silica and caprylamidopropyl 

betaine37. 

Table 2.3:     Summary of the effects of surfactant (S), polymer (P) and nanoparticle (N) 
on the lamella generation, and lamella stabilization against drainage and 
Ostwald ripening. 

Mechanisms N+S N+P+S 
Lamella creation  
Reduce IFT, lowers energy penalty to generate bubbles. 
Micelles raises surfactant concentration available to adsorb 
rapidly on interface 

S S 

Lamella stabilization: increase disjoining pressure  
Electrosteric repulsion N+S  P+S, 

N+S 
Structural repulsion  N+S P+S, 

N+S 
Lamella stabilization: decrease drainage rates  
Reduce IFT, lowers capillary pressure driving force S S 
Marangoni stabilization (interfacial tension driving force) S S 
Increase surface viscosity, presumably C/W interfacial viscosity 
(agrees with wasan) 

 P, P+S 

Increase continuous phase viscosity  P 
Lamella stabilization: slow down Ostwald ripening  
Interfacial dilatational elasticity  N N 
Strong lateral capillary interaction, reduce local curvature 
difference and the driving force for Ostwald ripening 

N N 
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The time evolution of Dsm
3 is shown in Figure 2.5. Ostwald ripening is driven by 

the Laplace pressure difference between bubbles of different curvature. The Lifshitz and 

Slyozov, followed by Wagner (LSW) theory for the Ostwald ripening rate for diffusion 

from a curved bubble to a flat interface is given by 
 

𝛺! =
𝑑𝐷!"!

𝑑𝑡   =   
64𝛾𝐷!"##𝑆𝑉!

9𝑅𝑇 𝐹 (2.7) 

where 𝐷!"## is the molecular diffusion coefficient, S is the bulk solubility, and Vm is the 

molar volume of the internal phase. F is a correction factor incorporated to account for 

the effects of a small diffusion length and nondilute conditions. In contrast to coalescence 

where bubble polydispersity increases significantly over time, Ostwald ripening tends to 

even bubble sizes out. A significant increase of the Dsm and the bubble polydispersity was 

not observed for mixtures of NPs and LAPB (Figure B3), indicating that Ostwald 

ripening was more prevalent than coalescence. Similar decrease in Ostwald ripening rates 

upon addition of particles were also observed for air-water foams stabilized with fumed 

silica particles,115 and was attributed to an increase in the interfacial dilatational elasticity. 

The dilatational elasticity (E) is defined as  
   𝐸=−𝑑𝛾/𝑑ln𝐴 (2.8) 

where A is the interfacial area. Due to the large desorption energy of particles at the 

interface and the slow mass transfer between the bulk phase and interface, the change in 

surface excess amount of NPs upon variations of interfacial area A is relatively small. 

Therefore, the dilatational elasticity of NP stabilized interfaces tends to be much higher 

than in the case of surfactant stabilizers.35, 64, 115 Higher surface dilatational elasticity may 

lead to lower Ostwald ripening rates, as expected from numerical simulations117 and 

experimentally observed for emulsions stabilized with surfactants20, 118 and for air-water 

foams stabilized with particles.115 Direct measurements of dilatational elasticity in high 

pressure systems are very rare and beyond the scope of this study. Also, the Ostwald 
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ripening rate may be decreased due to the strong capillary effects between NPs at 

interface which modifies the curvature of the interface,22 where compression of particle 

layers upon shrinking of drop/bubble diminishes the macroscopic interfacial tension by 

creating configurations with zero mean curvature of the fluid interfaces between particles.  

 

Figure 2.5:   Dsm
3 as a function of time for φ = 0.95 CO2 foams in 2% KCl brine. Foams 

are maintained at 3000 psia and room temperature. 

2.3.6 Systems with Surfactant, NP and Polymer  

In section 2.3.7-2.3.10, the addition of viscoelastic polymer to a system with 

surfactant and NPs will be shown to raise the bulk viscosity and the surface viscosity, 

which enhances the foam stability relative to the case of only surfactant and NPs. The 

surfactant concentration was chosen to be 0.08% above the CMC, so that allows 

reduction of IFT and maintaining a transparent aqueous phase. 
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2.3.7 CO2-Water Interfacial Tension  

Upon addition of HPAM to the mixture of LAPB and NPs, the plot of IFT versus 

LAPB concentration in Figure 2.2 became more complex. A second plateau was observed 

at the critical aggregation concentration (CAC) for a LAPB concentration of ~ 2 × 10-4%. 

In the presence of high pressure CO2 the LAPB surfactant was positively charged, and 

thus highly solvated in the brine. The presence of a CAC on the IFT isotherm below the 

CMC has been observed previously with other oppositely charged polymer-surfactant 

systems, such as mixtures of dodecyl trimethylammonium bromide with poly(styrene 

sulfonate)56, polyacrylic acid62 and poly(acrylamide-co-

acrylamidomethylpropanesulfonate)119. The plateau above the CAC indicates that the 

interactions of surfactant and polymer make less surfactant available to orient at the C-W 

interface to lower the IFT. This behavior may be caused by formation of polymer-

surfactant complexes in the bulk or at the interface, which remove free surfactant.52 We 

will further discriminate between these two types of complexes below with surface 

viscosity measurements. At higher surfactant concentrations above the CMC, the 

interfacial tension decreased to similar values as seen for surfactant alone, consistent with 

the large activity of surfactant.52  

2.3.8 Air-Water Surface Viscosity  

The surface viscosities for systems with a sufficient concentration of added 

HPAM were shown to be much higher than for the systems with only NPs and surfactant 

(Table 2.1). The surface viscosity remained low for dilute HPAM at a concentration of 

0.1% either with or without LAPB and NPs. However, for 0.88% HPAM alone or with 

NPs and either LAPB or AOS, it increased by 2- 3 orders of magnitude and reached ~ 10-

3 Pa.s.m, indicating polymer entanglement above the dilute-semidilute transition. Also, 

the surface viscosity in the plateau region at steady state (Figure 2.6) for the two cases 



 40 

with added LAPB was about 50% larger than that of HPAM alone, suggesting the 

surfactant raised adsorption of HPAM at the surface.98 This surface adsorption may be 

facilitated by the electrostatic and hydrophobic interactions of HPAM with oppositely 

charged surfactant at the interface, as well by adsorption of HPAM-surfactant complexes 

formed in the bulk, consistent with the aforementioned CAC measurement.43, 52  

 

Figure 2.6:   The evolution of surface viscosity over time between air and 2% KCl brine 
containing HPAM (diamond), mixtures of HPAM, and LAPB (triangles), 
and with silica NPs (squares) at 50 oC. The concentrations in w/v % are 
specified in the legend. 

From dynamic measurements of surface viscosity versus time, the viscous 

interfacial film was formed over ~ 80 min for HPAM with added LAPB, or LAPB and 

NPs (Figure 2.3). The slow mass transfer of polymer from the bulk to the interface can be 

attributed to the high aqueous phase viscosity, and electrosteric repulsion with the 

polymer already adsorbed at the interface. As a control, we substituted the anionic AOS 

surfactant for the cationic LAPB surfactant, such that the charge of all three species was 
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negative. Here the added surfactant and NPs did not raise the surface viscosity relative to 

HPAM alone (Table 2.1), perhaps as a result of the electrostatic repulsion between all 

components. Similarly to our experiments with LAPB and HPAM, oppositely charged 

polyelectrolytes and surfactants such as mixtures of poly(styrene sulfonate)56 or 

polyacrylic acid62 with dodecyl trimethylammonium bromide also exhibited formation of 

viscoelastic interfacial films at air-water surface, as driven by the electrostatic and 

hydrophobic interactions.  

2.3.9 Apparent Viscosities of Foams including HPAM Polymer  

The viscosities of C/W foams stabilized with 1% silica NPs and LAPB surfactant 

increased with an increase in the HPAM concentration as shown in Figure 2.7. For only 

0.01% LAPB surfactant below the CMC, the viscosity of φ = 0.9 foam increased from 1 

cP to 25 cP by addition of 0.1% HPAM polymer. However, at higher φ of 0.95-0.98, only 

very weak foam was present as seen in the view cell. However the foams at both φ at 

higher LAPB concentrations above the CMC became highly viscous. For example, with 

0.1% HPAM, 1% silica NPs and 0.08% LAPB, strong foams were formed with 

viscosities of 160, 68 and 24 cP at φ of 0.90, 0.95 and 0.98, respectively. With a further 

increase of polymer concentration to 0.88% they were 210, 100, and 34 cP at the same φ. 

The foams were also found to be shear thinning with power-law index of ~0.5 (Figure B4 

and Table B1). The foam bubble size and the viscosity of the continuous phase were 

further characterized to shed light on the mechanisms of the increased foam viscosity. 

The Dsm of foam bubbles were determined from the micrographs of φ = 0.9 foams 

stabilized with mixtures of 1% silica NPs, 0.08% LAPB and 0-0.88% HPAM at room 

temperature as shown in Figure 2.5 e-g. Whereas the bubble size was 72 µm and 

viscosity was 74 cP for foams stabilized with NPs and surfactant alone at room 
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temperature, they became 23 µm and 274 cP, respectively, with the addition of 0.88% 

HPAM polymer. 

 

Figure 2.7:   (a)-(b) Effect of HPAM concentrations on the foam viscosity in 2 % KCl 
brine at shear rate of 200 s-1, 3000 psi and 50 oC. The concentrations in w/v 
% are specified in the legend. The lines are only to guide the eye. (c)-(e) 
Micrographs of 90% v/v C/W foams stabilized with mixtures of 0.08% 
LAPB, 1% NP, and 0, 0.1% and 0.88% HPAM, respectively, at 3000 psia, 
2% KCl brine and room temperature. Scale bar is100 µm. 

We also examined how the addition of NPs increases the foam viscosity for given 

concentrations of polymer and surfactant. The addition of 1% NPs to φ = 0.75-0.98 foams 

with HPAM and LAPB at 50 oC increased the viscosity significantly as shown in Figure 

2.8. For example, while the mixture of 0.1% HPAM and 0.01% LAPB (below CMC) did 
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not generate foam at φ = 0.95, addition of 1% silica NPs yields white foam with a 

viscosity of 12 cP. For 0.08% LAPB above the CMC with 0.88% HPAM, the viscosity of 

φ =0.95 foam was enhanced from 42 cP to 98 cP. Similarly as shown in Table 2, the 

viscosity increased approximately two fold upon addition of 1% NPs at room 

temperature. The addition of silica NPs at pH 4 and 50 oC to an aqueous dispersion of 

HPAM and LAPB did not significantly modify the apparent viscosity (Figure 2.8b). The 

Dsm was calculated from the micrographs of foams stabilized with mixtures of 0.88% 

HPAM and 0.08% LAPB, with and without 1% NPs at room temperature as shown in 

Figure 2.8 (c)-(f). As shown in table 2, adding 1% silica NPs decreased the bubble size 

by approximately one half, relative to the cases of foams stabilized without NPs. Also, 

the foam bubbles appear to be spherical with slight distortions at edges. The bubbles have 

a modest polydispersity of >0.29 as shown in Table 2.2.  For relatively monodispersed 

foams, the bubble shape will transfer from Kepler cells to Kelvin cells as the internal 

phase volume fraction increases.120 Transition to polyhedral Kelvin cells was not 

observed here, due to the relatively large polydispersity.121  
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Figure 2.8:   (a) Effect of 1% NPs on the foam viscosity in 2% KCl brine at shear rates of 
200 s-1, 3000 psi and 50 oC. The concentrations in w/v % are specified in the 
legend. The lines are only to guide the eye. (b) Viscosity of the aqueous 
phase containing mixtures of 0.88% HPAM and 0.08% LAPB, with and 
without 1% silica NPs. (c)-(d) φ = 0.90 foams stabilized with mixtures of 
0.08% LAPB, 0.88% HPAM, with and without 1% silica NP. (i)-(j) φ = 0.95 
foams stabilized with mixtures of 0.88% HPAM, 0.08% LAPB, with and 
without 1% silica NP. Micrographs are collected at 3000 psia, 2% KCl brine 
and room temperature. Scale bar is 100 µm. 
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To understand the relative contributions of continuous phase viscosity and foam 

bubble size to foam viscosity, a superposition of viscosity curves has been performed 

following the approach used by Otsubo and Prudhomme.122 Figure 2.9 shows the master 

curve for foams at φ = 0.90, determined from the four foams listed in Table 2.2. The data 

can be superimposed in the form of  𝐷!"𝜇!"#$/ 𝛾𝜇!versus 𝜇!𝛾, where γ is the interfacial 

tension, µe is the continuous phase viscosity and 𝛾 is the shear rate. The scaling law 

analysis show the relation 𝜇!"#$ ∝   𝐷!"!!𝜇!!.!. Clearly both the continuous phase viscosity 

and the foam bubble size contributed to the foam viscosity. The foam viscosity at φ = 

0.90 is inversely proportional to Dsm, and only weakly depends on the continuous phase 

viscosity. The scaling law determined by Prudhomme et al122 for nine φ = 0.8 oil-water 

emulsions is also plotted for comparison. The relation of 𝜇!"#$%&'( ∝   𝐷!"!!𝜇!!.!" was 

observed for oil-water emulsions.122 In summary, the observed increase of foam viscosity 

upon increasing the concentrations of polymer and NPs may be attributed primarily to the 

decrease of bubble size. The role of the continuous phase viscosity is more of 

contributing to the stabilization of small bubbles than of directly affecting the foam 

viscosity. 

The observed decrease of foam bubble size with added polymer was due in part to 

the enhanced stability of foam lamella against drainage and coalescence, given the larger 

continuous phase (Equation 2.5) and surface viscosities. For lamella with fluid surfaces, 

where the no-slip boundary condition was not present, a high surface viscosity obtained 

with HPAM was beneficial for inhibiting lamella drainage.123 In addition to the reduced 

drainage rates due to higher viscosity of the continuous phase and interface, the lamella 

were also stabilized by the adsorption of the high molecular weight polymer at the 

interface, which lead to stratification that adds structural forces to the disjoining pressure 

between bubbles.43 The structure at the interface was complex, as the polymer may also 
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interact with the surfactant modified NPs. These interactions possibly increased the 

disjoining pressure and consequently the stability of lamella against drainage (Equation 

2.5).43 Studies on oppositely charged polyelectrolyte-surfactant-stabilized aqueous thin 

films showed that such stratification effectively stabilized common black films with 

thickness of 10-100 nm, and prevented further thinning to ~5 nm Newton black films.99, 

100 Further, the adsorption of HPAM polymer at C/W interface could have also increased 

the shear and dilatational elasticity as reported for the O/W interface.60 As indicated in a 

number of studies of air-in-water foams and oil-in-water emulsions stabilized with 

oppositely charged polyelectrolytes and surfactants,56, 62 increased dilatational elasticity 

may also contribute to the stabilization of lamellae.62 However, measurements of 

dilatational elasticity in high pressure systems are scarce in literature and beyond the 

scope of this study. 

 

Figure 2.9:   Master curve for C/W foams at φ =0.9 compared with literature high internal 
phase oil-in-water emulsions rheology data (Otsubo et al. 1994,122 dashed 
line).  
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2.3.10 Effect of NPs on the Ostwald Ripening  

The micrographs of bubbles as a function of time for φ = 0.95 foams stabilized 

with mixture of 0.88% HPAM and 0.08% LAPB, with and without 1% NPs at 3000 psia 

and room temperature are presented in Figure 2.10. The plot of Dsm
3 as shown in Figure 

2.5 for the two cases with HPAM is linear as expected from the LSW rate law over 10-

fold increase of the volume of growing droplets. Furthermore, a significant increase of 

the polydispersity and mean bubble size was not observed (Figure B3 in Appendix B), 

indicating a small role of coalescence relative to the dominant effect of Ostwald 

ripening.124 A significant decrease of Ω3 for systems containing NPs relative to those with 

only polymer and surfactant was observed. For mixture of 0.88% HPAM and 0.08% 

LAPB, the Dsm increased from 70 µm to 149 µm over 3 hrs (Figure 2.10). Interestingly, 

upon addition of 1% silica NPs, the foam became much more stable, with an increase in 

Dsm from only 42 µm to 55 µm. Even after 24 hrs, the Dsm only increased to 98 µm, as 

opposed to the heavily coarsened foam for the case without NPs, and Ω3 was found to be 

unchanged for 24 hrs (Figure B3). Clearly, NPs decrease the Ostwald ripening rates 

markedly by a factor of 30 (Figure 2.5). Also, the Ω3 for mixture of NPs and LAPB 

without HPAM was in between that of the other two systems, indicating the NPs lower 

Ostwald ripening, in agreement with previous reports.20, 22 The reduction in Ostwald 

ripening rates from the polymer is presumably due to the higher continuous phase 

viscosity and surface viscosity leading to less drainage and thus diffusion through thicker 

lamellae.21 
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Figure 2.10: Micrographs of a φ = 0.95 CO2 foam stabilized with (a)-(d) mixtures of 
0.88% HPAM and 0.08% LAPB, and (e)-(h) mixtures of 0.88% HPAM, 
0.08% LAPB and 1% silica NPs in 2% KCl brine at room temperature and 
3000 psia at 5 min, 30 min, 180 min and 24 hrs, respectively. Scale bar is 
100 µm. 
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2.4 CONCLUSIONS 

Either amphiphilic systems of NPs and surfactant, or NPs and surfactant and 

HPAM polymer were effective in stabilizing ultra-high internal phase (φ = 0.9-0.98) 

supercritical CO2-in-water foams with high viscosity on the order of 100 cP and long 

lifetime in 2% KCl brine at 50 oC.  Cationic LAPB surfactant lowers the C/W interfacial 

tension to ~ 5mN/m above the CMC and also attracts anionic NPs (and anionic HPAM in 

systems containing polymer) to the C/W interface. In systems of LAPB and NPs, the NPs 

were shown to aid the formation of small CO2 bubbles and markedly enhance the stability 

against Ostwald ripening. For systems including HPAM, as the concentration of HPAM 

increases, the resulting increase in continuous phase viscosity and surface viscosity slows 

down lamellae drainage rates and inhibits coalescence, as indicated by foams with 

smaller bubble size and thus increased viscosity.  

Scaling law analysis showed that foam viscosity at φ of 0.90 was inversely 

proportional to the bubble size, and only weakly depended on the continuous phase 

viscosity. Ostwald ripening rates for systems containing NPs were 30-fold lower relative 

to those with only polymer and surfactant, perhaps due to the presence of thicker lamellae 

and more elastic interface. The adsorption of relatively hydrophilic NPs and polymer to 

C/W interface was likely facilitated by the interaction with oppositely charged surfactant 

as well as the presence of salt. The ability to stabilize viscous foams at φ above 0.9 with 

relatively low concentrations of NPs, surfactant and polymer is expected to find utility in 

a broad range of applications, including low water hydraulic fracturing fluids and 

synthesis of porous materials. 
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Chapter 3: Ultra Dry Carbon Dioxide-in-Water Foams with Viscoelastic 
Aqueous Phases 

High internal phase, very dry 0.95-0.98 supercritical CO2-in-water foams with 

fine ~20 um polyhedral shaped bubbles, high viscosities >100 cP and long lifetimes (3 h) 

are demonstrated for the first time. For the driest foams at φ (CΟ2 volume fraction) = 

0.98, the foam viscosity increased markedly by 2-3 times when stabilized with 

viscoelastic wormlike micelles, relative to the case of a low viscosity aqueous phase with 

spherical micelles. The wormlike micelles were formed by raising the packing parameter 

of sodium lauryl ethoxylated % sulfate (SLES) with salt and protonated C10DMA, as 

shown by cryo-TEM, and large values of the zero-shear viscosity and the dynamic 

storage and loss moduli. With the large values of the continuous phase and surface 

viscosity, the foam lamella drainage is predicted to be low. The slower drainage rate 

likely results in thicker films, as shown by confocal microscopy, which lead to lower 

rates of coalescence and Ostwald-ripening, as shown by high pressure optical 

microscopy. The contribution of continuous phase viscosity and the bubble size to the 

foam viscosity was evaluated with scaling law analysis. Finally, addition of interfacially 

active nanoparticles to the catanionic surfactants produced only a slight change in the 

foam viscosity, but a significant improvement in the stability. The ability to stabilize 

viscous high internal phase is expected to find utility in various practical applications, 

including nearly “waterless” fracturing fluids for recovery of oil and gas in shale, offering 

the possibility of a massive reduction in the amount of wastewater.  

3.1 INTRODUCTION 

High internal phase oil-in-water emulsions and gas-in-water foams with dispersed 

phase volume fractions φ > 0.7 may be stabilized with a variety of amphiphiles including 
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surfactants, polymers, colloidal particles, and proteins.7, 78 The amphiphiles lower the 

interfacial tension γ to enable foam formation and also stabilize the aqueous lamellae 

between the dispersed phase droplets (or bubbles).  The stabilization of the foams against 

gravity drainage, lamellae thinning and subsequent coalescence and Ostwald ripening 

may be enhanced with surfactants that produce highly viscous and viscoelastic lamellae 
16, 78, 79. When the dispersed phase is dense supercritical CO2, which has an appreciable 

solvent strength,125 the dispersion exhibits properties intermediate between that of a foam 

and an emulsion.87, 89,89 Supercritical CO2-in-water (C/W) foams (also referred to as 

macroemulsions) have been applied in a variety of applications including hydraulic 

fracturing fluids,42 enhanced oil recovery,86 fire retardant fluids, and the synthesis of 

porous materials91. In particular, C/W foams with ultra-low water contents below 5% v/v 

are of great interest as hydraulic fracture fluids, given the enormous amount of 

wastewater produced by conventional aqueous fracture fluids. 

High internal phase C/W foams with CO2 at elevated pressures have received very 

little attention relative to ideal gas foams and oil-water emulsions at low pressure.89 For 

foams with extremely high values of φ greater than ~ 0.90, polyhedral shaped bubbles are 

separated by very thin liquid films.126 The capillary pressure, or pressure difference 

between the flat part of the foam film and the highly curved Plateau border increases with 

φ , drives flow of the continuous phase to the plateau border.82 The capillary pressure Pc = 

γ/ Rf(1-φ)0.5, 82 where γ is interfacial tension, Rf is the film radius, becomes very large for 

dry foams where φ approaches unity, making it challenging to stabilize very dry foams. 

As the lamellae films thin, Ostwald ripening and coalescence between CO2 bubbles 

become much more prevalent.82 Relative to an ideal gas or an insoluble oil, supercritical 

CO2 is much more soluble in water at high pressures on the order of several volume 

percent.93 The high CO2 solubility leads to more rapid diffusion of CO2 through the 
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lamellae from smaller bubbles to larger bubbles (Ostwald ripening or coarsening) relative 

to insoluble gases or oils.  

In previous fundamental studies of the interfacial and rheological properties and 

foam texture of high internal phase C/W foams, surfactants with branched tails13,85, 87 

and/or ethylene oxide head groups85, 95 have been explored. In these studies, the surfactant 

formed spherical micelles with an aqueous phase viscosity near 1 cp. Whereas relatively 

polydisperse C/W foams with viscosities of 60 cP  up to φ = 0.9 have been reported, it is 

unclear if ultra-dry foams with high viscosities may be formed for higher values of φ 

where the capillary pressure becomes very large.87  

The structure of surfactant micelles may be tuned with the surfactant packing 

parameter p = v/a0lc, where v is the volume of surfactant tail, lc the length of the tail and 

a0 the area of head group. Spherical micelles of anionic and cationic surfactants may be 

transformed to elongated spherocylinders (wormlike micelles) consisting of a cylindrical 

body with two hemispherical end caps by adding electrolytes127, 128 or a second surfactant 

of opposite charge.129, 130 Here screening of the electrostatic repulsion between the 

charged surfactant head groups lowers the effective head group area a0. For example, 

cationic surfactants readily form cylinders in presence of strong binding organic counter 

ions such as salicylic acid.131, 132 The entanglement of the wormlike micelles into a three 

dimensional network imparts viscoelasticity, analogous to viscoelastic polymer 

solutions.133 Unlike high molecular weight polymers that may permanently break at high 

shear conditions, wormlike micelles may reversibly break and reassemble within a time 

scale of milliseconds. Eventually, if the packing parameter becomes too high, bilayer 

structures are formed or phase separation may occur.129, 134   

Anionic surfactants with tail length of 12-22 carbons were reported to form 

wormlike micelles in presence of electrolytes135 or strongly binding cationic counter-
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ions136, 137 as characterized by cryo-TEM.138 For micelles composed of sodium/potassium 

oleate, sodium dodecyl sulfate (SDS) and sodium lauryl ether sulfate (SLES), the zero-

shear viscosity (𝜇!) was observed to increase by several orders of magnitude upon raising 

the packing parameter with the addition of electrolytes to form wormlike micelles.134, 135, 

139, 140, 141, 142 Similarly, mixtures of SDS and octyltrimethylammonium bromide exhibit a 

µ0𝜇! up to 100 cP and a shear storage modulus of ~10 Pa.143 In these systems, the 

elongated wormlike micelles are produced by a decrease in the micellar surface potential 

via charge neutralization and an increase of the ionic strength due to the release of 

counter ions which raise the packing fraction.134 The viscoelastic behavior of linear 

wormlike micelles may often be described as Maxwell fluid with a single relaxation time 

for combined reptation and micelle scission/recombination.129 Eventually the viscosity 

reaches a maximum and decreases with further added salt as branches between the worms 

are formed,144, 145as shown by TEM.129, 138 These branches serve as additional stress 

relaxation points and allow micellar chains to slide along the micellar contour.146 

Recently, wormlike micelles were formed by bubbling CO2 into aqueous solutions 

containing an amine surfactant octadecyl dipropylene triamine alone147 or mixed anionic 

surfactant SDS and cationic tetramethyl propanediamine,137 and mixed sodium octadecyl 

sulfate and 2-(dimethylamino)ethanol148. The wormlike micelles were “switchable” to 

spherical micelles reversibly upon raising the pH to deprotonate the amine and lower the 

packing parameter.   

Viscoelastic surfactant aggregates may be used to stabilize lamellae films in 

highly stable air/water foams at ambient pressure .149, 150 For example, ultrastable air 

foams were formed with multilamellar tubes composed of elastic layers of insoluble 12-

hydroxystearic acid in a condensed state.149 The tubes jam during the film drainage and 

maintain thick lamellae, as shown by confocal microscopy. Similarly, viscoelastic 
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aqueous phase obtained with wormlike micelles may slow down the rates of coarsening 

and coalescence.150 C/W foams stabilized with cationic surfactants96 and mixtures of 

cationic and anionic surfactants 151 which form viscoelastic aqueous phases have been 

reported with apparent viscosities up to 250 cP at φ = 0.75. However, little is known 

about the morphology and long term stability of CO2 foams with viscoelastic aqueous 

phase for very dry foams with φ > 0.90. 

Herein we utilize viscoelastic aqueous phases to stabilize highly viscous CO2-in-

water foams with exceptionally low water fractions with φ up to 0.95-0.98 and long 

lifetimes on the order of several hours. SLES (CH3(CH2)11(OCH2CH2)3OSO3Na, structure 

shown in Figure S1) was chosen as the primary surfactant as the 3 ethylene oxide groups 

are solvated by both CO2 and water, which is shown to contribute to a large reduction in 

the CO2-water γ, as measured with captive bubble tensiometry. Viscoelastic wormlike 

micelles are formed in an aqueous phase by raising the surfactant packing fraction with 

an electrolyte, KCl and a cationic surfactant, protonated decyldimethylamine (C10DMA). 

They are characterized by cryo-TEM as well as measurements of the bulk and surface 

rheology and the shear elastic moduli with a cone-and-plate or double wall ring rotational 

rheometer. For the driest foams at φ = 0.98, the apparent foam viscosity (𝜇!""), measured 

with a capillary rheometer, is shown to increase markedly as the morphology of the 

surfactant aggregates in the aqueous phase is changed from spherical micelles to 

viscoelastic entangled wormlike micelles. The apparent viscosity was examined in terms 

of bubble size with scaling law analysis.122 

 As observed by optical microscopy at high pressure, the initial foam morphology 

was fine polyhedral bubbles as small as ~20 µm. The change in morphology was 

observed over a period of 3 hours to characterize the destabilization mechanisms of 

coalescence and Ostwald ripening. For systems with aqueous phases with high bulk and 
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surface shear viscosities (large Boussinesq number defined by 𝜇!/𝑅!𝜇! where 𝜇! is the 

surface shear viscosity and 𝜇! the continuous phase viscosity), the low drainage velocity 

of the lamellae will maintain thicker films. The reduction in the drainage velocity is 

expected to be very important as the capillary pressure increases for large values of φ.  

The Ostwald ripening rate is shown to slow down for the systems with high packing 

fractions and highly viscous lamellae. Finally, nanoparticles were added to the system to 

attempt to further increase the foam viscosity by raising the stability against Ostwald 

ripening and coalescence. 

3.2 EXPERIMENTAL 

3.2.1 Materials  

Sodium lauryl ethoxy sulphate (SLES, STEOL CS 330, Lot # 7419549) was from 

Stepan. N,N-dimethyl-n-decylamine (C10DMA, Product Number D2288) was from TCI 

America. Dodecyltrimethyl Ammonium Chloride (C12TMA, Arquad 12-37W) and 

Hexadecyltrimethyl Ammonium Chloride (C16TMA, Arquad 16-29) were from 

AkzoNobel. The chemical structures of the surfactants are shown in Figure B5. Surface-

modified silica nanoparticles (EOR-5XS, Lot # LB130204, Nissan Chemical America 

Corporation) were received as a 20 % w/v aqueous dispersion. The nanoparticles have a 

proprietary, covalently coated steric stabilizer on the surface to enable colloidal stability 

in the presence of high salinity. Zeta potential measurements of the nanoparticles are 

given in Figure B6. Potassium chloride (KCl), calcium chloride dihydrate (CaCl2·2H2O), 

hydrochloric acid (HCl) and sodium hydroxide (NaOH) were obtained from Fisher 

Scientific. All materials were used as received. 
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3.2.2 High Pressure CO2/Water Interfacial Tension Measurements  

The interfacial tension between CO2 and water at 3000 psia was determined at 

room temperature using from axisymmetric drop shape analysis of a pendant CO2 bubble, 

where equipment and techniques were adapted from previous studies.87, 95 The apparatus 

is shown in Figure S2, Pendant CO2 bubbles were formed at the end of a stainless steel 

capillary (1.59 mm O.D x 0.50 mm I.D.) in the variable-volume view cell containing 16 

mL of aqueous phase with a known concentration of surfactant and/or nanoparticles. 

Prior to the formation of pendant bubbles, the aqueous phase was stirred for 2 h in the 

presence of excess CO2 to saturate the aqueous phase. The typical size of the bubble was 

2–4mm in diameter.  Bubbles were equilibrated for 10 min. prior to imaging. The density 

of the aqueous brine phase was determined by assuming ideal mixing between CO2 at a 

density of 1 g/cm3 and the brine density (containing surfactant) of 1.3 g/ cm3. The mean 

interfacial tension from at least 3 bubbles is reported.  

3.2.3 Rheology Measurements 

Shear viscosity at steady state and room temperature for aqueous dispersions of 

nanoparticles and surfactants was characterized using AR G2 rotational rheometer (TA 

Instruments) equipped with a cone-and-plate geometry (40 mm, 2o). The pH of the 

aqueous dispersions was adjusted with 1 N HCl or NaOH to be 3.5. At least 3 scans of 

shear rates were performed for each aqueous dispersion and the reported values represent 

average values. The variation for multiple measurements was within 10%. Oscillatory 

measurements were carried out with a frequency sweep between 1 rad/s to 400 rad/s. The 

rotational rheometer was used in the strain controlled mode with strain amplitude of 5%, 

which was in the linear viscoelasticity- region for the measurements. A sinusoidal strain 

was applied and the torque induced by the resulting shear stress was measured to obtain 

the dynamic storage and loss modulus.  
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3.2.4 Surface Shear Viscosity Measurements  

Surface shear viscosity at steady state between air and 2% KCl aqueous 

dispersions containing surfactants and nanoparticles at room temperature and pH 3.5 was 

measured using AR G2 rotational rheometer (TA Instruments) equipped with double wall 

ring (DWR) geometry. Detailed information of the DWR geometry was described by 

Vandebril et al.111 The ring was carefully placed at the air-water interface as indicated by 

the capillary rise. The measured steady state torque at angular velocity of 1 rad/s was 

averaged over at least 6 measurements. The relative contribution of the bulk sub-phase 

drag and surface drag to the measured steady state torque was evaluated with the 

dimensionless Boussinesq number, defined as: 
 

𝐵𝑜 =   
𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑑𝑟𝑎𝑔
𝑠𝑢𝑏𝑝ℎ𝑎𝑠𝑒  𝑑𝑟𝑎𝑔 =   

𝜇!
𝑉
𝐿!
𝑃!

𝜇 𝑉𝐿!
𝐴!

=   
𝜇!
𝜇!𝐺

 (3.1) 

where µs is the surface shear viscosity (Pa s m), µb is the viscosity of the bulk sub-

phase (Pa s), 𝑉 is the characteristic velocity, Lb and Ls are the characteristic length scales 

over which the velocity decays at the bulk sub-phase and surface, respectively,  𝑃! is the 

perimeter of the concentric annular circles at contact, and 𝐴! is the contact area of the 

ring and the surface (i.e. the annular area), respectively.111 G is the characteristic length of 

the DWR geometry (0.7 mm). The measured apparent surface viscosity was corrected 

with an iterative numerical procedure. Surface viscosity after the correction of sub-phase 

drag following the procedures described by Vanderbril et al.111 was reported in this study. 

3.2.5 CO2/Water Foam Formation and Viscosity 

C/W foam viscosity under high pressure was measured with the flow system 

shown in Figure 3.1, which was adapted from previous studies.87, 95 Before injection of 

CO2, twenty pore volumes of aqueous dispersion (40 mL) were injected through the 



 58 

beadpack (pore volume = 0.45 mL) to obtain saturation. The glass bead pack had an inner 

diameter of 0.38 cm and length of 11.3 cm, packed with 180 µm spherical glass beads 

(70-100 mesh soda-lime silica glass, stock number P-0080, Potters Industries Inc., Valley 

Forge, PA). The pore throat size in the glass bead pack ranged from 28 to 75 µm for 

hexagonally and cubic packed of 180 µm spheres, respectively.  The foam flowed into a 

high pressure view cell87 where the macroscopic appearance could be visually observed. 

The apparent viscosity of foam (µμ!"") was measured from the ΔP∆P  across the capillary 

tube of length L (195 cm) with the Hagen–Poiseuille equation for a Newtonian fluid in 

laminar flow:  
 

µμ!"" =
𝜋 ∙ ∆𝑃 ∙ 𝑅!

8 ∙ 𝑞 ∙ 𝐿  
(3.2) 

where R is the inner radius of the capillary tube (381 µm) and q is the volumetric flow 

rate. The foam was generated in the glass bead pack at a superficial velocity of 200 

ft/day, yielding a wall shear rate of 200 s-1 at the capillary tube, and residence time of 54 s 

and 107 s in the glass bead pack and the capillary tube, respectively.  

3.2.6 CO2/Water Foam Morphology and Stability 

Micrographs of foam bubbles were captured at room temperature in situ with a 

high pressure microscopy cell installed at the exit of the glass bead pack. The microscopy 

cell was mounted onto a microscope (Nissan Eclipse ME600). The sapphire windows 

(Swiss Jewel Company, W6.36, 0.635 cm diameter and 0.229 cm thickness) were 

separated by Teflon spacers, allowing observation of foam with a 10 × magnification 

objective lens, giving minimum measurable bubble size of 1.8 µm. At least 100 bubbles 

were analysed to show the mean bubble size and size distributions. The Sauter mean 

diameter Dsm and the dimensionless polydispersity Upoly of foam bubbles are calculated as 

follows: 
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𝐷!" =   

𝐷!!!

𝐷!!!
 (3.3) 

 
𝑈!"#$ =   

1
𝐷!"#

𝐷!!! 𝐷!"# − 𝐷!
𝐷!!!

 (3.4) 

where Di is the diameter of a foam bubble, Dmed is the volume averaged median diameter 

of bubbles. 

 

Figure 3.1:   Schematic of the apparatus used for apparent foam viscosity and mean 
bubble size measurements. A glass bead pack was used as the foam 
generator. 

3.2.7 Air-Water Lamella Thickness Measurements 

The Zeiss LSM 710/Elyra S.1 confocal microscope equipped with structured 

illumination super resolution system was used to measure the aqueous lamella thickness 

of the air-water foams. Air-water foams stabilized with either catanionic mixture of 3.6% 

SLES + 0.4% C10DMA + 2% KCl or 3.6% SLES + 2% KCl were prepared with probe 

sonication. The aqueous phases were dyed with fluorescein. The as-generated foams were 
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placed onto a glass slide with cover glass and dried for 24 hrs under gravity drainage. The 

aqueous lamellae were imaged under excitation of 488 nm laser.  

3.3 RESULTS AND DISCUSSION 

3.3.1 Zero Shear Viscosity of Aqueous Phases 

The steady state zero shear viscosity (𝜇!) was investigated over a range of 

electrolyte (KCl or CaCl2) concentrations with and without added cationic protonated 

alkylmethylamines to identify transitions between low viscosity and viscoelastic aqueous 

phases. For experiments without any added cationic surfactant, the shear viscosity 𝜇! of 

SLES solutions at 3.6% w/v at different KCl concentrations from 0 to 8% is shown in 

Figure 3.2. At low salt concentrations below 2% w/v KCl, the viscosity of the SLES 

solution is only ~2.5 cP. As the salt concentration increases to 6% KCl, 𝜇! reaches a 

maximum value of ~210 cP and then decreases. Similar behavior was observed for CaCl2 

with a maximum viscosity of 1060 cP at 8% CaCl2. At low salt concentrations, the SLES 

surfactant morphology has been found previously to be isolated spherical micelles or 

short rods.139 For 2% KCl, the viscosity only depends on the volume faction of the 

surfactant and shear-rate independent Newtonian behavior is observed (Figure B7).135 As 

the salt concentration increases to lower ao and raise the packing fraction, the marked 

increase in viscosity indicates the formation and growth of wormlike micelles.139 The 

large increase in 𝜇! occurs above the overlap concentration where entangled networks of 

wormlike micelles are formed.135, 139 In this regime the solution becomes shear-thinning as 

shown in Figure B7 as the shear forces break interactions between the entangled micelles. 

The presence of a maximum in viscosity versus salinity is consistent with previous 

reports for various cationic or anionic surfactants with inorganic salts, for example, 
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erucyl bis(hydroxyethyl)methylammonium chloride and KCl,127 as well as SLES with 2 

EO groups (instead of 3 as in the current study) and NaCl.135 

To further increase the packing fraction, cationic surfactants, either 0.4% 

C10DMA or C12TMAbwere added as a function of KCl concentration (Figure 3.2). The 𝜇! 

maxima of 150 cp and 250 cP for added C10DMA and C12TMA, respectively, were 

similar to the values achieved by varying the concentration of KCl. Although the shapes 

of the curves with and without cationic surfactant were somewhat similar, the maximum 

was shifted to a lower salinity with added cationic surfactant due to the strong 

electrostatic interactions with oppositely charged head group. A shift to lower salinity 

was also previously observed for SLES with citronellol and linalool, where the 

interfacially active small amphiphilic molecules co-adsorb into the SLES surfactant 

monolayer to decrease the average curvature.135 

We also examined the effect of the ratio of the cationic surfactant to SLES with 

varying alkyl tail lengths on the 𝜇! at a constant salinity of 2% KCl. Here the total 

concentration of SLES and cationic surfactant was kept constant at 4%. 𝜇! increased 

dramatically with only a small fraction of cationic surfactant as shown in Figure 2B for 

tail lengths of 10 to 16 . However, for short tails (C8DMA) the viscosity was quite low, 

only 5 cP even at 40% w/w C8DMA, which is close to an equimolar ratio for this mixture. 

Here, the tail length lc and electrostatic interaction were insufficient to raise the packing 

parameter enough to form wormlike micelles. On the contrary, viscosity maxima were 

150 cP and 250 cP for the case of 10-15% C10DMA and C12TMA, respectively. Here the 

longer tails and the strong electrostatic attraction between head groups produced a larger 

packing parameter. The low molar ratio for C10DMA to SLES of only 1:5 indicates that 

the packing parameter for SLES alone at 2% KCl was already fairly close to the value 

needed for wormlike micelles. A further increase of the fraction of cationic surfactant to 
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~ 25% induces precipitation of the catanionic mixtures, similar to previous observations 

for mixtures of NaOA and CnTAB,134 due to the similar tail length for the cationic and 

anionic surfactant favors crystalline packing.134 For C16TMA, the mixture became turbid 

followed by precipitation even at weight fraction of 95/5 and 90/10 given the 

hydrophobicity of the long tail. An intermediate chain length of C10 or C12 appeared 

optimal to drive the formation of SLES wormlike micelles without precipitation or phase 

separation, similar to results reported for NaOA and CnTAB solutions.134  

 

Figure 3.2:   Zero shear rate viscosity at 25 oC (A) Effect of salinity for aqueous solutions 
of SLES or mixtures of SLES and cationic surfactant. The concentrations in 
w/v % of each component are specified in the legend. (B) Effect of 
concentration of cationic surfactants of varying chain length with 2% KCl. 
The total surfactant concentration is 4%.  

3.3.2 Shear Moduli of Surfactant Solutions  

The viscoelastic properties of the aqueous solution containing SLES and C10DMA 

are characterized in Figure 3.3A in terms of the dynamic shear storage modulus and loss 

modulus as a function of frequency. The G’ and G” curves intersect at a frequency of 170 
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rad/s, as the fluids become more elastic than viscous at high frequencies. For a Maxwell 

fluid 
   

𝐺! 𝜔 =   
𝜔!𝜏!!

1+   𝜔!𝜏!!
𝐺! (3.5) 

   𝐺" 𝜔 =   
𝜔𝜏!

1+   𝜔!𝜏!!
𝐺! (3.6) 

 𝐺" 𝜔 /𝐺! 𝜔 = 1/𝜔𝜏! (3.7) 

where G0 is the plateau of the storage modulus at the high frequency limit, which is 

related to the number density of the entanglement points (𝑣) at a given temperature T by 

G0 = 𝑣𝑘𝑇, and 𝜏! is the relaxation time. As shown in Figure 3.3B, a majority of the 

frequencies may be fit with the Cole-Cole model with deviations at high frequencies. 

Thus, the dynamic rheological behavior can be described by Maxwell model with a single 

relaxation time of 9 ms as determined from Equation 7 (Figure B8).136 In general, the 

degree of entanglement of wormlike micelles into 3D networks decreases as the 

intersection frequency increases.139 The intersection frequency observed here is higher 

than for previously reported SLES wormlike micelles where the higher concentration of 8 

to 10% SLES produced greater entanglement..135, 139 From the plateau modulus G0 of  ~ 20 

Pa, the relaxation time estimated from 𝜏! =   𝜇!/𝐺! was 7.5 ms, close to the value fit in 

Figure 3B. The G0 is comparable to that of a 4% mixture of SDS and C8TAB,143 and 

catanionic mixtures for hydraulic fracturing fluids,152 but is lower than those of highly 

concentrated 8-10% SLES wormlike micelles.135, 139 This concentration dependence was 

expected from the Cates model which predicts that the G0 scales with the surfactant 

concentration to the 2.3 power for viscoelastic wormlike micelles.16  
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Figure 3.3:   Rheology of aqueous solutions of 3.6% SLES and 0.4% C10DMA (5:1 molar 
ratio) in 2% KCl bine. (A) Storage and loss moduli as a function of angular 
velocity. (B) Cole-Cole plot 

3.3.3 Surface Shear Viscosity and C/W Interfacial Tension 

Table 3.1 also lists the continuous phase viscosity at a shear rate of 200 s-1 (where 

the foam viscosity was measured) at atmospheric pressure, the C/W IFT at 3000 psia and 

the surface shear viscosity at the air-brine interface. Clearly, the continuous aqueous 

phases are shear thinning as evident in comparing these values with the zero-shear 

viscosities discussed in Figure 2, which is expected for entangled wormlike micelles. At a 

shear rate of 200 s-1, the viscosity of the aqueous solutions of wormlike micelles ranging 

from 45 to 156 cP were much larger than those with spherical micelles, which were 

below 3 cP. Furthermore, SLES surfactant reduced the IFT from ~20 mN/m for the pure 

C/W interface to a value of 3.7 mN/m, indicating significant solvation of the surfactant 

tail by CO2. The presence of the small number of EO groups may increase the CO2 

affinity of the surfactant, relatively to the hard sulfate ion.85, 153 The surface shear 

viscosity at the air-brine interface for brine containing only SLES surfactant was very 

low of 10-6 Pa m s, corresponding to a very fluid surfactant monolayers.154 Upon addition 
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of salts and/or cationic surfactants to screen the electrostatic repulsion of SLES head 

groups, the surface viscosity increased by 2-3 orders of magnitude. The increase of the 

surface viscosity may be attributed to closer packing of surfactant at the interface with the 

higher packing parameter from the added KCl and cationic surfactant, as well as 

interactions of surfactant at the interface with micelles in the bulk via electrostatic and/or 

hydrophobic interactions.126, 150 Interestingly, γ was 1 to 1.8 mN/m lower for the systems 

with the higher packing fractions, which suggests higher surfactant adsorption. The 

higher surfactant adsorption may be expected from decreasing the head group area. It is 

likely the higher surfactant adsorption may produce an interface with a larger Gibbs 

elasticity, 𝐸! =   −𝛤  𝑑𝛾/𝑑𝛤.155 A similar increase of surface shear viscosity was also 

reported,150, 156 for catanionic mixtures of myristic acid and cationic C16TA+Cl-. It is 

conceivable that dissolved CO2 in the tail region of the surfactant may influence the 

packing fraction and interfacial viscosity, however, measurements of shear interfacial 

viscosity at high pressure are beyond the scope of this study. The surfactant solutions 

stayed transparent and did not precipitate in the presence of CO2 up to 3000 psia. Thus 

any change in the packing fraction from the CO2 was limited.  

3.3.4 Apparent Viscosity and Morphology of C/W Foams 

The apparent viscosity of φ = 0.8-0.98 C/W foams stabilized with mixture of 

SLES and C10DMA in 2% KCl brine is shown in Figure 3.4A and Table 3.1. The 

apparent viscosities of foams stabilized with SLES alone in DIW or 2% KCl brine are 

124-145 and 34-44 cP at φ values of 0.95 and 0.98, respectively. Upon addition of 0.4% 

C10DMA surfactant, which drives formation and entanglement of wormlike micelles, the 

viscosity increased to 184 (1.5 fold increase) and 134 cP (3 fold increase) at φ values of 

0.95 and 0.98, respectively. Interestingly, the increase was larger for the dryer foam. The 
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apparent viscosity was also increased when simple electrolytes such as KCl or CaCl2 were 

used at higher concentrations of 6 and 8% (without cationic surfactant) to drive the 

formation of wormlike micelles (Table 3.1).  

Table 3.1:     Ambient pressure rheological properties at pH 3.5, and interfacial tension, 
Sauter mean diameter and apparent foam viscosity at 25 o C and 3000 psia. 
The viscosity of the aqueous phase (ambient pressure) and foam are 
measured at 200 s-1.  

 µe 
(cP) 

106 µs 
(Pa m s) 
1 rad/s 

IFT 
(mN
/m) 

Dsm (µm) 
φ = 0.95 

µapp (cP) 
φ = 0.95 

Dsm (µm) 
φ = 0.98 

µapp (cP) 
φ = 0.98 

1% SLES + 
DIW 

1.9 2.8 3.6 40 124 120 38 

3.6% SLES 
+ DIW 

2.4 2.7 3.8 37 133 118 34 

3.6% SLES 
+ 2% KCl 

2.5 3.0 3.7 34 145 123 44 

3.6% SLES 
+ 0.4% 

C10DMA + 
2% KCl 

45 300 2.7 24 184 44 134 

3.6% SLES 
+ 6% KCl 

64 360 2.3 28 170 - - 

3.6% SLES 
+ 8% CaCl2 

156 990 2.0 22 218 38 154 

3.6% SLES 
+ 2% KCl + 

1% NP 

2.7 3.2 3.5 32 152   

3.6% SLES 
+ 0.4% 

C10DMA + 
2% KCl + 

1% NP 

57 360 2.3 23 211 40 150 

3.6% SLES 
+ 8% CaCl2 

+ 1% NP 

148 950 2.0 21 226 - - 
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Figure 3.4:   (A) Apparent foam viscosity with SLES alone, and mixtures of SLES, 
C10DMA with and without silica NPs at room temperature, 3000 psia and 
200 s-1. The lines are only to guide the eye. The concentrations in w/v % are 
specified in the legend. (B) Micrograph of φ = 0.80-0.98 foams stabilized 
with 3.6% SLES, in presence and absence of 0.4% C10DMA mixture. Scale 
bar = 100 µm. 
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For the foams stabilized with SLES or mixtures of SLES and C10DMA, as φ 

increased from 0.80 to 0.98, the bubble morphology underwent a transition from 

spherical to polyhedral, as indicated in Figure 3.4B. The 0.95 and 0.98 foams exhibited 

very low polydispersity with Upoly < 0.2 (Table 1, and histograms in Figure B9).124 The 

bubbles resemble typical Kelvin cells at high φ of 0.95 and 0.98 as expected from 

mathematical simulations of dry monodispersed foams.120, 121 Interestingly, at high φ of 

0.95 and 0.98, the bubble sizes of the foams produced with wormlike micelles (with 

C10DMA) were much finer than those with SLES alone. At φ = 0.95, Dsm for systems with 

SLES only in DIW and 2% KCl were 40 and 34 µm, respectively. Upon addition of 

C10DMA to form the viscoelastic aqueous phase, the Dsm is only 24 µm. The difference of 

the bubble size with added C10DMA is more pronounced at φ = 0.98, where the Dsm was 

decreased from 120 and 123 µm in DIW and 2% KCl, respectively, to 44 µm. 

3.3.5 Stability of C/W Foams Determined by Microscopy  

The evolution of the bubble size (Dsm) over long times (up to 200 min) for foams 

at φ = 0.95 and 0.98 stabilized with SLES alone (spherical micelles), and a mixture of 

SLES and C10DMA (wormlike micelles) in 2% KCl brine at 3000 psia and room 

temperature is presented in Figure 5. With the catanionic mixture for φ= 0.95, Dsm 

increased more slowly from 25 to 55 µm over 3 hours, relative to the case of SLES alone 

where it increased from 34 to 98 µm. At φ = 0.98, the foam was generated at a higher 

shear rate to obtain a similar initial foam bubble size and polydispersity as for a φ of 0.95. 

(Figure B9 and B11). As shown in Figure 3.6, the increase of bubble size was only 

modestly larger at φ = 0.98 versus φ = 0.95 and was far slower than in the case with only 

SLES.  
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Figure 3.5:   Evolution of Dsm, Upoly and Dsm
3 with time for φ = 0.95 and 0.98 foams 

stabilized with 3.6% SLES in absence and presence of 0.4% C10DMA in 2% 
KCl brine at 25 oC and 3000 psia. 

The lamella morphology of air-water foams stabilized with SLES alone and 

catanionic mixtures of SLES and C10DMA were shown Figure 3.6. The air bubbles are ~ 

1mm after 24 hrs.  For both cases, the lamella thickness is > 500 nm even after 24hrs of 

drainage, indicating that stable common black films were obtained and further thinning to 

Newton black films was not observed.  
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Figure 3.6:   Microscopy images of air-water foam bubbles. (A) Image of a whole bubble. 
(B) Lamella stabilized with catanionic mixture 3.6% SLES + 0.4% C10DMA 
+ 2% KCl. (C) Lamella stabilized with anionic 3.6% SLES + 2% KCl. 

The bubble size is determined by competing processes of bubble generation and 

bubble destruction.22 The disjoining pressure Πd between the flat interfaces in the 

lamellae must oppose the capillary pressure to stabilize the film. The contribution of the 

electrostatic repulsion between the surfactant head groups to Πd will be reduced 

substantially by screening from the salts and the added cationic surfactant. The screening 

also reduces the structural repulsive force157 between layers of the wormlike micelles.155 It 

has been found by Bergeron that the foam stability is not correlated to surface forces for a 

series of cationic surfactants.99 This inability to develop such a correlation has been 

attributed to surfactant movement at the interface which modifies the interaction forces.158    

The film pressure that drives lamellar drainage is defined as ∆𝑃!"#$ = 2 𝑃! −

𝛱! .80 The drainage velocity of the aqueous foam film to the plateau borders with an 

immobile interface (Reynolds drainage) can be described as 
   

𝑉 = −
𝑑ℎ!
𝑑𝑡 =

ℎ!!

3𝜇!𝑅!!
∆𝑃!!"# (3.8) 

where hf is the thickness of the thin film. The reduction in µe by nearly two orders of 

magnitude with the viscoelastic aqueous phases may be expected to decrease V by a 
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similar amount. The high surface shear viscosity and Bo (~103-104)   for systems with 

high packing fraction in Table 3.1 would cause the interface to be essentially immobile, 

with a smaller V than for a fluid interface.82 With a lower V, the thicker films will 

maintain greater stability against coalescence and Ostwald ripening.21, 150 The drainage 

time has been calculated in terms of 𝐵𝑜 =   𝜇!/𝑅!𝜇! and a dimensionless interfacial 

elasticity ES = Eo Rf/µeDdiff , where Ddiff
  is the diffusion coefficient. The factor Es takes into 

account the Marangoni drag produced by interfacial tension gradients, which will be 

dampened if surfactant has time to diffuse to the interface.159 For the large Bo of ~103-104 

the drainage times are long over a wide range in Es.159     

The rate of increase of bubble size is produced by a combination of Ostwald 

ripening and coalescence. Whereas the polydispersity increases with coalescence, it 

decreases with Ostwald ripening.124 For a φ of 0.95, the polydispersity remained relatively 

constant after an initial small increase (Figure 3.5B). For φ = 0.98, the polydispersity 

increased to 0.7 for the first 15 min., suggesting coalescence and then decreased to ~0.4 

suggesting Ostwald ripening. 

According to Lifshitz and Slyozov followed by Wagner (LSW) the Ostwald 

ripening rate is given by 
 

𝛺! =
𝑑𝐷!"!

𝑑𝑡   =   
64𝛾𝐷!"##𝑆𝑉!

9𝑅𝑇 𝐹 (3.9) 

where S is the bulk solubility of the dispersed phase, and Vm is the molar volume of the 

dispersed phase. F is a correction factor to account for the effects of small diffusion 

length and high internal phase conditions. The linear behavior for Dsm
3 shown in Figure 

3.5C over a 10-fold increase in the droplet volume is consistent with LSW theory. For φ 

= 0.95, Ω3 decreased by a factor of ~6 for the foams with viscoelastic aqueous wormlike 

micelles (catanionic surfactant mixture), relative to the case of low viscosity spherical 
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micelles (SLES). The coarsening rate is reduced by longer times for diffusion through 

thicker foam films, resulting from the slower lamellar drainage. It is also reduced by a 

decrease in Ddiff for the more viscous aqueous phases. Moreover, barrier effects from the 

entangled wormlike micelles and the denser surfactant monolayers will further lower Ddiff. 

The lower γ in the systems with higher packing fractions will also lower Ω3.149, 155 

The lamellae may undergo rupture as the result of suppression of the disjoining 

pressure due to the thermal fluctuations in the curvature (thermal corrugations) and in the 

surface concentration of the surfactant.82 These fluctuations are dampened by an increase 

in the surface compression modulus E defined as   
   𝐸 = −𝑑𝛾/𝑑ln𝐴 (3.10) 

where A is the interfacial area. The thermal activation energy barrier (∆𝐺!) for the 

formation of a hole in the film may be expressed as116 
   

∆𝐺! =   
𝜋ℎ!!𝛾!!

𝛾  (3.11) 

where hf is the thickness of the film, 𝛾! is the interfacial tension of the curved border of 

the hole. Alternatively, the energy barrier to hole formation may be expressed as Ehf
2.82 

As corrugations or holes are formed, the tails of the surfactant are more exposed 

to the CO2 phase. The strong interactions between the tails given the weak solvation by 

CO2
89 will oppose the thermal corrugations and the formation of a hole.87, 160 
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Figure 3.7:   Master curve for C/W foams at φ = 0.98 compared with φ = 0.8 oil-in-water 
emulsions by Otsubo at al.122 

To understand the relative contributions of the continuous phase viscosity and 

foam bubble size to the foam viscosity, the foam viscosity curves are superimposed 

according to the model of  Otsubo and Prudhomme in Figure 3.7.122 For the data at φ = 

0.98 , in Table 3.1 and Table B3, the viscosity data are linear on a plot of log-log plot of 

𝐷!"𝜇!""/𝛾𝜇! versus 𝜇!𝛾, where 𝛾 is the shear rate. Given an exponent of -0.77 in the 

fitted line,  it is easily shown that 𝜇!"" ∝   𝐷!"!!𝜇!!.!"indicating a strong influence of Dsm 

and a more moderate contribution from µe. For φ = 0.95, 𝜇!"" ∝   𝐷!"!!𝜇!!.!" as shown in 

Figure B12 and Figure B13. The scaling law 𝜇!"#$%&'( ∝   𝐷!"!!𝜇!!.!" determined by 

Prudhomme et al122 for nine 80% v/v oil-water emulsions indicates a greater sensitivity 

to µe. However, the µe also influences the bubbles size via stabilization of the lamellae 

films and thus has an important influence on the apparent foam viscosity.   
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3.3.6 Effects of Nanoparticles  

The effect of silica nanoparticles on the rheological behavior of SLES solutions as 

a function of salt concentration at atmospheric pressure is shown in Figure 3.8. The 

addition of 1% silica nanoparticle to the SLES solutions did not modify the viscosity 

significantly. Furthermore, the continuous phase viscosity at higher shear rate of 200 s-1, 

the C/W IFT, and the surface viscosity in presence and absence of 1% silica NPs as 

shown in Table 1 are relatively unchanged. Thus, the silica nanoparticles do not interfere 

with the formation and entanglement of wormlike micelles. The lack of an effect from the 

NPs may be attributed to the electrostatic repulsion between the NPs and the like-charged 

micelles. 

 

Figure 3.8:   Effect of salinity on zero shear viscosity of aqueous mixtures of viscoelastic 
surfactants and nanoparticles at 25 oC. The concentrations in w/v % of each 
component are specified in the legend. 

The foams produced with mixtures of catanionic viscoelastic surfactants and NPs 

were only slightly more viscous than without nanoparticles present (Figure 3.4A). For 
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example, the viscosity reached 211 cP and 150 cP at φ = 0.95 and 0.98, respectively. 

Similarly, a transition from spherical bubbles to polyhedral shaped bubbles was also 

observed as φ increases (Figure B14). The silica NPs are repelled by the primarily anionic 

SLES at the C/W interface. However, the NP charge is screened by the low pH due to the 

dissolved CO2 under high pressure, and the charge on both the NPs and SLES is screened 

by 2% KCl (Debye length = 0.02 nm). Also, the cationic surfactant may also adsorb to 

silica NPs via electrostatic attraction and increase the hydrophobicity and thus the 

amphilicity of the silica NPs. The long-term stability of φ = 0.95 foams increased upon 

adding silica NPs as shown in Figure 3.9, as Ω3 decreased by a factor of ~4. Similarly, a 

reduction in the Ostwald ripening rates was observed upon addition of fumed silica 

particles for air-water foams and was attributed to an increase in the interfacial 

dilatational elasticity (𝐸 = −𝑑𝛾/𝑑ln𝐴).115  

 

Figure 3.9:   Time evolution of (a) Dsm
3 and (b) polydispersity of φ = 0.95 C/W foams 

stabilized with mixtures of 3.6% SLES and 0.4% C10DMA, with and 
without 1% silica NPs, at 25 oC and 3000 psia. 
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For particle stabilized foams, the surface concentration Γ of NPs is expected to 

change significantly upon expansion and compression of the interface, given the large 

adsorption and desorption energy.28 As a result, NPs stabilized interfaces tend to have 

much higher dilatational elasticity than surfactant stabilized interfaces (𝐸   ≈ 𝐸! ≈

  −𝛤  𝑑𝛾/𝑑𝛤).35, 64 High surface dilatational elasticity is expected to reduce the Ostwald 

ripening rates, as expected from numerical simulations,117 and experimental observations 

on emulsions stabilized with surfactants20 and air-water foams stabilized with silica 

NPs.115 Direct measurements of dilatational elasticity for high pressure systems are scarce 

and are out of the scope of this study. Additionally, other mechanisms were also proposed 

to account for the reduced Ostwald ripening rates for NPs stabilized foams/emulsions.26 

The strong capillary effects between NPs adsorbed at the interface modifies the local 

curvature, and upon compression of the bubbles, the local curvature which drives the 

Ostwald ripening is reduced or even eliminated, therefore gives higher stability against 

Ostwald ripening.22, 26 

3.4 CONCLUSIONS 

High internal phase very dry 0.95-0.98 C/W foams with fine ~20 um polyhedral 

shaped bubbles, high apparent viscosities >100 cP and long lifetimes (3 h) have been 

demonstrated for the first time. For these very dry foams, the bubble size decreased, and 

consequently the apparent foam viscosity increased, upon changing the morphology in 

the aqueous phase from spherical micelles to viscoelastic entangled wormlike micelles. 

Scaling law analysis shows that foam viscosity at a CO2 volume fraction of 0.95-0.98 was 

inversely proportional to the bubble size. Upon raising the packing fraction to form the 

viscoelastic wormlike micelles by adding electrolytes and cationic protonated amine 

surfactants to the anionic surfactant SLES, the continuous phase and surface shear 
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viscosity increased by ~ 2 orders of magnitude. These factors were predicted to decrease 

the drainage velocity of the lamellae markedly such that the thicker lamellae would allow 

for greater stability against Ostwald ripening and coalescence to maintain the observed 

very fine CO2 bubbles. Also, γ decreased for systems with higher packing fractions 

indicating an increase in surfactant adsorption producing a more elastic adsorbed 

surfactant monolayer. The low value of γ was beneficial for keeping the capillary 

pressure low for the very dry foams, as it scales as (1 – φ)-0.5. The decrease in the rate of 

Ostwald ripening by 6 fold may be attributed to slower diffusion of CO2 through the more 

viscous and thicker films and the barrier effects of the entangled wormlike micelles and 

surfactant monolayers. Addition of silica NPs further raised the foam stability against 

Ostwald ripening. The adsorption of relatively hydrophilic NPs to the C/W interface was 

likely facilitated by the interaction with oppositely charged surfactant as well as 

electrostatic screening from the presence of salt and low pH. The ability to stabilize 

viscous high internal phase foams with fine polyhedral shaped bubbles is expected to find 

utility in a broad range of applications, including low water hydraulic fracturing fluids 

and synthesis of porous materials. 
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Chapter 4: Iron Oxide Nanoparticles Grafted with Sulfonated 
Copolymers are Stable in Concentrated Brine at Elevated 

Temperatures and Weakly Adsorb on Silica3  

Magnetic nanoparticles that can be transported in subsurface reservoirs at high 

salinities and temperatures are expected to have a major impact on enhanced oil recovery, 

carbon dioxide sequestration, and electromagnetic imaging. Herein we report a rare 

example of steric stabilization of iron oxide (IO) nanoparticles (NPs) grafted with poly(2-

acrylamido-2-methylpropanesulfonate-co-acrylic acid) (poly(AMPS-co-AA)) that not 

only display colloidal stability in standard American Petroleum Institute (API) brine (8% 

w/v NaCl + 2% w/v CaCl2) at 90 °C for 1 month, but also resist undesirable adsorption 

on silica surfaces (0.4% monolayer NPs). Since the AMPS groups interacted weakly with 

Ca2+, they were sufficiently well solvated to provide steric stabilization. The PAA groups, 

in contrast, enabled covalent grafting of the poly(AMPS-co-AA) chains to amine-

functionalized IO NPs via formation of amide bonds and prevented polymer desorption 

even after a 40,000-fold dilution. The aforementioned methodology may be readily 

adapted to stabilize a variety of other functional inorganic and organic NPs at high 

salinities and temperatures.  

4.1 INTRODUCTION 

Interest in nanotechnology for subsurface applications, including oil and gas 

recovery, reservoir imaging,161, 162 CO2 sequestration 163, 164 and environmental remediation

 ,165, 166, 167 has grown markedly over the last few years. In particular, 
                                                
3 Based on Bagaria, H.G., Xue, Z., Neilson B.M., Worthen, A.W., Yoon K.Y., Nayak, S., Cheng, V., Lee, 
J.H., Bielawski, C.W., Johnston, K.P., “Iron oxide nanoparticles grafted with sulfonated copolymers are 
stable in concentrated brine at elevated temperatures and weekly adsorb on silica,” ACS Applied Materials 
& Interfaces, 5, 3329-3339, 2013. Z.X. and H.G.B. contributed equally to this study. The colloidal stability 
of polymer-grafted iron oxide nanoparticles and the static adsorption study were performed by Z.X. The 
amine functionalization of iron oxide nanoparticles, polymer grafting techniques and the writing of the 
manuscript were contributed from H.G.B. 
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superparamagnetic iron oxide nanoparticles (NPs) that have been utilized in biomedical 

MRI imaging168, 169 are now being explored for subsurface applications including 

magnetomotive acoustic imaging170, 171 and cross-well electromagnetic tomography.172, 173  

These developments offer the potential to monitor reservoir fluid movement and 

composition between oil wells separated by hundreds of meters if NPs can be transported 

successfully through the reservoir. Unfortunately, the high salinities (> 1 M) and often 

elevated temperatures (≤ 150 °C) found in subsurface reservoirs cause NP aggregation as 

well as excessive nanoparticle adsorption on mineral surfaces.165, 167, 170, 171, 174 NP 

stabilizers may be used to attempt to overcome this drawback, but with limited success. 

At high ionic strength, extensive charge screening in very thin double layers weakens 

electrostatic repulsion between particles.170 While ionic165, 175, 176 and zwitterionic177 

polymers have been shown to provide sufficient steric and electrosteric stabilization in 

aqueous NaCl up to 5 M76, 175 at ambient temperature, colloidal stabilization is unknown 

at elevated temperatures (50-150 °C), especially when concentrated divalent ions are 

present.  

Of the aforementioned materials, the polymeric stabilizers have the potential to 

prevent NP flocculation if the pure polymer in the same solvent does not undergo phase 

separation. Weak polyelectrolytes, such as polyacrylic acid (PAA) remain soluble in 1 M 

NaCl at 90 °C,68 but precipitate in the presence of Ca2+ at ambient temperature due to 

specific-ion complexation and hydration, as shown by NMR spectroscopy and 

calorimetry.178, 179 In contrast, highly acidic sulfonated polymers exhibit low Ca2+ binding 

affinities and remain soluble even at high temperatures, especially those containing high 

levels of styrenesulfonate (PSS) or 2-acrylamido-2-methylpropanesulfonate (PAMPS).180, 

181, 182 Moreover, when adsorbed on NP surfaces, soluble polyelectrolyte chains do not 

collapse and provide steric and electrosteric stabilization.165, 175, 183 For example, PAA or 
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polymethacrylic acid (PMAA) stabilize latexes74, 175 and IO NPs in aqueous solutions of 

Na+ or K+ (up to 3.5 M) at room temperature although the introduction of low quantities 

Ca2+ and Mg2+ ions (5 mM) induce flocculation.75 IO NPs with adsorbed random 

copolymers of PAA, PSS, and poly(vinylsulfonic acid) (PVS) were stable in 5 M NaCl at 

room temperature.76 Furthermore, PSS-based copolymers stabilized NP dispersions in 

relatively dilute solutions of 0.1 M Mg2+184 or Ca2+165 at room temperature. The same 

anionic polymers that provide repulsion between NPs also have the potential to minimize 

adsorption on negatively charged bulk surfaces (e.g., silica). However, studies of 

transport of polymer-stabilized NPs in porous media,165, 167 as well as NP adsorption 

isotherms 166, 185, 186 have not examined high salinities, particularly with divalent ions. 

Here, charge screening weakens electrostatic repulsion between the particles and the 

substrate, and furthermore, divalent cations may bridge anionic nanoparticles to 

negatively charged silica.  Given these extreme and unusual conditions, it is very unclear 

as to whether low nanoparticle adsorption levels would be possible. 

A further problem in porous media is that the large volumes of water and mineral 

surface areas provide a strong thermodynamic driving force for desorption of adsorbed 

polymers from NP surfaces. PAA-based polymers adsorbed on iron oxide by only 

charge-transfer complexes,76, 176, 187 are readily susceptible to desorption.188 Alternatively, 

for more permanent attachment, predesigned polymers with the desired composition and 

molecular weight may be covalently attached to NP surface by the ‘grafting to’ 

technique.177, 189, 190, 191, 192, 193, 194 A large number of anchor groups would be desirable for 

multipoint covalent grafting to enhance stability, especially in harsh environments.195, 196 

The need therefore remains to design copolymers which may facilitate multipoint 

grafting without compromising the solubility in concentrated brines at elevated 

temperatures. 
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Herein we report the design and synthesis of iron oxide (IO) NPs that have been 

covalently grafted with sulfonated copolymers. These materials were discovered to form 

stable dispersions in highly concentrated brine API brine (8% NaCl + 2% CaCl2,1.8 M 

total ionic strength) that includes the presence of large quantities of CaCl2 (0.18 M) at 90 

°C, while exhibiting minimal adsorption on silica microparticles. The aforementioned 

copolymer, poly(2-methyl-2-acrylamidopropanesulfonate-co-acrylic acid) (poly(AMPS-

co-AA) 3:1), was designed to contain a high proportion of AMPS stabilizer groups to 

provide a low binding affinity for calcium ions as well as a proper fraction of AA anchor 

groups to enable covalent attachment. Indeed, the copolymer was covalently grafted to 

amine-functionalized IO NPs, which prevented desorption from the IO surface even after 

a 40,000-fold serial dilution. The hydrodynamic diameter of the pure polymer, as 

measured by DLS, underwent little contraction at high salinity and elevated temperatures, 

reflecting weak interactions with Ca2+. Consequently, favorable solvation of the extended 

poly(AMPS-co-AA) brushes on the IO surface enabled steric stabilization between NPs, 

and between NPs and the silica surfaces, resulting in extremely low nanoparticle 

adsorption ( 0.4% monolayer). 

4.2 EXPERIMENTAL 

4.2.1 Materials  

Iron(II) chloride tetrahydrate, iron (III) chloride hexahydrate, citric acid 

monohydrate, 30% ammonium hydroxide, 3-aminopropyl triethoxy silane (APTES), 

glacial acetic acid, calcium chloride dihydrate, sodium chloride, hydrochloric acid, 

sodium hydroxide, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), acrylic acid, 

potassium persulfate, sodium metabisulfite and polyacrylic acid sodium salt (5 kDa) were 

obtained from commercial sources and used as received. The monomer 2-amino-2-
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methylpropanesulfonate (AMPS) was a gift from Lubrizol corporation and used as 

received. Uniformly sized colloidal silica microspheres (8 µm, product number SIOP800-

01-1KG) with a surface area of 0.58 m2/g (as measured by BET) were purchased from 

Fiber Optic Center Inc., New Bedford, MA, USA, and were washed at least five times 

with deionized (DI) water, obtained from a Barnstead Nanopure system, before use to 

remove smaller particles (Figure C1).  

4.2.2 Synthesis of Poly(AMPS-co-AA) 3:1 

A three-necked round bottom flask equipped with a magnetic stir bar, a nitrogen 

inlet and a reflux condenser was charged with 30.9 g (0.135 mol) of AMPS monomer, 

4.86 g (0.18 mol) of potassium persulfate and 3.42 g (0.18 mol) of sodium metabisulfite 

under an atmosphere of nitrogen. The flask was sealed with a rubber septum and 180 mL 

of deionized water that was previously degassed by bubbling with nitrogen for 30 min 

was added via a cannula to the reaction flask. With stirring, 3.0 mL (0.044 mol) of acrylic 

acid was added to the reaction flask via a nitrogen-purged syringe. The total monomer 

concentration at the start of the reaction was 1.0 M. The flask was placed in an oil bath 

thermostated at 80 °C and stirred at that temperature under nitrogen for 16 h. The reaction 

mixture was then cooled to room temperature and the water was removed under reduced 

pressure. The resulting white solid was then dried under reduced pressure until a constant 

mass (43.14 g) was reached. 1H NMR (400 MHz, D2O): δ 0.96 (m, br, 10H, backbone 

CH2 of AMPS and AA, and CH3 of AMPS), 1.60 (br, 2H, backbone CH of AMPS and 

AA), 2.83 (br, s, 2H, CH2SO3Na of AMPS). 13C NMR (100 MHz, D2O): δ 26.2 (CH3 

of AMPS), 34.4 (CH2 of backbone), 42.0 (CH of backbone), 52.1 (CH2SO3Na of 

AMPS), 57.5 (CCH2(CH3)2NH of AMPS), 175.4 (CONH of AMPS), 178.4 (COOH of 

AA). IR (ATR): ν 2943.1, 1719.9, 1654.7, 1555.6, 1455.9, 1173.7, 1040.9, 884.4, 850.1.  
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4.2.3 Synthesis of Iron Oxide Nanoparticles  

IO NPs were prepared by the coprecipitation of Fe(II) and Fe(III) chlorides in an 

alkaline solution.197, 198 Briefly, a mixture of 2.15 g FeCl2•4H2O and 5.87 g FeCl3•6H2O 

(1:2 mole ratio), and 0.125 g of citric acid were dissolved in 100 mL of DI water. The 

solution was heated to 90 °C with magnetic stirring followed by injection of 25 mL of 30 

wt% aqueous NH4OH solution to nucleate the IO NPs. The NP growth was continued for 

2 h at 90 °C. The mixture was then cooled to room temperature and centrifuged to 

recover 2.5 g of IO NPs that were dispersed in 50 mL of DI water with a Branson probe 

sonication microtip.  

4.2.4 Amine-Functionalization of IO NPs 

Hydrolysis and condensation of APTES was conducted by mixing 12.5 mL of 

APTES in 125 g of a 5% wt. acetic acid solution. After 1 h of acid hydrolysis, which has 

been shown to form dimers and higher oligomers of APTES,199, 200, 201 the pH was adjusted 

to 8 using 1 N NaOH solution. The reaction mixture was further diluted with DI water 

followed by the addition of 50 mL of IO NP solution (2.5 g of IO) to reach a total volume 

of 500 mL and a final IO concentration of 0.5%. The mixture was placed in a water bath 

at 65 °C and magnetically stirred for 24 h. The mixture was removed from the water bath 

and cooled to room temperature, then the NPs were separated with a strong magnet, the 

supernatant was discarded and the NPs were washed twice with 200 mL of DI water. 

Finally, the washed NPs were dispersed in 50 mL of DI water, the pH was adjusted to pH 

= 6 with 1 N HCl, and the NPs were probe sonicated for 30 minutes then centrifuged at 

4000 rpm for 10 min to remove large clusters. The amine-functionalized IOs (APTES IO) 

in the supernatant were retained for grafting poly(AMPS-co-AA) polymer. The typical 

yield at the end of APTES functionalization was 60-70% IO. 
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4.2.5 Grafting of Poly(AMPS-co-AA) to APTES IO 

Poly(AMPS-co-AA) was dissolved in 1 N NaOH to pH = 6, followed by addition 

of 20% NaCl solution, DI water and APTES IO stock solution under vigorous magnetic 

stirring to reach a final concentration of 1% IO, 5% polymer and 3% NaCl. The pH was 

again adjusted to pH = 6, and after 5-10 minutes EDC (equimolar to PAA) was added to 

facilitate amide bond formation. The reaction was continued overnight at room 

temperature under constant stirring. The polymer-coated iron oxide NPs were separated 

by centrifugation and washed with DI water twice to remove excess polymer and NaCl. 

The NPs were finally dispersed in DI water at ~2% IO. The typical IO yield after this 

procedure was 70-90% IO. Electrostatically attached poly(AMPS-co-AA) IO NPs were 

prepared for the polymer desorption test by a similar procedure, except that EDC was not 

added. 

4.2.6 Adsorption of Polymer-Coated IO NPs on Silica 

In a glass vial, 2 mL of aqueous dispersion of IO NPs was added to 1 g of silica. 

The initial concentration of IO ranged from 0.05% to 1%. The glass vials were sealed and 

shaken overnight on a LW Scientific Model 2100A Lab Rotator at 200 rpm at room 

temperature, after which the mixture was left undisturbed to allow the silica adsorbent to 

gravimetrically sediment. The concentration of the IO NPs in the supernatant was 

determined by measuring the UV-vis absorbance at 575 nm after dilution of the samples, 

where necessary, such that the absorbance was below 2. The specific adsorption and 

monolayer coverage of IO nanoclusters to silica microspheres was calculated based on 

the difference in the supernatant concentrations and volumes before and after adsorption.  
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4.2.7 Polymer Desorption Test 

The poly(AMPS-co-AA) grafted IO NPs were diluted 200-fold to 0.01% IO in 1 

M NaCl solution and left undisturbed to equilibrate for 24 hours to allow desorption of 

non-covalently attached polymer. The NPs were centrifuged at 15,000 g and dispersed in 

DI water after discarding the supernatant. The dilution and equilibration steps were 

repeated, which amounted to a 40,000-fold dilution of the initial IO solution, followed by 

NP separation by centrifugation and redispersion of the IO NPs in DI water by probe 

sonication. The final IO sample was tested for stability in API brine at 90 °C. As a 

control, a sample with electrostatically attached poly(AMPS-co-AA) on IO NPs 

(prepared without EDC) was subjected to an analogous dilution test followed by 

assessment of colloidal stability in API brine at 90 °C. 

4.2.8 Characterization of Iron Oxide Nanoparticles  

Dynamic light scattering (DLS) analysis was performed to measure the 

hydrodynamic diameter of the poly(AMPS-co-AA) polymer and the grafted IO NPs in DI 

water and API brine using a Brookhaven ZetaPlus instrument at 90° scattering angle. The 

built-in temperature controller was used for measurements at 25 and 90 °C. The collected 

autocorrelation functions were fitted with the CONTIN algorithm. All measurements 

were made over a period of 3 min and at least three measurements were performed on 

each sample. The measurements were conducted at 0.2% poly(AMPS-co-AA) and 

0.005% IO NPs solution, which gave a measured count rate of approximately 35 and 500 

kcps, respectively. Electrophoretic mobility of poly(AMPS-co-AA) polymer and grafted 

IO NPs was measured with a Brookhaven ZetaPALS instrument at a 15° scattering angle 

at room temperature. Mobility of iron oxide NPs was collected in 10 mM KCl (Debye 

length κ-1 = 3 nm). A set of 10 measurements with 30 cycles for each run were averaged. 

Electrophoretic mobility measurements at higher salinity were collected at 3 V and 20 Hz 
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frequency to overcome polarization issues. Thermogravimetric analysis (TGA) was used 

to measure the organic content of the IO NPs after APTES functionalization and 

poly(AMPS-co-AA) grafting. All measurements were conducted using a Mettler-Toledo 

TGA/SDTA851e instrument under air at a heating rate of 5 °C/min from 25 to 800 °C. 

The percentage loss of weight was reported as the mass fraction of organic coating on the 

iron oxide. Transmission electron microscopy (TEM) was performed on a FEI TECNAI 

G2 F20 X-TWIN TEM. High resolution images were collected with a JEOL 2010F TEM 

instrument. A dilute aqueous dispersion of the IO NP-clusters was deposited onto a 200 

mesh carbon-coated copper TEM grid for imaging. Flame atomic absorption 

spectrometry (FAAS) was used to measure the concentration of iron oxide NP 

dispersions. All measurements were performed using a GBC 908AA flame atomic 

absorption spectrometer (GBC Scientific Equipment Pty Ltd) at 242.8 nm with an air-

acetylene flame. Superconducting quantum interference device (SQUID) was used to 

measure the magnetization curves of powders of IO NPs before and after polymer coating 

with a Quantum Design MPMS SQUID magnetometer. M-H loops were collected at 300 

K. Liquid magnetic susceptibility was measured with a Bartington susceptometer 

operated at a frequency of 696 Hz. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Poly(AMPS-co-AA) Phase behavior, Hydrodynamic Diameter and 
Electrophoretic Mobility in Brine  

The random copolymer of 2-acrylamido-2-methylpropanesulfonate (AMPS) and 

acrylic acid (AA) with a monomer ratio of AMPS:AA = 3:1 (poly(AMPS-co-AA); Figure 

4.1a) was synthesized by aqueous free radical polymerization, and its composition was 

confirmed to match the monomer feed ratio by 1H NMR spectroscopy. The molecular 



 87 

weight (MW) of the synthesized poly(AMPS-co-AA) was estimated by correlating the 

hydrodynamic diameter (DH) to the degree of polymerization (DOP) of anionic 

copolymers of known MWs at pH = 8 in 1 M NaCl (Figure C2). A similar correlation 

between DH and DOP for poly(acrylic acid-co-styrenesulfonic acid-co-vinylsulfonic acid) 

was previously validated by static light scattering measurements.76 The DH of 10 nm for 

the poly(AMPS-co-AA) (3:1) translated to a DOP of approximately 1000 (750 

AMPS:250 AA groups) and a MW of approximately 200 kDa. A 2 mg/mL solution of 

poly(AMPS-co-AA) remained visually clear after 24 h at 90 °C in standard “American 

Petroleum Institute” (API) brine composed of 8% NaCl + 2% CaCl2 (ionic strength of 1.8 

M, Figure 4.1b). The observed lack of phase separation under high salinity and elevated 

temperature has rarely been reported.180 The polymer conformation was investigated by 

dynamic light scattering (DLS) to determine the hydrodynamic diameter in DI water and 

API brine at both 25 and 90 °C (Figure 4.1c). In each case, a DH of approximately 10 nm 

was observed, which indicated that poly(AMPS-co-AA) chains did not undergo 

significant aggregation or collapse. In both DI water and API brine, minimal changes in 

DH were observed when the temperature was increased from 25 to 90 °C.  

The electrophoretic mobility (μ) of poly(AMPS-co-AA) was determined in a 

series of saline solutions with a fixed Na+/Ca2+ mole ratio = 7.6 (same as API brine) up to 

1.8 M ionic strength at pH = 8 (Figure 4.1d). At an ionic strength of 10 mM, a μ of -2×10-

8 m2/(V sec) was measured, which indicated that the poly(AMPS-co-AA) chains were 

highly charged, and that the sulfonic acid (pKa = 1) and acrylic acid (pKa = 4.5) groups 

were largely deprotonated. The magnitude of μ decreased with increasing ionic strength 

to a value of -0.4 × 10-8 m2/(V sec) at 1.8 M ionic strength (API brine) due to the 

screening of the charges by the counterions with very thin double layers at the extremely 

high ionic strength. However, the maintenance of a significant negative charge even at 
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such high concentrations of both Na+ (1.4 M) and Ca2+ (0.18 M) suggested to us that the 

Ca2+ ions do not fully neutralize all of the anionic sites on the poly(AMPS-co-AA). In 

contrast, the magnitude of the electrophoretic mobility for other less hydrophilic 

sulfonated polymers, including PSS, was reported to decrease much more rapidly even at 

low divalent ion concentrations of 7 mM Mg2+202, 203 due to strong ion binding204, 205 and 

weaker hydration. 

 

Figure 4.1:   (a) Chemical structure of poly(2-acrylamido-2-methylpropanesulfonate-co-
acrylic acid) (poly(AMPS-co-AA) 3:1); (b) Poly(AMPS-co-AA) (3:1) 
remained soluble in 8% NaCl + 2% CaCl2 (API brine) at 90 °C as confirmed 
by visually clear solution; (c) Volume weighted hydrodynamic diameter 
(DH) of poly(AMPS-co-AA) (3:1) was maintained at ~10 nm in DI water 
and API brine at 25 and 90 °C. (d) Electrophoretic mobility of poly(AMPS-
co-AA) (3:1) in a series of combined Na+ and Ca2+ solutions at pH = 8 and 
fixed Na+/Ca2+ mole ratio = 7.6 (same as API brine). 
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The observed effects of cations on the conformation, phase behavior and 

electrophoretic mobility of poly(AMPS-co-AA) were consistent with the previously 

reported behavior of the respective homopolymers in the presence of salts. PAA is a 

weak polyelectrolyte (pKa = 4.5) and consequently the carboxylate anion interacts 

strongly with divalent counterions such as Ca2+ at pH ≥ 7,206 which is the main reason 

PAA is often chosen as an anchor group for metal oxide NPs.76, 187, 207 In accord with the 

favorable entropy for binding of Ca2+,208 increased precipitation of PAA with Ca2+ has 

been observed with rising temperature.179 Unfortunately, increasingly elevated 

concentrations (≥ 1.0 mM) of Ca2+ leads to collapse of the PAA chains, as evidenced by 

significant decreases in the radius of gyration (Rg) and DH, 179 and ultimately results in 

polymer precipitation.178 In contrast to polycarboxylates, PAMPS is a much more 

strongly acidic polyelectrolyte (pKa = 1) and thus interacts more weakly with divalent 

cations.180 23Na NMR spectroscopy revealed that the coupling constant for Na-PAMPS 

was maintained with added Ca2+ even at a Ca2+/PAMPS molar ratio of 1.4 (0.4 mM 

monomer and 0.6 mM Ca2+), suggesting relatively weak binding to Ca2+.182 In addition to 

the high acidity of the PAMPS sulfonate group, the hydrophilic amide group (Figure 

4.1a) favors hydration, to further weaken Ca2+ binding.208 

Even for polyelectrolytes like PAMPS that display weak specific ion 

complexation, the ionic strength has a large effect on the polymer conformation. At low 

salinities, the counterions in the polyelectrolyte chains produce osmotic swelling;209, 210, 211 

at very high salinities (≥ 1 M), however, the osmotic driving force decreases and the 

charges on the polyelectrolyte chain are highly screened by the presence of free ions in 

solution.210, 212 These two factors cause the chains to contract to the size of an uncharged 

polymer, as was reported for PSS204 213 and PAA179 in solutions of varying Ca2+ content. 

Interestingly, poly(AMPS-co-AA) appeared to be relatively resistant to this phenomenon, 
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as evidenced by the slight contraction observed only in narrowing of the DH distribution 

when changing from DI water to API brine (0.18 M Ca2+ and 1.4 M Na+) (Figure 4.1c). 

While it is possible that the presence of Na+ may dilute the effect of stronger interactions 

of poly(AMPS-co-AA) with Ca2+,178 the observed DH profile of poly(AMPS-co-AA) in 

pure Ca2+ solutions (0.18 M and 0.45 M Ca2+) also showed minimal contraction compared 

to DI water, and was nearly identical to that observed in API brine. The hydrated PAMPS 

groups in the copolymer chain do not bind specifically to Ca2+, and furthermore mask the 

much more favorable Ca2+-binding of the PAA groups, thereby preventing significant 

chain collapse. The statistical distribution of the monomer units throughout the polymer 

backbone places stabilizing AMPS groups adjacent to AA groups, which promotes 

hydration of AA and weakens Ca2+ binding relative to a PAA homopolymer.179 

Subsequent efforts were directed toward examining the effect of temperature on 

the conformation of poly(AMPS-co-AA) by measuring the hydrodynamic diameter at 90 

°C (Figure 4.1c). Remarkably, the poly(AMPS-co-AA) chains were observed to undergo 

minor contraction at high salinities (1.4 M Na+ and 0.18 M Ca2+ brine) up to 90 °C 

(Figure 4.1c), which was consistent with the persistence of sufficient negative charge as 

shown in the electrophoretic mobility and the clear phase observed after 24 h. Moreover, 

the observed maintenance of DH at high temperature was in good agreement with 

previous studies in which PSS and PAMPS copolymers in salt free solutions were shown 

to maintain their scattering profile in DI water up to 55 °C by small angle X-ray and 

neutron scattering.214, 215 Additionally, macroscopically clear phases have been reported 

for poly(AMPS-co-acrylamide) copolymers in 3% CaCl2 up to 100 °C.180 181, 216, 217 

Overall, the high acidity and hydrophilicity of the AMPS groups in poly(AMPS-co-AA) 

promoted hydration and reduced Ca2+-affinity, providing excellent solvation even in the 

presence of PAA. The detailed characterization of poly(AMPS-co-AA) in highly 
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concentrated API brine at 90 °C provided a basis for understanding its behavior as a 

stabilizer when grafted on NPs. 

4.3.2 Properties and Stability of Poly(AMPS-co-AA) Grafted IO NPs  

To covalently attach the synthesized poly(AMPS-co-AA) copolymers to the 

surfaces of the IOs, we turned to the ‘grafting-to’ approach,190, 193, 196, 218 which generally 

enables direct attachment of pre-formed copolymers with desired molecular weight and 

well-defined composition. This approach circumvents the limitations associated with 

‘grafting-from’ approaches,175, 192, 219, 220, 221 including the need for surface-grafted 

initiators, exogenous catalysts and, in many cases, inert atmospheres.177 Poly(AMPS-co-

AA) was grafted to amine-functionalized IO NPs by condensing the carboxylate groups 

on the polymer with the IO surface amine groups, as catalyzed by 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) (Figure 4.2a). The surface amine groups were 

installed by conjugation of pre-formed IO NPs with (3-aminopropyl)triethoxysilane 

(APTES) and confirmed by the following results: (i) a positive electrophoretic mobility 

of +1.9×10-8 m2/(V sec) at pH = 6 (Table 4.1), (ii) the presence of 7% w/w organics by 

thermogravimetric analysis (Table 4.1) and (iii) FTIR spectroscopy, which revealed the 

expected peaks corresponding to Si-O (1070 and 1150 cm-1), N-H (1622, 1387, and 957 

cm-1) and C-H (2980 cm-1) moieties (Figure C3). Analysis by transmission electron 

microscopy (TEM) revealed that ~50 nm diameter nanoclusters (APTES IO) were 

composed of primary IO NPs with a mean diameter of 9.8 ± 2 nm. The high resolution 

TEM indicates a ~10 nm single crystal particle, with few defects, and part of a particle 

above it within a nanocluster (Figure 4.2d). The d-spacing of {311}, {222} and {331} 

planes as determined by Fourier analysis (Figure 4.2d inset), are 0.2478, 0.2493 and  

0.1848 nm, respectively, which matched well with the d-spacing of corresponding planes 
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(0.2525, 0.2417 and 0.1921 nm, respectively) of bulk magnetite.222 The five peaks in the 

powder XRD for both APTES and poly(AMPS-co-AA) grafted IO NPs (Figure 4.2e) also 

matched well with magnetite crystal phase (ICDD card No. 19-0629) with a crystallite 

size of 8 nm by Scherrer analysis that agrees with the mean primary particle diameter by 

TEM.222 A DH of 55 nm was measured for the APTES IO (Figure 4.2f and Table 4.1), 

which was in good agreement with the cluster diameter observed by TEM and was 

consistent with the small size of the aminopropyl groups on the surface (< 1 nm). 

Table 4.1:     Summary of colloidal and magnetic properties of IO nanoclusters before 
and after poly(AMPS-co-AA) grafting 

Property APTES IO NPs poly(AMPS-co-AA) 
grafted IO NPs 

Hydrodynamic diameter DH [nm]4 55 ± 75 165 ± 246 
Electrophoretic mobility [10-8 m2/(V sec)] 1.9 ± 0.3 (pH = 6) -2.8 ± 0.2 (pH = 8) 
% organics by TGA7 7 ± 3 15 ± 3 

µi of IO dispersion at 700 Hz (SI units) 0.105 
(2.1% wt. IO) 

0.083 
(1.7% wt. IO) 

Magnetic Susceptibility/g-Fe (SI units) 7.0 6.8 

                                                
4 Reported value is the average of five independent experiments. 
5 DH of APTES IOs measured in DI water. 
6 DH of poly(AMPS-co-AA) grafted IOs measured in API brine. 
7 TGA data was collected in air atmosphere, 3% error is calculated by taking into account of possible 
oxidation of magnetite to maghemite/hematite at high temperature.   
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Figure 4.2:   (a) Schematic of poly(AMPS-co-AA) multi-point grafting to APTES IO NPs 
via amidation. (b) Photographs of dispersions of APTES IO in 1% NaCl and 
poly(AMPS-co-AA) grafted IO NPs in API brine. (c) TEM images of 
APTES IO NPs (left) and poly(AMPS-co-AA) grafted IO NPs (right). (d) 
High-resolution TEM image of IO particle oriented with a [110] zone axis. 
(e) Powder XRD pattern of poly(AMPS-co-AA) grafted IO and APTES IO 
NPs. (f) Volume weighted DH distribution of APTES IO NPs in DI water, 
and poly(AMPS-co-AA) grafted IO NPs in DI water and API brine at pH 8. 
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Figure 4.3:   Room temperature magnetization curves of APTES IO NPs before and after 
grafting with poly(AMPS-co-AA) (3:1) copolymer display very similar 
saturation magnetization at 92.9 and 89.5 emu/g-Fe, respectively. 

The covalent grafting of the anionic poly(AMPS-co-AA) to the cationic amine 

surface at pH = 6 was expected to be favorable by the electrostatic attraction at low graft 

densities; however further grafting should be inhibited as the graft density increases the 

negative charge in the brush layer. The grafting procedure was therefore performed in the 

presence of NaCl to screen the charges.223 After grafting with anionic poly(AMPS-co-

AA), the electrophoretic mobility was reversed to a negative value of -2.8×10-8 m2/(V 

sec) at pH = 8 and the organic content increased to 15 ± 3 % wt, as measured by TGA 

(Table 4.1). After grafting, the volume-based magnetic susceptibility of the liquid 

dispersion changed slightly from 7 to 6.8 /g-Fe (Table 4.1) and the saturation 

magnetization was also essentially unchanged at ~90 emu/g-Fe (Figure 4.3), indicating 

that the magnetic properties of IO NPs were not significantly affected by the grafting 

process. The high saturation magnetization, relative to the theoretical values of ~120 

emu/g-Fe for bulk magnetite, was consistent with the high crystallinity of the NPs (Fig. 

4.2c and d). Moreover, the lower surface area of the clustered architecture compared to 
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individual primary NPs, leads to a low 15 ± 3% w/w organic loading on poly(AMPS-co-

AA)-grafted IO NPs, which helps maintain a high magnetic mass loading. Further, the 

hysteresis curve of IO NPs demonstrates superparamagnetic-like behavior. 

The DH of the IO particles in DI water increased from 55 ± 7 to 258 ± 34 nm, as 

determined by DLS and TEM (Figure 4.2f,c). The increase was much larger than 

expected from the grafting of poly(AMPS-co-AA) with a DH of only 10 nm (Figure 4.1). 

Presumably, the grafting process led to aggregation of clusters, and/or to a process such 

as Ostwald ripening, whereby primary particles diffuse from smaller to larger clusters to 

lower the interfacial energy. Furthermore, the size of clusters may have been influenced 

by short-ranged attraction versus long-ranged repulsion between primary particles, which 

is generally mediated by the polymer.224, 225 Nonetheless, the poly(AMPS-co-AA) grafted 

IO NPs were found to form stable dispersions in API brine at room temperature, whereas 

before grafting the APTES IO aggregated in only 1% NaCl (Figure 4.2b). Notably, the 

dispersions appeared uniform, visually stable and did not settle, thus demonstrating the 

first example of stabilization of polyelectrolyte coated inorganic NPs at high divalent 

salinity. Moreover, the dispersions maintained their stability at elevated temperature (90 

°C), a feat which has only rarely been reported for metal oxide particles.76, 226 The stability 

of the dispersions suggested that the polymer chains remained solvated in the brine and 

provided excellent steric stabilization. The exceptional stability was corroborated by 

measuring the DH in API brine at room temperature and at 90 °C over an extended period 

of time (Figure 4.4). Notably, a decrease in DH from 258 ± 34 nm in DI water to 165 ± 24 

nm in API brine (Table 4.1 and Figure 4.2f) was observed, which may have been caused 

by an increased cluster density due to weaker electrostatic repulsion between primary 

particles176 and/or reduced osmotic swelling.209, 212 Regardless, the DH measured in API 

brine at 90 °C remained constant (DH = 180-200 nm) over a period of 30 days, 
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demonstrating that the clusters were exceptionally stable, and that only a negligible 

amount of aggregation occurred (Figure 4.4b). Together with the visual observations 

(Figure 4.4a), the high temperature DLS results confirmed that the grafted IO NPs 

exhibited remarkable colloidal stability in API brine at 90 °C for 1 month. To the best of 

our knowledge, this result is the first demonstration of long-term stability of inorganic 

NPs at elevated temperature and high divalent salinity.  

 

Figure 4.4:   Poly(AMPS-co-AA) grafted APTES IOs were stable in API brine at 90 °C 
for 31 days, as evidenced by (a) visual inspection and (b) constant 
hydrodynamic diameters DH in API brine. (c) After a 40,000-fold serial 
dilution in 1 M NaCl, poly(AMPS-co-AA) grafted APTES IO NPs remained 
stable at 0.2% IO in API brine at 90 °C (left), whereas IO NPs with 
electrostatically attached poly(AMPS-co-AA) aggregated.  

Subsequent efforts were directed towards determining whether the poly(AMPS-

co-AA) chains were covalently grafted to the IO NP surface, rather than physically 

adsorbed. To this end, the dispersions were diluted by a factor of 40,000 to 

concentrations of 0.01% IO. After dilution, the recovered particles were found to be 

stable in API brine at 90 °C for at least 24 hours at a concentration of 0.2% IO indicating 

that the polymer remained on the IO NP surface. In contrast, when no EDC was used 
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during the grafting process and poly(AMPS-co-AA) was simply electrostatically 

adsorbed onto IO NPs, the particles aggregated in less than 30 minutes in API brine at 90 

°C after the dilution was conducted (Figure 4.4c). Presumably after such a drastic dilution 

the highly hydrophilic polymer would desorb from the NP surface and diffuse into the 

aqueous phase if not covalently attached, thus the observed stability of the particles 

treated with polymer and EDC strongly suggests that the polymer is covalently attached 

to the IO. Moreover, for the grafted case, TGA indicated 15% organic material (polymer 

and citrate ligands) before the dilution test. Given that this is a relatively small amount, 

most of the polymer was likely grafted. Unfortunately, attempts to investigate the grafting 

via IR spectroscopy to identify amide bonds between poly(AMPS-co-AA) and amine IOs 

were ineffective given the inability to distinguish between the signals corresponding to 

the grafted amides from those in the AMPS side groups. As an alternative control, PAA 

homopolymer was grafted to APTES IOs via the aforementioned EDC-catalyzed 

amidation method. A broad signal at 1700 cm-1 was observed and indicated that amide 

bonds were formed between PAA and APTES IO. On the contrary, when EDC was not 

used, no amide signal was observable in the IR spectrum (Figure C3).  

As demonstrated by the dilution test, the covalent bonding of poly(AMPS-co-AA) 

to the NP surfaces provided much more robust attachment than chemisorption, for 

example by reversible charge-transfer complexes between iron cations and 

polycarboxylates as shown in Figures 4.2 and 4.3.76, 165, 176, 183, 187, 209, 218 Furthermore, unlike 

the generally reported single covalent bond attachment of terminal functional polymer 

chains, 209, 218 a key advancement of our approach is the attachment of poly(AMPS-co-

AA) chains through the formation of multiple bonds.194, 195 The stable amide bonds 

between IO NPs and poly(AMPS-co-AA) ensured that the AMPS groups maintained 

steric stabilization. Even if a fraction of the covalent bonds degraded, multiple 
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attachments were still left, which may have helped maintain colloidal stability of 

poly(AMPS-co-AA) grafted IO NPs in API brine at 90 °C even after a 40,000-fold 

dilution (Figure 4.4c). 

The electrophoretic mobilities (µ) of poly(AMPS-co-AA) grafted IO NPs were 

measured in a series of NaCl and CaCl2 solutions (Figure 4.5) with a fixed molar ratio of 

7.6:1, which is analogous to the ratio in API brine. At low salinity, the µ was observed to 

be highly negative, -3×10-8 m2/(V sec) in DI water (0.03 mM), reflecting the large 

number of charges in the polyelectrolyte. The magnitude of the mobility decreased to -2 

× 10-8 m2/(V sec) in a 10 mM solution of combined Na+ and Ca2+ (at 7.6 : 1 mole ratio), 

and remained constant within experimental error at a value of -1.8 × 10-8 m2/(V sec) in 

500 mM NaCl and CaCl2. Unlike the measurements described above (Figure 4.1d) with 

pure poly(AMPS-co-AA), µ of the grafted NPs could not be measured above 500 mM 

due to a large growth in experimental uncertainty, which is quite common for extreme 

salinities.165, 175 The reduction in magnitude to a µ of –1.8 × 10-8 m2/(V-sec) at 0.5 M ionic 

strength (380 mM Na+ and 50 mM Ca2+) suggested that significant screening of the 

charges on the polyelectrolyte occurred, as expected at such high ionic strength. 

However, the residual mobility indicated that the Ca2+ did not bind all of the sulfonate 

groups, as was also observed for the pure poly(AMPS-co-AA) (Figure 4.1d). 
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Figure 4.5:   Plot of electrophoretic mobility of poly(AMPS-co-AA) grafted IO NPs 
versus ionic strength in combined Na+ and Ca2+ solutions (Na+:Ca2+ mole 
ratio = 7.6, same as API brine) at pH = 8 (black circles) compared with 
literature mobility data for other polyelectrolyte-coated NPs including 
PMAA-stabilized latex (Fritz 2002)175 (blue diamonds) and PSS-coated iron 
NPs (Saleh 08)165 (green triangles, red squares). 

The remarkable stability of the poly(AMPS-co-AA) grafted IO NPs may be 

explained by established concepts in colloid chemistry. According to Napper,227 the 

colloidal stability of the poly(AMPS-co-AA) grafted IO NPs (Figure 4.4) at all salinities 

and temperatures may be anticipated given the limited collapse of the pure polymer 

(Figure 4.1b). The total interaction potential between two polymer coated particles is a 

function of steric repulsion, electrostatic repulsion and van der Waals attraction. At high 

salinity (e.g., API brine), electrostatic interactions within the polyelectrolyte layer are 

screened by the ions and the brush may be considered as a neutral polymer.175, 221 The 

steric repulsion to the energy barrier comes from two distinct mechanisms: (i) osmotic 

repulsion between overlapping chains and (ii) entropy of elastic repulsion.175, 183 The 

osmotic repulsion depends upon the particle diameter, the brush length relative to the 
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distance between particle surfaces, the polymer volume fraction in the brush layer, and 

the Flory-Huggins interaction parameter χ.  

The equilibrium structure of dense polyelectrolyte brushes is governed by a 

balance between short-ranged excluded volume, long-range electrostatic interactions and 

the osmotic effects of the counterions in the brush layer, in many ways as described 

above for pure polyelectrolytes. At low salt concentrations, highly concentrated confined 

counterions in the brush generate an osmotic pressure that stretches the chains. However, 

when the concentration of added salt approaches the ion concentration within the brush 

layer, screening of the electrostatic repulsion and reduction in the osmotic pressure cause 

the brushes to contract.212 Eventually, the highly screened polyelectrolyte brush will 

behave similarly to an uncharged brush.212, 220 The contraction of polymer brushes with 

increased salinity was observed by DLS for polymethacrylic acid (PMAA) coated latex 

NPs, where the brush thickness decreased from 22.3 nm at 100 mM NaCl to 15.8 nm at 

only 500 mM NaCl at pH = 7.175 Similarly, the thickness of PSS brushes on latex NPs 

decreased from 65 nm at 0.1 mM Mg2+ to 28 nm at 100 mM Mg2+.220  

The charge density of the brush layer, which influences the brush conformation, 

may be studied directly in terms of the electrophoretic mobility. Relatively few studies 

have reported µ of anionic polyelectrolyte-coated NPs up to the high salinity levels 

shown in Figure 4.5.165, 175, 183 In general, for each of these colloids coated with various 

anionic polyelectrolytes, the magnitude of the mobility decreased with ionic strength, but 

was still more than -1 × 10-8 m2/(V-sec), even at an ionic strength of 0.5 M. The overall 

decrease in magnitude was less than two fold in nearly all cases. An exception was PSS-

coated iron NPs, for which the change was much larger in Ca2+ than Na+ solutions,165 

which was consistent with the stronger electrostatic attraction for Ca2+ and specific 

binding observed by NMR spectroscopy.182, 203 The mobility of the more hydrophilic 
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poly(AMPS-co-AA) grafted IO NPs remained more negative and measurable at a higher 

ionic strength of 500 mM relative to only 60 mM for the more hydrophobic PSS. 

Interestingly, the µ for poly(AMPS-co-AA) IO NPs was negative at 0.5 M for the 

combined Ca2+ and Na+ electrolyte as well as for Na+ independently in the case of PMAA 

latex NPs, despite the stronger electrostatic interactions with the divalent cation. Thus, 

the high fraction of AMPS functional groups, which do not bind Ca2+ specifically, were 

effective for maintaining a significant poly(AMPS-co-AA) mobility and thus particle 

charge even at extremely high salinity. Given the observed particle mobility in addition to 

the morphology of the pure polymer measured by DLS, it is likely that the grafted chains 

on the IO nanoclusters are only partially collapsed, which is further consistent with the 

impressive colloidal stability. 

Steric stabilization has been demonstrated in solutions of up to 5 M NaCl at room 

temperature for NPs coated with PAA,184 PMAA175 and copolymers containing PVS 

and/or PSS.76, 165 Here, the segment-solvent interactions were favorably attractive (χ < 

1/2) due to the weak affinity of Na+ for the carboxylate or sulfonate anions. When 

divalent ions were present, however, the PSS-coated iron NPs were stable only up to 100 

mM Ca2+ at room temperature,165 and PSS-grafted latex NPs precipitated above 100 mM 

Mg2+.220 These results were consistent with partial chain collapse of PSS in the presence 

of divalent ions as observed by SANS204 and NMR.213 The divalent ion binding is likely 

promoted by dehydration of the sulfonate groups due to hydrophobicity of the styrene 

group. Thus, the PSS segment-solvent interactions became repulsive (χ > 1/2) at high 

divalent ion concentrations causing loss of steric stabilization.228 In contrast, poly(AMPS-

co-AA) grafted IO NPs remained stable in highly concentrated API brine at both room 

temperature and at 90 °C. The highly hydrophilic and acidic AMPS group that bind 

weakly to Ca2+ ensured attractive PAMPS segment-solvent interactions even in the 
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presence of Ca2+ with a favorable χ (<1/2) for steric stabilization in API brine. The 

favorable χ is also evident in the phase behavior and conformation of the pure polymer. 

When the distance of approach between two NPs becomes closer than the brush 

thickness, compression of the polymer chains causes a loss in entropy or elastic 

repulsion. The high MW of poly(AMPS-co-AA) and graft density each contribute to the 

high entropic elastic repulsion contribution.223 Finally, the residual charge, as shown in 

the electrophoretic mobility, provides a degree of electrostatic repulsion between 

overlapping brushes that further contributes to the colloidal stability. In summary, the 

highly screened polymer brushes behaved as neutral brushes with favorable solvation to 

provide steric stabilization even at high temperatures in API brine, similarly to the earlier 

results for PMAA in NaCl brines at room temperature.175 

4.3.3 Adsorption of Poly(AMPS-co-AA)-Grafted IO NPs on Silica  

The batch adsorption technique allowed for rapid, high throughput measurement 

of equilibrium NP adsorption behavior relative to the measurement of NP retention in 

flow experiment in porous media,166 where additional effects of filtration165, 229, 230 and 

hydrodynamics may be present.167, 231, 232 The IO adsorption on silica microspheres was 

visually observed and quantified by measuring the change in IO concentration before and 

after equilibration (Figure 4.6 and Table 4.2) Experiments were conducted in either DI 

water or API brine, and after overnight equilibration at pH = 8, the settled silica 

microspheres were white in 0.05-0.1% IO and lightly brown colored in 1.0% IO. When 

measured in DI water, the difference between the initial and final concentration, reported 

as % IO adsorbed, was small (≤ 2%). Based on the volume of the solution and the surface 

area of silica, the calculated specific adsorption values were smaller than the 

experimental uncertainty and hence only upper bounds are reported. At the highest IO 
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concentration (1%) in DI water, the specific adsorption was < 1.1 mg-IO/m2 silica. In API 

brine, the % IO adsorbed was modestly higher than in DI water. The calculated specific 

adsorption in API brine at the highest IO concentration of (1%) was 1.0 ± 2.1 mg/m2 

which corresponds to a very low NP monolayer coverage of 0.4%. In contrast, when 

polymer was only adsorbed electrostatically IO NP sample resulted in 48% adsorption in 

API brine at 0.103% w/v IO equilibrium concentration to give a specific adsorption value 

of 16.6 mg/m2 or 8.6% monolayer coverage. 

The adsorption isotherm displayed in Figure 4.6 exhibited Langmuir behavior. A 

linearized Langmuir plot of IO adsorption in inverse IO concentration and specific 

adsorption units (Figure 4.6c) resulted in a reasonable correlation coefficient (R2 = 0.97) 

where the slope (0.25 x 107 m-1) and intercept (1.09 m2/mg-IO) are expressed as shown in 

Equations 4.1 and 4.2 below. 
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In the above equations, kdes/kads is the ratio of the rate of desorption to the rate of 

adsorption (m-3), Mp is the mass of one NP (g), Ac is the adsorption capacity on the 

collector surface (g-IO / g-silica), and ρa is the specific surface area of silica (m2/g-silica). 

Using the specific surface area of the silica, Ac can be converted to (mg-IO/ m2-silica). 

The specific adsorption capacity Ac was 0.9 mg-IO/m2-silica (or 0.4% monolayer) and the 

equilibrium constant (kdes/kads) 3.2 x 1017 m3 (Figure 4.6c). To the best of our knowledge 

this is the first report demonstrating low equilibrium adsorption capacity of iron oxide 

NPs on silica in high salinity (1.8 M ionic strength) and with high divalent ion 

concentration (180 mM Ca2+). 
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Figure 4.6:   (a) Photographs of poly(AMPS-co-AA) grafted iron oxide (IO) nanoclusters 
in API brine (top) and DI water (bottom) displaying very low adsorption on 
silica at IO concentrations ranging from 0.05% to 1% w/v IO. Each sample 
vial contains 2 mL of IO dispersion at pH = 8 and 1 g of colloidal silica and 
was equilibrated for 16-20 h. IO adsorption isotherm data in API brine 
expressed (b) as fit to a Langmuir adsorption model in standard units and (c) 
inverse units.  

The low adsorption for poly(AMPS-co-AA) grafted IO NPs suggested to us that 

the well-solvated extended polymer chains on the surface provided steric stabilization 

with the silica surface. The chain extension again reflects high acidity and high 

hydrophilicity for the polymer with low Ca2+ affinity. Here only the particle surface 

contained polymer chains for steric repulsion, unlike the case of the interactions between 
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two polymer-coated NPs.167 However, a single steric polymer layer in conjunction with 

the electrostatic repulsion with the anionic silica surface provided sufficient repulsion to 

produce very low adsorption. Notably, the observed adsorption of the poly(AMPS-co-

AA) coated IO NPs was significantly lower at higher IO concentrations and higher ionic 

strength than previously reported polymer coated zero-valent iron (ZVI) NPs on quartz 

sand or silica sand.165 

Table 4.2:     Adsorption of poly(AMPS-co-AA) IO nanoclusters on 8 µm colloidal silica 
microspheres in API brine and DI water at pH = 8 at varying IO 
concentrations.8 

Initial IO 

Conc.     

[% w/v] 

Medium 
% IO 

Adsorbedb 

Final Eq. 

IO Conc. 

[% w/v]9 

Specific 

adsorption 

[mg-IO/m2] 

% 

Monolayer 

0.1 DI water 2 0.098 < 0.04 < 0.03 

0.2 DI water 2 0.197 < 0.11 < 0.05 

1.0 DI water 1 1.00 < 1.1 < 0.4 

0.05 API brine 7 0.047 0.16 ± 0.07 0.1 

0.1 API brine 5 0.095 0.24 ± 0.11 0.1 

0.2 API brine 4 0.192 0.4 ± 0.4 0.2 

1.0 API brine 2 0.975 1.0 ± 2.1 0.4 

0.210 API brine 48 0.103 16.6 ± 1.3 8.6 

                                                
8 The specific surface area of colloidal silica was measured to be ~0.58 m2/g. 
9 Average of four independent experiments; uncertainty in specific adsorption based on error propagation 
analysis. 
10 Control sample data at 0.2% w/v initial IO conc. is also shown as an example of IOs with high 
adsorption where insufficient polymer grafting leads to poor stabilization.  Adsorption was conducted with 
0.2g of silica and 2ml of IO NP dispersion. 
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4.4 CONCLUSIONS 

IO NPs with permanently grafted poly(AMPS-co-AA) copolymers exhibited 

long-term (≤ 1 month) steric stabilization at high salinities and elevated temperatures (up 

to 90 oC). A high ratio of the stabilizer group, AMPS, to the AA anchor group (3:1 

AMPS:AA) in the polymer coating maintained sufficient chain solubility even at extreme 

salinities of 8% wt. NaCl + 2% wt. CaCl2 (API brine). Furthermore, the AA anchor 

groups enabled multipoint covalent grafting for robust attachment of the polymer coating 

to the IO surface, which prevented polymer desorption even after a 40,000 fold dilution. 

The poly(AMPS-co-AA) polymer itself was also found to resistant to chain collapse in 

the presence of Na+ and Ca2+ at both 25 and 90 oC, as evidenced by DLS and 

electrophoretic mobility measurements, which was consistent with previous reports using 

the analogous homopolymers.182 Therefore, when grafted on the IO NPs, the extended 

highly solvated polymer chains resulted in remarkable steric stabilization of the NPs and 

extremely low adsorption on silica surfaces even at the extreme API brine salinity. 

Moreover the IO NPs retained their magnetic susceptibilities after both amine 

functionalization and polymer the grafting. To the best of our knowledge this is the first 

example of colloidal stability and low mineral adsorption of metal oxide NPs at such high 

ionic strength and elevated temperatures. NPs with such remarkable behavior at extreme 

salinities and temperatures are expected to find utility in a vast array of applications, 

including transport through sub-surface porous media for enhanced oil recovery, 

environmental remediation, CO2 sequestration and to facilitate electromagnetic imaging 

of hydrocarbon reservoirs. 
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Chapter 5: Effect of Grafted Copolymer Composition on Iron Oxide 
Nanoparticle Stability and Transport in Porous Media at High Salinity11 

The transport of engineered nanoparticles in porous media is of interest in 

numerous applications including electromagnetic imaging of subsurface reservoirs, 

enhanced oil recovery and CO2 sequestration.  A series of poly(2-acrylamido-2-methyl-1-

propanesulfonic acid-co-acrylic acid) (poly(AMPS-co-AA)) random copolymers were 

grafted onto iron oxide (IO) nanoparticles (NPs) to provide colloidal stability in 

American Petroleum Institute (API) standard brine (8% NaCl & 2% CaCl2, anhydrous 

basis). A combinatorial approach, which employed grafting poly(AMPS-co-AA) with 

wide ranges of compositions onto platform amine-functionalized IO NPs via a 1-ethyl-3-

(3-dimethylaminopropyl)carbondiimidecarbondiimide (EDC) catalyzed amidation was 

used to screen a large number of polymeric coatings.  The ratio of AMPS:AA was varied 

from 1:1 to 20:1 to balance the requirements of particle stabilization, low 

adsorption/retention (provided by 2-acrylamido-2-methyl-1-propanesulfonic acid 

(AMPS)), and permanent attachment of stabilizer (provided by acrylic acid (AA)).  The 

resulting nanoparticles remained stable in aqueous suspension despite the extremely high 

salinity conditions, and exhibited low adsorption on silica microspheres.  Greater than 

91% of applied IO-NP mass was transported through columns packed quartz sand, and 

the mobility of IO NP increased by ca. 6% when the AMPS to AA ratio was increased 

from 1:1 to 3:1, consistent with batch adsorption data.  In both static batch reactor and 

dynamic column tests, the observed attachment of IO NPs was attributed to divalent 

                                                
11 Based on Xue, Z., Foster, E., Wang, Y., Nayak, S., Cheng, V., Ngo, V.W., Pennell, K.D., Bielawski, 
C.W., Johnston, K.P., “Effect of grafted copolymer composition on iron oxide nanoparticle stability and 
transport in porous media at high salinity,” Energy & Fuels, 28, 3655-3665, 2014. Z.X. and E.F. 
contributed equally to this study. The optimization of polymer grafting techniques, colloidal stability, 
nanoparticles adsorption to mineral surfaces and the writing of the manuscript were conducted by Z.X. The 
polymer synthesis procedures originally developed by Dr. B.M.N. in Chapter 4 were optimized by E.F. 
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cation (Ca2+) mediated bridging and hydrophobic interactions. Collectively, the rapid, 

high throughput combinatorial approach of grafting and screening (via batch adsorption) 

provides for the development of high mobility NPs for delivery in various porous media 

under high salinity conditions.  

5.1 INTRODUCTION 

The development and testing of nanotechnologies for a range of commercial 

applications, including cosmetic products,233 electronics, medical diagnostics,234 drug 

delivery235 and water treatment applications,236, 237, 238 has grown substantially over the past 

ten years.  Engineered nanoparticles (NPs) have been also been investigated for their 

potential to enhance subsurface or “down-hole” applications239, 240 that range from  

reservoir characterization, enhanced oil recovery,241, 242, 243, 244, 245, 246 CO2 sequestration,247 

and remediation of groundwater contaminants.248, 249, 250, 251 Of the various types of 

engineered NPs, superparamagnetic iron oxide (IO) NPs have been used for biomedical 

MRI imaging, and are now being explored for oilfield applications including magneto-

motive acoustic imaging and cross-well electromagnetic tomography.  In addition to their 

imaging capabilities, superparamagnetic IO NPs  offer the benefits of relatively low cost, 

low toxicity, and high magnetic susceptibilities.252 Although the use of NPs in down-hole 

electromagnetic imaging has numerous potential applications, the harsh environment of 

oil reservoirs (e.g., high salinities >1 M, presence of divalent salts such as Ca2+ and Mg2+, 

and high temperature up to 150 °C) present unique challenges for NP development. For 

example, the high salinities are expected to lead to NP aggregation and strong attachment 

on mineral surfaces,253, 254, 255 which would ultimately hinder the mobility of the NPs 

through hydrocarbon-bearing formations. 
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To address potential agglomeration and aggregation of NPs, polymeric stabilizers 

are often attached to the surface of NPs.256, 257 In general, the polymeric stabilizer is more 

likely to prevent particle aggregation if the polymer itself is soluble in the solvent under 

the same conditions.67 Although many of the polymeric stabilizers successfully stabilize 

NPs in ideal biological and environmental settings, they typically suffer in conditions 

encountered in oil reservoirs, resulting in precipitation and chemical degradation at high 

salinities and temperatures.258, 259 For example, high molecular weight polyacrylamides 

(PAM) hydrolyze at high temperatures and precipitate with divalent ions, due to specific-

ion complexation and dehydration.258, 259 Similarly, weak polyelectrolytes such as 

poly(acrylic acid) (PAA), remain soluble in 1 M NaCl at elevated temperatures, but 

precipitate in the presence of divalent Ca2+ at ambient temperatures. 70, 73, 208 In contrast, 

sulfonated polymers with low divalent cation binding affinities tend to remain stable at 

high salinities and temperatures.73, 260 For example, the use of higher calcium tolerant 

polymers such as highly acidic, sulfonated polystyrene sulfonic acid (PSS) PAMPS have 

shown promise as stabilizers in brine.258,73, 260 Moreover, when simply adsorbed or grafted 

on NP surfaces, the soluble polyelectrolyte chains do not collapse providing steric and 

electrosteric stabilization, as demonstrated in various systems such as the aforementioned 

PSS-based,77, 261 and PAMPS-based copolymer stabilized IO dispersions.262 Carbon 

nanotube hybrids with two adsorbed nonelectrolyte polymers have been demonstrated to 

have high mobility in porous media at high salinities.263 

Recently, our group has demonstrated the synthesis of electrosterically stabilized 

IO NPs in high salinity standard API brine (8% NaCl + 2% CaCl2, anhydrous basis) at 

elevated temperatures (90 oC), using a series of sulfonated random and block copolymer 

stabilizers.106, 262, 264 Poly(AMPS-co-AA) random copolymers were found to be highly 

effective stabilizers, where the maximum ratio studied was 2:1. The AA groups served as 
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anchoring sites because of AA’s strong binding affinity to multivalent cations, while the 

AMPS groups provided electrosteric stability in high salinity brine and strong resistivity 

to Ca2+ complexation.  For these systems, long-term colloidal stability of ~100 nm IO 

NPs in high salinity API brine at elevated temperature (90 oC) was reported for the first 

time with adsorbed copolymers.106  Furthermore, the degree of adsorption of these stable 

IO NP dispersions on silica microspheres could be tuned by covalently tethering of 

hydrophobic amine-modifiers to the AA groups in the copolymer stabilizers.262 Although 

adsorbed poly(AMPS-co-AA) stabilizes IO NPs in brine, in practice, the polymer may 

desorb from the NP surface under the dilute conditions found in reservoirs and in the 

presence of large surface areas of various minerals. Thus, subsequent efforts were 

focused on permanently grafting the poly(AMPS-co-AA) onto IO NPs.264 Such grafting 

was achieved by first coating the IO NPs with amino propyltriethoxy silane (APTES), 

followed by grafting of poly(AMPS-co-AA) with a ratio of 3:1 via an EDC catalyzed 

amidation reaction between the amine coated IO NPs and the AA anchoring groups on 

the copolymer. Permanent grafting was demonstrated by performing a simple 40,000 fold 

dilution test in 1 M NaCl solution, in order to screen the electrostatic forces and drive the 

desorption of polymers. After this test the NPs remained stable in API brine, indicating a 

successful grafting process. Similarly, in addition to superb particle stability in API brine 

at 90 °C for 1 month, low adsorption on silica microsphere surfaces was displayed. 

However, transport of NP suspensions in porous media, where hydrodynamic forces play 

an important role,167, 229, 265 has received little attention, particularly for fluids at high 

salinities.  Given the challenges in mitigating the retention of NPs in porous media under 

these extreme conditions, it is beneficial to develop a wide range of polymeric stabilizers 

that minimize the strength of the interaction of the NPs with solid phases. For mineral 
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surfaces, it is also important to minimize cation bridging between monomer units, 

particularly AA, and negatively charged silica surfaces. 

The objective of this study was to optimize the AMPS:AA ratio to ensure that a 

high fraction of AMPS stabilizer, which provides colloidal stability in high salinity brine, 

while providing a sufficient number of anchoring AA groups to maintain permanent 

attachment of polymer chains to the IO NP surface.  To systematically extend our 

previous work41, a series of poly(AMPS-co-AA) with AMPS:AA ratios, varying from 1:1 

to 20:1, were grafted to platform IO NPs functionalized with amines.  We hypothesized 

that by increasing the fraction of stabilizer (AMPS) to anchor groups, the specific 

adsorption of IO NPs on silica microspheres and retention in Ottawa sand columns would 

decrease.  The ability of batch adsorption data to predict the relative mobility of IO NPs 

in dynamic column experiments was explored as a function of the AMPS to AA ratio.  

Further, the contributions of Ca2+ bridging and hydrophobic interactions to adsorption 

and retention of IO NPs in API brine were investigated by comparing the results at fixed 

total ionic strength, in the presence and absence of Ca2+.  

5.2 EXPERIMENTAL 

5.2.1 Materials  

Iron(II) chloride tetrahydrate, iron(III) chloride hexahydrate, citric acid 

monohydrate, 30% ammonium hydroxide, APTES, glacial acetic acid, calcium chloride 

dehydrate, sodium chloride, hydrochloric acid, sodium hydroxide, 1-ethyl-3-(3-

dimethylaminopropyl)carbondiimidecarbondiimide (EDC), AA, potassium persulfate, 

and sodium metabisulfite were obtained from Sigma-Aldrich (St. Louis, MO) and Fisher 

Scientific (Fair Lawn, NJ), and were used as received.  The AMPS monomer was a gift 

from the Lubrizol Corporation and used as received. Uniform 8 um silica microspheres 
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with the trade name AngstromSphere Monodispersed Silica Powder (Catalog 

#SIO2P800-01-1KG) were purchased from Fiber Optic Inc., New Bedford, MA, USA, 

washed at least five times at pH 8 with DI water and dried at 80 oC in a convection oven 

before use. These particles are bare silica particles and have a large quantity of silanol 

groups as reported by the manufacturer.  Dodecane was obtained from Sigma-Aldrich 

and purified with alumina columns until the surface tension was 50.91 ± 0.01mN. 

5.2.2 Synthesis of Poly(2-acrylamido-3-methylpropanesulfonate-coacrylicacid)  

Following our reported procedure (1:1 and 3:1 AMPS:AA ratios),264 a three-

necked round-bottom flask equipped with a magnetic stir bar, a nitrogen inlet and a reflux 

condenser was charged with either 18.5 g (0.09 mol) of AMPS monomer for the 1:1 

system, as well as 4.86 g (0.018 mol) of potassium persulfate and 3.42 g (0.018 mol) of 

sodium metabisulfite under an atmosphere of nitrogen.  The flask was sealed with a 

rubber septum and 180 mL of deionized water that was previously degassed by bubbling 

with nitrogen for 30 min was added via a cannula to the reaction flask. While stirring 

6.14 mL (0.09 mol) of acrylic acid was added to the reaction flask via a nitrogen-purged 

syringe for the 1:1 system. The total monomer concentration at the start of the reaction 

was 1.0 M. The flask was placed in an oil bath  at 80 °C and stirred at that temperature 

under nitrogen for 16 h. Poly(AMPS-co-AA) with other ratios 3:1, 5:1, 10:1 and 20:1 

were synthesized following the same procedures by varying monomer feed ratio, as 

formulated in Table C1. 1H NMR (400 MHz, D2O) data for poly(AMPS-co-AA) with 

different monomer feed ratio is summarized in Table C2.  

5.2.3 Synthesis of Iron Oxide Nanoparticles  

IO NPs were prepared using the Massart approach which involves the aqueous co-

precipitation of iron chlorides under alkaline conditions.266 A 1 L three-neck flask was 
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charged with 8.6 g ferrous (II) chloride tetrahydrate and 23.48 g ferric (III) chloride 

hexahydrate to give the stoichiometric ratio of Fe (II): Fe (III) equal to 1:2. The mixture 

of iron precursors was dissolved in 400 mL of de-ionized (DI) water together with 0.5 g 

citric acid monohydrate.  The solution was degassed with N2 and heated to 90 oC with 

magnetic stirring followed by quick injection of 100 mL 30 wt. % aqueous NH4OH 

solution to facilitate the hydrolysis and condensation of iron precursors. Black precipitate 

was formed immediately and annealing of IO particles was continued at 90 oC for 2 h 

under a nitrogen gas atmosphere. The reaction mixture was then cooled to room 

temperature and washed with 500 mL DI water twice with magnetic decantation. Briefly, 

a 0.5 T magnet (Eclipse Magnetics, catalog # N426) was used to collect the as-

synthesized IO NPs and the clear supernatant was carefully discarded. The as-synthesized 

10 g of IO NPs was dispersed in 500 mL DI water and collected.  

5.2.4 Amine-Functionalization of IO NPs  

An aqueous APTES coating process was employed to introduce amine groups on 

the surface of as-synthesized IO NPs by modifying our earlier procedures.264 Briefly, 59.2 

mL APTES was mixed with 560 mL DI water and 26.72 mL glacial acetic acid solution 

by magnetic stirring. After 1 h, the pH of the activated APTES solution (pH ~4) was 

raised to 8 by adding 2.5 N NaOH solution, followed by addition of DI water and 500 mL 

as-synthesized IO NPs solution (10 g IO) to reach a total volume of 2 L. After 24 h 

heating at 65 oC in a water bath, the reaction mixture was cooled to room temperature and 

continued stirred magnetically for another 24 h. The amine functionalized IO NPs were 

then separated with a 0.5 T magnet and washed twice with DI water. Since the 

magnetophoretic mobility of magnetic nanoparticles decays rapidly as the distance from 

magnet surface increases,267 the 0.5 T permanent magnet was sealed in a plastic bag and 
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placed in the middle of the reactor to facilitate magnetic separation. Finally, the IO NPs 

were dispersed in 200 mL DI water and the pH of the solution was adjusted to 4.5 by 

adding 1 N HCl, followed by probe sonication for 20 min per 35 mL of the solution with 

a Branson tapered microtip. The dispersed IO NPs were then centrifuged at 4000 rpm for 

10 min to remove large clusters. The amine-functionalized IO NPs in the supernatant 

were collected and ready for later grafting with poly(AMPS-co-AA) polymer. The yield 

of amine-functionalized IO NPs was 70-80%. 

5.2.5 Grafting of Poly(AMPS-co-AA) to Amine-Functionalized IO NPs  

Poly(AMPS-co-AA) was first dissolved in DI water and 2.5 N NaOH to reach a 

pH of 4.7 with a polymer concentration of 70 mg/mL, followed by activation of 

carboxylate groups with EDC (equimolar to PAA) at room temperature. After 10 min of 

EDC activation, equal volume of 14 mg/mL amine-functionalized IO NPs were added to 

the activated polymer solution drop-wise under vigorous magnetic stirring. After 5 min of 

reaction, 30% NaCl stock solution was added to the reaction mixture drop-wise to reach a 

final salinity of 3% to attempt to screen charges on the surface to raise incorporation of 

polyelectrolyte. The pH was adjusted to 4.7 and the reaction was continued for overnight 

at room temperature under constant stirring. The polymer coated IO NPs were separated 

by centrifugation at 12,000 × g and washed with DI water twice to remove excess 

reactants. The washed IO NPs were finally dispersed in DI water with probe sonication at 

~2 % IO, followed by centrifugation at 3,000 × g for 10 min to remove large clusters. 

Note: the following procedures are slightly different from our previously published 

procedures and the details are further discussed in the results and discussion section. 

Briefly, (i) the concentration of reactants was lower (70% of our previously reported 

procedures), (ii) poly(AMPS-co-AA) was first activated with EDC at pH 4.7 and then 
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followed by drop-wise addition of amine-functionalized IO NPs instead of adding EDC 

after mixing poly(AMPS-co-AA) and amine-functionalized IO NPs at pH 6, and (iii) the 

NaCl solution was added after mixing poly(AMPS-co-AA) and amine-functionalized IO 

NPs instead of adding to the poly(AMPS-co-AA) solution first.   

5.2.6 Polymer Desorption Tests of Poly(AMPS-co-AA) Grafted IO NPs  

Polymer desorption tests were performed on selected poly(AMPS-co-AA) grafted 

IO NPs following our earlier procedures.264 The organic content before and after 

desorption test was measured with TGA to evaluate the amount of polymer permanently 

grafted on IO NPs.  

5.2.7 Emulsion Tests of Poly(AMPS-co-AA) Grafted IO NPs  

Aqueous dispersions of 0.1% IO NPs were prepared by dilution of concentrated 

IO NPs stock solution and concentrated brines with DI water to the desired concentration. 

Emulsions of equal volumes of purified dodecane and IO NP dispersion were prepared in 

glass vials and emulsified using an Ultra Turrax T25 homogenizer with a N8G 8 mm 

dispersing head operating at 13,500 rpm for 2 min. Emulsion type was identified by the 

“drop” test. Briefly, a drop of emulsion was added separately to a small volume of 

dodecane and water/brine, respectively. An emulsion that dispersed in aqueous phase but 

not in organic phase was assessed as o/w emulsion and vice versa. Droplet size 

distribution of selected emulsions was collected by light diffraction of diluted emulsions 

with its continuous phase using a Malvern Mastersizer S laser diffraction system 

(Malvern Instruments).  

5.2.8 Adsorption Tests of Poly(AMPS-co-AA) Grafted IO NPs on Silica Microsphere 

Washed 8 um silica microsphere were used as the adsorbent. Aqueous dispersions 

(2 mL) of poly(AMPS-co-AA) grafted IO NPs in API brine were added to 1 g of 8 um 
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silica microsphere in a glass vial.  The initial concentrations of feed IO NPs ranged from 

0.03 mg/mL to 2 mg/mL. The glass vials were then sealed and shaken horizontally 

overnight at room temperature (23 ± 1 oC) on an LW Scientific Model 2100A Lab 

Rotator at 220 rpm. The mixture was then left undisturbed to separate the 8 um silica 

adsorbent under gravity. The concentration of the IO NPs in the supernatant was 

measured by UV-Vis spectrometer at 300 nm. Dilution of the samples with API brine 

was conducted whenever necessary so that the absorbance was below 2.  The specific 

adsorption and monolayer coverage of IO NPs on silica adsorbent were calculated based 

on the concentration difference of the IO NP dispersions before and after adsorption. 

Uncertainties of specific adsorptions were analyzed with error propagation analysis, and 

are tabulated in results and discussion section. 

5.2.9 Column Study of Poly(AMPS-co-AA) Grafted IO NPs  

The apparatus used to measure nanoparticle transport consisted of a syringe pump 

(Model 22, Harvard Apparatus, Inc., Holliston, MA), a borosilicate glass column (10 cm 

length x 2.5 cm i.d.; Kontes, Vineland, NJ), and a faction collector (CF-1, Spectrum 

Chromatography, Houston, TX).  The column endplates were fitted with a 40-mesh nylon 

screen and 70-μm filter to retain the sand and distribute the delivered fluids.  For each 

experiment, approximately 95 g of 40-50 mesh (d50 = 354 μm) Ottawa sand (specific 

surface area = 0.0125 m2/g by the N2/BET method) was dry packed into the column in 1 

cm increments, yielding porosities of approximately 0.37. Immediately after packing, the 

column was purged with CO2 gas for 20 min, followed by the injection of 10 pore 

volumes (PVs) of background solution containing API brine to completely saturate the 

quartz sand.  Approximately 3 PV of poly(AMPS-co-AA) grafted IO NPs input 

suspension (1,000 mg/L), containing API brine  and adjusted to pH 7 with 1.0 M NaOH, 
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was delivered to the column at a flow rate of 1 mL/min, which corresponds to a pore-

water velocity of 2.9 m/day.  The IO NPs injection was followed by 3 PV of 

nanoparticle-free background solution at the same flow rate.  Effluent samples were 

collected continuously in 15-mL centrifuge tubes.  Quantification of influent and effluent 

IO NPs concentrations was performed using a UV-Vis spectrophotometer (UV-1800, 

Shimadzu Scientific Instruments, Columbia, MD) operated at 600 nm, based on a five-

point calibration curve over a concentration range of 0 to 100 mg/L. The resulting data 

were expressed as an effluent breakthrough curve (BTC), plotted as the relative 

concentration (C/Co) injected versus the number of dimensionless pore volumes flushed 

through the column.  Degassed, DI water was used to prepare all aqueous solutions and 

suspensions.  To investigate the effects of cation species on NP retention, a separate set 

of column experiments were conducted using a background electrolyte solution 

consisting of either 2.04 M NaCl or 0.68 M CaCl2.  For these experiments, an IO NP 

input concentration of 57 mg/L was delivered to the column at a flow rate of 1.78 

mL/min, which corresponds to a pore-water velocity of 5.2 m/day.   

5.2.10 Dynamic Light Scattering (DLS) Measurements  

Dynamic light scattering (DLS) experiments were performed to measure the 

volume-averaged hydrodynamic size of IO NPs in DI water and API brine using a 

Brookhaven ZetaPlus system (Brookhaven Instruments Co.) operated at a measurement 

angle of 90o. The autocorrelation functions were fitted with the CONTIN algorithm to 

extract the diffusion coefficient, and further converted to hydrodynamic size using the 

Stokes-Einstein equation.  All measurements were collected over a 2 min period at a 

count rate approximately 500 kcps, with at least three replicates for each sample.   
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5.2.11 Electrophoretic Mobility and Zeta Potential Measurements  

Electrophoretic mobility and zeta potential measurements were performed with 

IO NP concentrations ranging from 0.02 mg/mL to 0.1 mg/mL using a Brookhaven 

ZetaPALS zeta potential analyzer (Brookhaven Instruments Co.). Zeta potential 

measurements were conducted in 10 mM KCl solution at pH 6 for amine-functionalized 

IO NPs and pH 8 for poly(AMPS-co-AA) grafted IO NPs.  The Smoluchowski equation 

was used to convert measured electrophoretic mobility to zeta potential.268 The reported 

zeta potential values were obtained from at least 6 measurements, collected for 30 

electrode cycles.  The Smoluchowski equation is applicable when the size of the particle 

is much larger than the Debye length of the solution (~3 nm for 10 mM KCl), which was 

satisfied under the conditions of this study.  Electrophoretic mobility measurements were 

conducted in NaCl solution and the combined NaCl and CaCl2 solution at pH 8 following 

the same procedures when the ionic strength of the solution is below or equal to 20 mM.  

Measurements at higher ionic strength were conducted at 3 V and 20 Hz frequency to 

minimize the polarization effects.   

5.2.12 Thermogravimetric Analysis (TGA) 

TGA was used to measure the organic content of the IO NPs after APTES 

functionalization and poly(AMPS-co-AA) grafting.  All measurements were conducted 

using a Mettler-Toledo TGA/SDTA851e instrument under air at a heating rate of 20 

°C/min from 25 to 800 °C. The percentage loss of weight was reported as the mass 

fraction of organic coating on the iron oxide. 

5.2.13 Gel Permeation Column Chromatography (GPC) 

GPC was used to measure the molecular weight and polydispersity index of the 

1:1, 3:1, 5:1, 10:1, and 20:1 poly(AMPS-co-AA) (Figure C4).  All measurements were 
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conducted using Viscotek GPC water columns, attached to a Waters 1515 isocratic HPLC 

pump, and a Waters 2414 refractive index (RI) detector and verified with  a PSS 

standard. Poly(AMPS-co-AA) polymers were dissolved in a 3:1 water:acetonitrile 

solution at a polymer concentration of 4 mg/mL, the GPC columns was also purged with 

the 3:1 water:acetonitrile solution prior to injection, and run at a flow rate of 1.0 mL/min. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Characterization and Design Principle of Poly(AMPS-co-AA)  

A series of random copolymers of AMPS and AA with monomer feed ratios of 

1:1 to 20:1 were synthesized by aqueous free radical polymerization and characterized 

using NMR spectroscopy (Figure C5), GPC, and DLS.  As shown in Table 1, the 

molecular weight (MW) and polydispersity index (PDI) of the various poly(AMPS-co-

AA) copolymers were determined using GPC traces, and showed similar values 

regardless of the initial monomer feed ratio. This similarity was unexpected considering 

the wide distribution of MWs from free radical polymerization. Polymer conformation 

was also investigated using DLS by measuring the hydrodynamic size of polymer coils in 

both DI water and API brine (Figure C6 and Table 5.1). Interestingly, despite the wide 

composition variation in these series of copolymers, similar hydrodynamic diameters 

(~10 nm) were obtained in DI water. Furthermore, a similar hydrodynamic diameter (~10 

nm) is also observed in API brine, indicating the absence of aggregation or collapse of 

the poly(AMPS-co-AA) chains. These results are consistent with the weak interactions of 

Ca2+ with AMPS, and suggest the AA level was low enough to prevent collapse from the 

much stronger AA-Ca2+ interactions.   
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5.3.2 Grafting of Poly(AMPS-co-AA) Copolymers onto IO NPs  

The grafting of polymeric stabilizers to colloids is usually performed either using 

the “grafting to” or “grafting from”, techniques.269, 270, 271, 272 Although the “grafting from” 

approach typically provides higher grafting densities than the “grafting to” approach, the 

need to tether initiators to the surface of the NPs, exogenous catalysts, expensive starting 

materials, and the need to provide an inert atmosphere make the “grafting from” approach 

more difficult for industrial,  large-scale production.269 Due to these difficulties, the 

synthesized poly(AMPS-co-AA) random copolymers were covalently attached to the IO 

NPs using the “grafting to” approach, which allowed for the direct attachment of pre-

synthesized poly(AMPS-co-AA) polymers under ambient conditions. In addition to the 

simplistic experimental setup, the polymer MWs and PDIs could be obtained prior to the 

grafting technique.  

Table 5.1:    NMR and GPC data of poly(AMPS-co-AA) with varying monomer feed 
ratios. 

Polymer Structure MW 
(kDa) PDI 

Hydrodynamic 
diameter in DI 

water (nm) 

Hydrodynamic 
diameter in API 

brine (nm) 
Poly(AMPS-

co-AA) 
(1:1) 

 

95 3.00 11.9±2 11.6±2 

Poly(AMPS-
co-AA) 

(3:1) 
124 2.95 10.3±2 9.0±2 

Poly(AMPS-
co-AA) 

(5:1) 
182 2.08 10.2±2 9.4±2 

Poly(AMPS-
co-AA) 
(10:1) 

152 2.76 10.6±2 10.5±2 

Poly(AMPS-
co-AA) 
(20:1) 

133 2.23 10.1±2 10.3±2 
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An illustration of the grafting of the poly(AMPS-co-AA) is shown in Figure 5.1. 

In a typical experiment, the carboxylate anchoring groups on the copolymers were first 

activated using EDC. The amine-functionalized IO NPs were then added so that the 

carboxylate groups on the polymer could react with the amine groups on the IO NP 

surface and form amide bonds.46 After this step, a solution of NaCl was added to the 

mixture. The simplicity of this process enabled a high throughput and rapid screening of 

the different polymeric coatings. 

 

Figure 5.1:   Schematic diagram of grating poly(AMPS-co-AA) to APTES IO via 
multiple amide bond formation 

We note that introducing NaCl after adding the amine-functionalized IO NPs is a 

slight change in procedure from our previous work.36 This step was included because the 

“grafting to” technique is a self-limiting process in that the free polymer chains to be 

grafted must overcome the electrostatic or steric repulsion forces exerted by the existing 

polymer layer on the surface of the NP. Covalent tethering of polymer from solution or 

melt was theoretically predicted to have different kinetic regimes.273, 274, 275, 276 At the 

beginning of the reaction, the free polymer chains quickly graft to solid surfaces because 
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they are only limited by diffusion through the solvent. As more polymers are tethered, the 

accumulated polymers hinder further grafting by exerting steric repulsion. In the case of 

grafting polyelectrolytes to opposite charged surfaces, the accumulated polyelectrolyte 

will lead to charge inversion, as demonstrated by the inversion of zeta potential from +30 

mV to -35-45 mV (Table 5.2), and the electrostatic repulsion between like-charged 

polymer chains will further impede covalent tethering. The covalent grafting procedure 

was therefore conducted in the presence of NaCl after charge inversion to facilitate 

further grafting by screening charges. This technique of using electrolytes to increase the 

amount of polyelectrolytes attached on oppositely charged surfaces is well studied.277, 278  

Table 5.2:     Summary of the colloidal properties displayed by amine-functionalized IO 
NPs and poly(AMPS-co-AA) grafted IO NPs 

Type of IO NPs Hydrodynamic size 
(nm)12 

Zeta potential 
(mV)13 

Organic content 
by TGA(%)14 

Amine-functionalized  IO 
NPs 53±11% +30 8±2 

Poly(AMPS-co-AA) (1:1) 
grafted IO 216±12% -45 13.7±2 

Poly(AMPS-co-AA) (3:1) 
grafted IO 

150±6% 
 -37 15.1±2 

 
Poly(AMPS-co-AA) (5:1) 

grafted IO 140±9% -32 14.8±2 

Poly(AMPS-co-AA) 
(10:1) grafted IO 121±7% -38 13.9±2 

 
Poly(AMPS-co-AA) 

(20:1) grafted IO 103±10% -35 15.2±2 
 

Poly(AMPS-co-AA) 
(20:1) grafted IO-after 

desorption test 
107±8% -34 13.7±2 

                                                
12 DLS auto-correlation function of amine-functionalized IO NPs and poly(AMPS-co-AA) grafted IO NPs 
was collected in DI water and API brine at room temperature, respectively. 
13 Zeta potentials were collected in 10 mM KCl at pH 6 and room temperature. 
14 TGA data were collected in nitrogen atmosphere to avoid possible oxidation of magnetite at elevated 
temperature and organic content values were taken at 500 oC 
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5.3.3 Electrosteric Stabilization of Poly(AMPS-co-AA) Grafted IO NPs  

The successful grafting of the poly(AMPS-co-AA) was demonstrated using both 

zeta potential and TGA (Table 5.2). Both an inversion of zeta potential from positive 

(surface amine groups) to negative (negative charged polyelectrolyte) and an increase of 

organic content from 8% to ca. 15% is evident in all the poly(AMPS-co-AA) cases 

(Table 5.2 and Figure C7). However, it is possible that during this “grafting to” process 

that the negatively charged polymer chains may also adsorb to positively charged amine-

functionalized IO NPs via electrostatic attraction. This proved problematic because the 

polymeric stabilizer would be subject to desorption under harsh conditions such as high 

salinity, infinite dilution, and the large surface area of rocks, which are typically 

encountered in subsurface hydrocarbon reservoirs. To confirm the successful grafting of 

poly(AMPS-co-AA) to the IO NP surface, the 20:1 monomer feed ratio poly(AMPS-co-

AA) was subjected to a 40,000 fold dilution test (final concentration = 0.01% IO) in 1 M 

NaCl followed by TGA analysis.264 As seen in Figure 5.2 and Table 5.2, the total organic 

content for both the before and after the desorption test cases, remained similar, 

indicating negligible loss of the poly(AMPS-co-AA). The 1 M NaCl solution was used 

intentionally to screen electrostatic forces and drive desorption of physisorbed polymer 

chains. Therefore, negligible losses in polymeric content could also be expected under 

most reservoir conditions. In addition to the TGA analyses, the hydrodynamic size of the 

poly(AMPS-co-AA) (20:1) grafted IO NP in API brine and zeta potential were well-

maintained, further indicating robust permanent attachment of polymer chains (Table 

5.2). Combined with similar studies from our previously reported poly(AMPS-co-AA) 

(3:1) grafted IO NPs, these data indicatethat poly(AMPS-co-AA) with AMPS:AA ratios 

from 1:1 to 20:1 can be successfully grafted to platform amine-functionalized IO NPs 

using the same “grafting to” approach. 
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Figure 5.2:   TGA data for poly(AMPS-co-AA) (20:1) grafted IO NPs before and after 
desorption test (40,000 fold dilution test in 1 M NaCl solution).  

After the grafting of the poly(AMPS-co-AA) to the surface of the IO NPs the 

hydrodynamic diameter of the IO NPs increased from approximately 50 nm to greater 

than  100 nm (Table 5.2 and Figure 5.3). This increase is much larger than the added 

hydrodynamic size of the polymer coil, ruling out the possibility that the increase in 

hydrodynamic diameter is solely based on the polymer coating. Furthermore, as the ratio 

of AA anchoring groups decreased from 1:1 to 20:1 in the poly(AMPS-co-AA) 

copolymers, the hydrodynamic size of the IO nanoclusters decreased from 216 nm to 103 

nm (Table 5.2 and Figure 5.3). Considering the multiple carboxylate anchoring groups in 

each polymer chain and the relatively high MWs of the polymers (ca. 100 kDa), it is 

likely that the increase in hydrodynamic size after grafting is due in part to the bridging 

of multiple amine-functionalized IO NPs with the carboxylates on the poly (AMPS-co-

AA).261 Presumably, as the number of carboxylate groups decreases, the ability of 

polymer chains to bridge IO NPs and form larger clusters also decreases accordingly, 

thereby decreasing the cluster size (Table 5.2 and Figure 5.3). Furthermore, the weaker 
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electrosteric stabilization with a decrease in the AMPS to AA ratio may allow more 

aggregation of the particles due to VDW forces during grafting. 

 

 

Figure 5.3:   Volume-weighted hydrodynamic size distribution of poly (AMPS-co-AA) 
1:1, 3:1, 5:1, 10:1 and 20:1 grafted IO NPs in API brine at pH 8 and room 
temperature, respectively. 

The stability of the IO NPs with all of the various grafted copolymers suggests 

that the polymer chains remain well-solvated, consistent with the solubility data for the 

pure polymer, and provide electrosteric stabilization. As previously discussed, the total 

potential is given by the sum of van der Waals (VDW attraction), electrical double layer 

(EDL) interactions, and electrosteric stabilization produced by the grafted polymer. At 

low salinities where the extended electric double layer exerts a long-range repulsion 

force, small ligands such as citrate279 or surfactant bilayers280 are widely used to provide 

electrostatic stabilization over a certain pH range. However, at high salinities (≥1 M ionic 

strength) the Debye length decreases to 0.3 nm, and the electrostatic repulsion becomes 

insufficient to overcome the attraction forces. For this reason, the polymeric stabilizers 
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were required to provide electrosteric stabilization via a local osmotic pressure and 

entropic elastic repulsion force.36 The strength of steric stabilization, which depends on 

the size of the particles, volume fraction of polymer, the thickness of the polymer layer, 

and the Flory-Huggins parameter of the polymer-solvent system, which is a measure of 

the relative strength of segment-segment, segment-solvent interaction, determines the 

conformation of the polymer chain in the solvent.65   

5.3.4 Electrophoretic Mobility of Poly(AMPS-co-AA) Grafted IO NPs  

The conformation of charged polyelectrolytes on the surface plays an important 

role in colloidal stability.  Therefore, polymer conformation and charge were investigated 

via electrophoretic mobility studies using the poly(AMPS-co-AA) (5:1) grafted IO NPs 

in a series of NaCl and CaCl2 solutions (fixed molar ratio = 7.6, same as in API brine) of 

varying ionic strengths (Figure 5.4). A highly negative electrophoretic mobility of -3.55 × 

10-8 m2/(V s) was observed in DI water (0.03 mM), indicating a large number of negative 

charges on the polyelectrolyte. As the ionic strength was increased to 10 mM, the 

mobility decreased to -1.82 × 10-8 m2/(V s). Further increase of ionic strength up to 500 

mM yielded a relatively constant electrophoretic mobility of -1.34 × 10-8 m2/(V s).  

Electrophoretic mobility at higher ionic strength (ionic strength of API brine = 2.04 M) 

cannot be measured due to large uncertainty of the measurement at extreme salinities.65, 77 

The reduction of electrophoretic mobility values with an increase in ionic strength 

indicates screening, but the mobility reached a plateau value. Even at ionic strengths up 

to 0.5 M, the poly(AMPS-co-AA) grafted IO NPs still retain a substantial amount of 

negative charge, which is beneficial for providing electrosteric stabilization.65, 77, 106, 262 
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Figure 5.4:   Electrophoretic mobility of poly(AMPS-co-AA) (5:1) grafted IO NPs in 
combined Na+ and Ca2+ solutions (molar ratio of Na+/Ca2+ = 7.6, same as in 
API brine) at pH 8. 

To differentiate between the effects of Ca2+ vs. Na+ ions on polyelectrolyte 

conformation, electrophoretic mobility studies of poly(AMPS-co-AA) (3:1) and (5:1) 

grafted IO NPs were performed using either a 1 mM or 10 mM solution of only NaCl or a 

combined NaCl and CaCl2 solution at the same ratio of 7.6 as in Figure 5.3 (Table 5.3). 

The presence of divalent Ca2+ ions was found to decrease the electrophoretic mobility 

significantly at both 1 mM and 10 mM total ionic strength (Table 5.3). The observed 

effect of divalent cations is consistent with previous studies on the binding of Na+ and 

Ca2+ on PAA and PAMPS homopolymers, respectively.70, 73, 208, 260 The thermodynamics of 

strong binding of Ca2+
 onto sodium polyacrylate (Na-PA) is primarily due to entropic 

effects originating from the liberation of hydrated water molecules instead of direct 

electrostatic attraction, as previously investigated with isothermal titration calorimetry 

studies.208 The resulting product, Ca-PA, is hydrophobic and will eventually precipitate 

from water.260 Previous studies using AFM, light scattering and Small Angle Neutron 

Scattering (SANS) indicate that the addition of stoichiometric amounts of Ca2+ to dilute 
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solutions of Na-PA in 10 mM NaCl induces a coil collapse of the extended 

polyelectrolyte chains.70 In contrast, PAMPS was reported to resist Ca2+ complex 

formation based on 23Na NMR measurements.73 Furthermore, because of the amide 

spacer between the sulfonate anion and polymer backbone, the sulfonate group gains 

more mobility and conformational freedom, reducing charge density along the chain and 

providing higher stability in divalent salts solutions.260 Considering the multiple PAA 

anchoring groups on each polymer chain, it is reasonable to conclude that the unreacted 

carboxylate groups on the IO NP surface complexes strongly with Ca2+, resulting in the 

observed reduction of electrophoretic mobility in combined NaCl and CaCl2 solutions. 

Table 5.3:     Electrophoretic mobility of poly(AMPS-co-AA) grafted IO NPs at various 
ionic strength and type of salts at pH 8 

Polymer coating Medium 1 mM 10 mM 
Poly(AMPS-co-

AA) (3:1) 
NaCl -3.38±0.05 -3.14±0.07 

NaCl&CaCl2 -2.26±0.04 -1.98±0.07 
Poly(AMPS-co-

AA) (5:1) 
NaCl -3.09±0.07 -2.62±0.27 

NaCl&CaCl2 -2.24±0.05 -1.82±0.14 

Since unreacted carboxylate groups on the IO NP surface complexes strongly 

with Ca2+, we designed our poly(AMPS-co-AA) coatings to have a lower AA fraction 

than both commercially available poly(AMPS-co-AA) and our previous studies.106, 262, 264 

However, the ionic strength still has a large effect on the mobility of the copolymer 

coatings. Generally, at low salinities, the conformation of polymeric brush is determined 

by the osmotic pressure, excluded volume interaction, and long-range electrostatic 

interaction, which is analogous to pure polyelectrolytes.210, 211 The mobile counter ions in 

highly charged polyelectrolyte layer will swell the brush by their osmotic pressure.  

When the salinities in solution exceed the concentration of counter ions in the polymer 

brush, the “salted brush regime” is observed.57 The scaling laws of brush thickness in this 
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regime are similar to those of uncharged polymeric brushes.281 The contraction of brush 

thickness upon adding electrolytes was observed with DLS in various systems, including 

polymethacrylic acid grafted polystyrene-poly(butyl acrylate) NPs,65 and PAA grafted 

polystyrene particle.282 As shown in Figure 5.4, the electrophoretic mobility for 

poly(AMPS-co-AA) (5:1) and (3:1)264 grafted IO NPs was still negative even at high 

ionic strength of 0.5 M in combined Na+ and Ca2+ electrolytes, comparable to the 

motilities of PMAA grafted latex NPs in 0.5 M Na+ only brine.65 Despite the presence of 

divalent ions, the high fraction of AMPS, which binds to Ca2+ weakly, helped to maintain 

significant amount of negative charge, and thus negative electrophoretic mobility even at 

extremely high salinity.  

5.3.5 Interfacial Activity of Poly(AMPS-co-AA) Grafted IO NPs   

In addition to polymer conformation, the phase behavior and the activity of the 

poly(AMPS-co-AA) grafted IO NPs at the oil-water interface can provide valuable 

information about the colloidal interactions between the NPs and various 

surfaces/interfaces. In order to study this behavior, emulsions of aqueous dispersions of 

poly(AMPS-co-AA) grafted IO in DI water and dodecane were prepared using a 1:1 

volume ratio. As seen in Figure 5.5, after homogenization, the droplets break up within 

several minutes due to rapid creaming and coalescence. Similarly, after 24 h the 

poly(AMPS-co-AA) coated IO NPs remained in the aqueous phase, demonstrating the 

highly hydrophilic nature of poly(AMPS-co-AA) grafted IO NPs. However, when 

aqueous brine (API brine) dispersions of these IO NPs were homogenized with dodecane 

under the same conditions, oil in water (o/w) emulsions were formed with a droplet size 

of approximately 200 µm after left undisturbed for 24 h at room temperature (Figure C8). 

As the AMPS to AA ratio the light brown color increased in the lower excess aqueous 
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brine phase indicating greater partitioning into this phase, consistent with the weaker 

interactions of AMPS with Ca2+ relative to AA. 

 

Figure 5.5:   Emulsions of poly(AMPS-co-AA) grafted IO NPs in DI water and dodecane 
(top), and API brine and dodecane (bottom) with 1:1 volume ratio and after 
24 hrs at room temperature. 

It is well-known that nanoparticles can be irreversibly adsorbed at liquid 

interfaces and stabilizes emulsions of oil and water, or foams of air and water.283, 284 The 

formation and stabilization of the so-called “Pickering emulsions” depend crucially on 

the hydrophobicity of the particles at interfaces. Silica nanoparticles with tuned 

hydrophobicity by controlling the coverage of surface silanol groups were shown to 

stabilize air/water foams,103 CO2/water foams241, 285 and oil/water emulsions.286 For 

relatively hydrophilic silica nanoparticles, only aqueous dispersions were formed.  

Considering the highly charged polymer coating in DI water as demonstrated by the -3.55 

× 10-8 m2/(V s) electrophoretic mobility (Figure 5.4 and Table 5.3) and highly hydrophilic 

nature of AMPS, it may be expected that the IO NPs favor water with limited interfacial 

activity. As these IO NPs become less charged and less hydrophilic in API brine (Figure 
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5.4 and Table 5.3), they become more interfacial active upon increasing salinity, as seen 

in other systems.287 

Table 5.4:     Adsorption of poly(AMPS-co-AA) grafted IO NPs on 8µm silica 
microspheres in API brine at pH 8 at different IO concentrations.15 

Polymer coating 
Initial IO 

conc. 
(mg/ml) 

% IO 
adsorbed 

Equilibrium 
IO conc. 
(mg/ml) 

Specific 
adsorption 

(mg-IO/m2)16 

% 
monolayer 

Poly(AMPS-co-
AA) (1:1) 

0.5 72.6 0.136 1.25±0.06 0.22 
1 55.6 0.444 1.91±0.13 0.34 
2 41.1 1.18 2.82±0.17 0.50 

Poly(AMPS-co-
AA) (3:1) 

0.03 50.6 0.015 0.05±0.001 0.013 
0.1 27.6 0.07 0.09±0.002 0.024 
1 7.1 0.93 0.24±0.013 0.063 

Poly(AMPS-co-
AA) (10:1) 

0.03 45.8 0.016 0.05±0.001 0.015 
0.1 16.2 0.08 0.06±0.002 0.018 
1 5.77 0.94 0.20±0.013 0.063 

Poly(AMPS-co-
AA) (20:1) 

0.1 20.1 0.08 0.07±0.04 0.026 
0.5 10.1 0.45 0.17±0.11 0.065 

5.3.6 Adsorption of Poly(AMPS-co-AA) Grafted IO NPs on Silica  

The batch adsorption technique allowed for rapid, high throughput measurement 

of equilibrium NP adsorption.  The batch adsorption of IO NPs on 8 um clean silica 

microspheres (specific surface area of 0.5825 m2/g as measured by BET method via N2 

adsorption) in API brine was visually observed and quantified based on the concentration 

difference of IO NP dispersions before and after adsorption equilibrium using UV-vis 

spectroscopy (Table 5.4). As reported in our previous study,264 adsorption of these IO 

NPs follows Langmuir adsorption isotherm behavior. As the composition ratio of 

poly(AMPS-co-AA) copolymer coating increases from 1:1 to 3:1, both the specific 

adsorption and percent monolayer coverage decreased dramatically by one order of 

                                                
15 Specific surface area of silica adsorbent was determined to be 0.583 m2/g by BET. 
16 Uncertainty of the specific adsorption is based on error propagation analysis. 
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magnitude, reflecting the increase in the AMPS stabilizer group (Table 5.4). A further 

enhancement of the AMPS:AA ratio up to (20:1) did not result in further lowering of 

adsorption relative to the 3:1 ratio. To our knowledge, there are few reports of such low 

adsorption values of IO NPs in dispersions consisting of both high ionic strengths (2.04 

M) and divalent ion concentration (180 mM Ca2+).77 The low adsorption of poly(AMPS-

co-AA) grafted IO NPs is likely due to the negatively charged, extended, and well-

solvated polymer chains on the NP surface which provide sufficient electrosteric 

repulsion to overcome the attractive forces between IO NPs and silica microspheres.264  

It remains unknown why the copolymers with the highest AMPS fractions did not 

reduce the adsorption relative to the 3:1 sample. Mechanistically, the adsorption of 

poly(AMPS-co-AA) grafted IO NPs in high salinity API brine is due to: (i) screening of 

surface charge thus reducing electrostatic repulsion, (ii) promoting hydrophobicity of 

poly(AMPS-co-AA) grafted IO NPs and silica adsorbent, as suggested by the 

aforementioned increase in interfacial activity of IO NPs in API brine(Figure 5.5), and 

previously reported contact angle measurements288, 289 and emulsion studies287, 290 on silica 

particles, and (iii) the presence of Ca2+ ions may bridge the negative charged polymer 

coatings of IO NPs and silica anions by electrostatic attraction or complex formation.  

The additional non-DLVO forces such as hydrophobic interaction and the Ca2+ bridging 

may play important roles in contributing to the adsorption of the poly(AMPS-co-AA) 

grafted IO NPs to the silica microspheres in API brine.262, 291 Similarly, the effect of Ca2+ 

on increased adsorption of partially hydrolysed polyacrylamide (HPAM) on siliceous 

mineral surfaces has been documented292 and was attributed to (i) screening of 

electrostatic repulsion, (ii) specific binding to polymer in solution decreasing the polymer 

charge and its affinity to solvent, and (iii) fixation of Ca2+ on the mineral surface serving 

as a bridge between the dissociated silanols and polymer. Additional studies are 
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warranted to differentiate between the above mechanisms, in order to further reduce IO 

NP adsorption. 

5.3.7 Transport of Poly(AMPS-co-AA) Grafted IO NPs through Porous Media   

To directly measure the mobility of IO NPs in the presence of API brine, a series 

of column experiments were performed.  Effluent breakthrough curves (BTCs) obtained 

for both poly(AMPS-co-AA) (1:1) and (3:1) grafted IO NPs in API brine saturated 40-50 

mesh Ottawa sand columns are shown in Figure 5.6. A pulse (ca. 3.3 PV) of IO NPs at 

ca. 0.1% feed concentration (1,000 mg/L) was introduced, followed by continuous 

injection of API brine until the effluent IO-NP concentration reached non-detect levels. 

The initial breakthrough of both types of IO NPs was observed at ca. 1 PV, followed by a 

steep increase in the applied concentration (i.e., C/Co = 1.0).  After ca. 3.3 PV, the 

effluent concentration decreased sharply, which corresponds to the injection of IO NP-

free API brine. .  Effluent recoveries were 96.0% for poly(AMPS-co-AA) (3:1) grafted 

IO NPs and 91.3% for poly(AMPS-co-AA) (1:1) grafted IO NPs. To best of our 

knowledge, this represents the first example of IO NPs with such remarkable mobility in 

high salinity API brine-saturated porous media. Furthermore, upon increasing the AMPS 

to AA ratio, the specific adsorption of IO-NPs decreased from 5.09 mg/m2 for (1:1) to 

2.26 mg/m2 for (3:1). Such reduction of retention capacity directly correlates with the 

aforementioned static batch adsorption data.  In general, the adsorptioin of stable 

nanoparticles in porous media is largely controlled by particle-solid interactions, 

including Van der Waals (VDW) attraction, and electrosteric repulsion forces.293 An 

increase in AMPS to AA ratio leads to enhanced electrosteric repulsion forces, and thus 

reduced IO NP retention.  The more complex hydrodynamic flow and particle filtration 

processes may have contributed to the higher NP specific adsorption observed in column 
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experiments compared to static batch adsorption tests.  Nevertheless, the relative trends 

noted from the batch results were consistent with the extent of IO-NP mobility (and 

retention) observed in the dynamic column tests.  

 

 

Figure 5.6:   Effect of poly(AMPS-co-AA) monomer ratio (1:1 vs. 3:1) on the mobility of 
polymer grafted IO NPs in API brine saturated columns packed with 40-50 
mesh Ottawa sand. Flow experiments were conducted at IO NPs input 
concentration of ca. 1,000 mg/L at room temperature and pH 7 with a 
superficial velocity of 2.9 m/day. 

To explore the influence of electrolyte composition, additional column studies 

were conducted with  poly(AMPS-co-AA) (3:1) grafted IO NPs, for either 2.04 M NaCl 

or 0.68 M CaCl2 (the same total ionic strength as in API brine) as  shown in Figure 5.7.  

A pulse injection (ca. 2.9 PV) of IO NPs at ca. 0.006% input concentration was injected 

in both cases. An extremely low IO NP concentration was utilized to achieve a more 

sensitive probe of particle attachment on adsorption sites on the Ottawa sand. For NaCl, 

poly(AMPS-co-AA) (3:1) grafted IO NPs appeared in effluent at ~ 1.2 PV, and the 

relative concentration increased gradually to a maximum value of 0.85 at 3.5 PV.  

Following reintroduction of IONP-free background electrolyte solution, the concentration 
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of poly(AMPS-co-AA) (3:1) grafted IO NPs rapidly decreased to below the detection 

limit (4.0 PV). Based on the area under the breakthrough curve, approximately 49% of 

the delivered IO NPs mass was retained within the column. In contrast, when CaCl2 was 

used as the	  electrolyte, the time required for IO NPs breakthrough increased to 1.6 PV, 

and the relative effluent concentrations increased gradually to a maximum value of 

approximately 0.75, with 69% of the injected IO NPs mass retained in the column. Thus, 

for identical nanoparticle loading conditions, the presence of CaCl2 increased IO NPs 

retention in 40-50 mesh Ottawa sand by 40% compared to NaCl at the same ionic 

strength.  Additionally, the corresponding IO NP retention on the Ottawa sand (SSA = 

0.0125 m2/g) was 1.4 mg/m2 in 2.04 M NaCl, and increased to 2.2 mg/m2 in 0.68 M 

CaCl2.  

 

Figure 5.7:   Effect of background electrolyte (2.04 M NaCl or 0.68 M CaCl2 at the same 
ionic strength as API brine, 2.04M) on the mobility of poly(AMPS-co-AA) 
(3:1) grafted IO NPs in columns packed with 40-50 mesh Ottawa sand. Flow 
experiments were conducted with an IO NPs input concentration of ca. 57 
mg/L at room temperature and pH 7, and a superficial velocity of 5.2 m/day. 

In these two column experiments the interaction energies calculated from van der 

Waals and repulsive interactions were similar due to the fact that: (i) the suspensions 
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were at the identical ionic strength (2.04 M), (ii) there was no observable effect of 

electrolyte species on the IO NPs particle size (163.5 ± 2.0 nm for NaCl and 166.3 ± 1.9 

nm for CaCl2), and (iii) the electrostatic forces were highly screened for both electrolyte 

species.  Thus, specific Ca2+ interactions, especially Ca2+ bridging of the anionic NPs, and 

in particular between the AA groups and anionic surface, resulted in increased IO NP  the 

retention, as seen in previous studies.294, 295, 296  In addition, these specific interactions are 

consistent with the electrophoretic mobility measurements shown in Table 5.3.  

5.4 CONCLUSIONS 

A series of poly(AMPS-co-AA) polymers with varying AMPS:AA ratios ranging 

from 1:1 to 20:1, were successfully “grafted to” amine-functionalized IO NPs. Permanent 

grafting was confirmed by a polymer desorption test that indicated a similar organic 

content before and after the polymer desorption. Interestingly, all of the poly(AMPS-co-

AA) grafted IO NPs in this series form stable dispersions in API brine, which was a result 

of a sufficient number of anchor and stabilizer groups. A high fraction of stabilizer 

AMPS (3:1 or greater) ensured colloidal stability in high salinity brine, while even a 

relatively small number of AA anchoring groups (ratio up to 20:1) was sufficient for 

permanent grafting of polymer chains to the IO NP surface.  The colloidal stability in API 

brine may reflect the ability of these particles to withstand harsh reservoir conditions.  

Similarly, the DLS data indicated that bridging of multiple IO NP cores was minimized 

by decreasing the fraction of AA anchoring group on the poly(AMPS-co-AA).  Based on 

DLS and electrophoretic mobility tests, it was determined that the poly(AMPS-co-AA) 

grafted IO NPs remained negatively charged and extended in API brine, leading to 

colloidal stability and low adsorption on silica, which facilitated high IO NP mobility 

through API brine saturated Ottawa sand columns.  Although a substantial decrease in 
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retention and lower specific adsorption was seen varying the AMPS to AA ratio from 1:1 

to 3:1, a further increase of AMPS fraction did not reduce specific adsorption. High 

concentration of Ca2+ ions in API brine that bridge anions on the IO NPs to the anionic 

silica surface and the increased hydrophobicity of poly(AMPS-co-AA) grafted IO NPs in 

high salinity API brine may have contributed to this plateau adsorption phenomenon with 

AMPS to AA ratio. Additional studies of the uniformity of the polymer coating and 

detailed polymer conformation on the surface are warranted to further understand the 

particle adsorption phenomena and mobility in porous media.  
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Chapter 6: Iron Oxide Nanoparticles Grafted with Sulfonated and 
Zwitterionic Polymers: High Stability and Low Adsorption in Extreme 

Aqueous Environments17  

A facile “grafting through” approach was developed to tether tunable quantities of 

poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS) as well as zwitterionic 

poly([3-(methacryloylamino)propyl]dimethyl(3-sulfopropyl)ammonium hydroxide) 

(PMPDSA) homopolymer onto iron oxide (IO) nanoparticles (NPs). In this case, 

homopolymers may be grafted, unlike “grafting to” approaches which often require 

copolymers containing anchor groups. The polymer coating provided steric stabilization 

of the NP dispersions at high salinities and elevated temperature (90 °C), and almost 

completely prevented adsorption of the NPs on silica microparticles and crushed Berea 

Sandstone. The adsorption of PAMPS IO NPs decreased with the polymer loading, 

whereby the magnitude of the particle-surface electrosteric repulsion increased. The 

zwitterionic PMPDSA IO NPs displayed one order of magnitude less adsorption onto 

crushed Berea Sandstone relative to the anionic PAMPS IO NPs. The ability to design 

homopolymer coatings on nanoparticle surfaces by the “grafting through” technique is of 

broad interest for designing stable dispersions and modulating the interactions between 

nanoparticles and solid surfaces. 

6.1. INTRODUCTION 

Recent efforts have been directed toward the development of superparamagnetic 

iron oxide (IO) nanoparticles (NPs) that are stable in American Petroleum Institute (API) 
                                                
17 Based on Foster, E., Xue, Z., Roach, C.M., Larsen, E.S., Bielawski, C.W., Johnston, K.P., “Iron oxide 
nanoparticles grafted with sulfonated and zwitterionic polymers: high stability and low adsorption in 
extreme aqueous environments,” ACS Macro Letters, 3, 867-871, 2014. Z.X. and E.F. contributed equally 
to this study and the development of “grafting through” chemistry. Z.X. further improved the sensitivity of 
the static adsorption technique. E.F. contributed to the sample preparations and the drafting of the 
manuscript. 
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brine (8% NaCl + 2% CaCl2, anhydrous basis) for subsurface oil field applications.106, 107, 

262, 264 Building on the established utility of superparamagnetic IO NPs as contrast agents 

in biomedical MRI imaging,297, 298 similar materials may find uses in subsurface 

applications including electromagnetic hydraulic fracture diagnostics, well logging, and 

cross-well electromagnetic tomography. For various imaging applications, the NPs must 

remain stable against aggregation and transport through the reservoir rock without 

significant retention. Although a large number of NPs stabilizers have been developed for 

such purposes, the extreme environments found in oil reservoirs, including high salinities 

(>1 M), the presence of divalent salts (Ca2+ and Mg2+), and high temperature (90 °C - 150 

°C), often lead to NP aggregation and adsorption on mineral surfaces, and ultimately 

hinders transport.  

To date, our research efforts have focused on stabilizing IO NPs by grafting or 

adsorbing statistical copolymers of 2-acrylamido-2-methylpropane sulfonic acid (AMPS) 

and acrylic acid (AA), which serve as stabilizer and anchoring groups, respectively. In 

the AMPS-based stabilizers, the highly acidic sulfonate groups exhibit low Ca2+ binding 

affinities while the hydrophilic amide groups facilitate hydration; thus, the corresponding 

homopolymer (i.e. PAMPS) remains soluble even at high salinities and temperatures.71, 

106, 299 The addition of AA to the aforementioned homopolymer allows for covalent 

grating of the polymer to IO functionalized with surface amine groups. The amine groups 

were formed with aminopropyltriethoxysilane (APTES) and the formation of amide 

bonds between amines and AA groups was catalyzed with 1-ethyl-3-(-3-

dimethylaminopropyl) carbodiimide (EDC) hydrochloride. Using this method, the amine 

coated IO NPs were permanently linked to AA groups on the copolymer. A rapid batch 

technique developed recently1 was used to determine the equilibrium adsorption of the 



 140 

aforementioned NPs on silica microspheres, as well as crushed Berea sandstone 

microparticles.107   

In parallel, we and others have been exploring the utility of another class of 

polymers stable to high salinities and elevated temperatures in oil field applications: the 

zwitterionic sulfobetaine polymers ([3-(methacryloylamino)propyl]dimethyl(3-

sulfopropyl)ammonium hydroxide (MPDSA)). To date, several types of zwitterionic 

polymers, such as phosphobetaine,300 sulfobetaine,301, 302 and carboxybetaine,303, 304 have 

been investigated for applications as biosensors,305, 306, 307 enzyme immobilization,308 soft 

contact lenses,309, 310 drug release,311, 312 and nonfouling materials.313, 314, 315 When grafted 

onto NPs, it is expected that the stable and extended zwitterionic polymer will provide 

robust colloidal stability of the corresponding NPs. However, despite this potential, 

studies that evaluate their ability to stabilize IO NPs have yet to be performed. 

6.2. RESULTS AND DISCUSSION 

Typically polymer-functionalized NPs are prepared using a "grafting from" 

method, where initiators are tethered to the surface of the NPs, and catalysts are used to 

grow polymer. Unfortunately, because numerous steps and expensive reagents are often 

required, the approach is not commonly used in industrial-scale processes.316 To 

overcome these challenges, we developed a facile "grafting through" technique to graft 

PAMPS or PMPDSA to IO NPs. The "grafting through" technique works by first 

functionalizing the surface of the NP with polymerizable moieties i.e. vinyl groups 

(Figure 6.1), followed by aqueous free radical polymerization of monomers in the 

presence of the vinyl coated NP. During this process, the propagating polymer grafts 

through the vinyl groups tethered to the NP.317, 318, 319 Moreover, the approach allows the 

amount of polymer grafted to the IO NPs to be effectively tuned via controlling the 
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concentration of feed monomers i.e. 0.48 M, 0.97 M, 1.5 M, and 1.9 M (PAMPS1, 

PAMPS2, PAMPS3, PAMPS4 IO NPs, respectively), while maintaining the IO NPs and 

initiator concentrations. Finally, these polymer-grafted IO NPs were found to display 

robust colloidal stabilities in API brine at 90 °C for over 1 week and low adsorption on 

silica and crushed Berea sandstone.   

6.2.1. Grafting of Acrylic Acid to Amine-Functionalized IO NP (APTES IO NP) and 
"Grafting Through" of AMPS Monomer   

Silane coupling agent APTES was used to introduce amine groups to bare iron 

oxide NPs (Figure C9). The synthesis of the amine-functionalized IO NPs (APTES IO 

NPs) was prepared according to previous reports and characterized using ATR-IR 

spectroscopy, thermogravimetric analysis (TGA) (Figure 6.2b), and dynamic light 

scattering (DLS) (Figure 6.2). After synthesis of the APTES IO NPs, acrylic acid (AA) 

was grafted to the amines via an EDC/Sulfo-NHS facilitated amidation reaction, as 

summarized in Scheme 1. From the ATR-IR data, it was evident when comparing the 

APTES IO NPs to the AA IO NPs, a new signal at 1714 cm-1 was observed. This peak 

suggested that a grafted amide bond was successfully formed. In addition, the 

hydrodynamic diameter (DH) (pH 5 in deionized (DI) water) of APTES IO NP increased 

from ~85 ± 8 nm to ~140 ± 17 nm for AA IO NPs, under otherwise identical conditions.   

The AMPS monomer at various concentrations was then grafted to the IO NPs via 

aqueous free radical polymerization to prepare the PAMP IO NPs. As shown in Figure 

6.1a, the signals at 1656 cm−1 and 1560 cm−1, which were attributed to the –C=O and –N–

H groups of the PAMPS IO NPs, increased in intensity when compared to AA IO NPs, 

indicating successful preparation of PAMPS grafted nanoparticles (PAMPS1-4 IO NPs).320, 

321 
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In parallel, the PAMPS content of the PAMPS IO NPs was investigated by TGA. 

As shown in Figure 6.1b, the respective PAMPS weight fractions for the PAMPS IO NPs 

prepared at various concentrations were measured to be 17 %, 29 %, 35 %, 40 % at 600 

°C for the PAMPS1, PAMPS2, PAMPS3, PAMPS4 (PAMPS1-4) IO NPs, respectively, and 

the magnitude of the ζ potentials increased monotonically: -35 ± 3, -45 ± 4, -60 ± 2, and -

67± 3 mV (at pH 8). Thus, the "grafting through" technique provided excellent control of 

the grafting amount and surface charge. 

 

Figure 6.1:   Synthesis of PAMPS or PMPDSA via the "grafting through" technique. 

In addition, DH shows that despite the monomer feed ratios, the PAMPS1-3 IO NPs 

of similar sizes are obtained. It should be noted, however, that DH increased from ~140 ± 

17 nm for the AA IO NPs to ~200 nm for PAMPS1-3 IO NPs and ~243 ± 19 nm in the 

case of PAMPS4 IO NPs. Presumably, the grafting process led to aggregation of clusters 

since multiple vinyl functionalized NPs (AA IOs or MA IOs) may be bridged by growing 

polymer chains during polymerization. Regardless of the increase in DH, the PAMPS1-4 

IO NPs formed stable colloidal dispersions in API brine at room temperature as well as 
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90 °C. The stability was studied by measuring the DH in API brine at 90 °C for one week 

which remained at a constant size for the entire series studied (Figure C10). Solid 

precipitate was not observed. Collectively, these data demonstrate that the PAMPS1-4 IO 

NPs remain electrosterically stabilized under extreme salinities and temperatures. 

 

Figure 6.2:   (a) ATR-IR spectra of APTES IO NPs, AA IO NPs, and the PAMPS4 IO 
NPs. (b) TGA spectra of various stages of IO NP functionalization. (c) 
Volume-weighted DH distribution of APTES IO NPs in DI water, and 
PAMPS grafted IO NPs in API brine at pH 8. (Note: the legend shown in 
Figure 6.1b corresponds to the same materials described in Figure 6.1c.) 

6.2.2. Static Batch Adsorption of PAMPS1-4 IO NPs 

A series of equilibrium batch adsorption tests of the IO NPs was performed on 

silica microspheres as well as crushed Berea Sandstone at various feed IO concentrations. 

The results were observed visually (Figure 6.3a-d) and quantified via material balance 

(Tables 6.1 and 6.2). It is clearly seen based on the color of the supernatant that fewer IO 

NPs were adsorbed to the silica microspheres and crushed Berea Sandstone in the case of 

the PAMPS4 IO NPs when compared to the PAMPS1 IO NPs at all three initial 

concentrations. Despite the high ionic strength and potential for Ca2+ bridging of the 

anionic carboxylate/sulfonate groups to the anionic silica sites, the adsorption levels were 

remarkably low.  
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Figure 6.3:   Photographs of (a) PAMPS4 IO NPs on silica microsphere and (b) crushed 
Berea Sandstone. (c) PAMPS1 IO NPs on silica microsphere and (d) crushed 
Berea Sandstone in API brine at IO concentrations from 0.003 to 0.1 % w/v. 
Each vial contains 10 mL of IO dispersion at pH 8 and 1 g silica 
microspheres or 200 mg crushed Berea Sandstone and was equilibrated for 
16−20 h. 

As the PAMPS loading on the IO NPs increased (from PAMPS1-3 IO NPs), the 

specific adsorption decreased by one order of magnitude (Table 6.1). However, a further 

increase in loading (PAMPS3-4 IO NPs) did not decrease the specific adsorption. The 

specific adsorption in API brine of the PAMPS4 IO NPs (initial concentration of 0.1%) 

was 0.02 ± 0.02 mg/m2
, which corresponds to low monolayer coverage of 0.004%. The 

low adsorption for PAMPS3-4 IO NPs suggested to us that the polymer remains solvated 

so that extended chains on the surface provide sufficient steric repulsion with the anionic 

silica.167  
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Table 6.1:     Adsorption of PAMPS1-4 IO NPs on 8 µm silica microspheres in API brine 
at pH 8 at different IO concentrations.18 

Polymer coating Initial IO 
conc. (% 

w/v) 

% IO 
adsorbed 

Equilibrium 
IO conc. (% 

w/v) 

Specific 
adsorption (mg-

IO/m2)19 

% 
monolayer 

PAMPS1 IO NPs 0.003 95.3 0.0001 0.10±0.02 0.019 
0.01 67.4 0.0032 0.23±0.02 0.045 
0.1 24.5 0.0754 0.84±0.06 0.16 

PAMPS2 IO NPs 0.003 27.4 0.0021 0.030±0.002 0.006 
0.01 10.6 0.0044 0.040±0.003 0.007 
0.1 2.8 0.0479 0.140±0.02 0.027 

PAMPS3 IO NPs 0.003 9.3 0.0027 0.010±0.01 0.002 
0.01 1.8 0.0098 0.030±0.01 0.006 
0.1 0.9 0.0991 0.040±0.04 0.008 

PAMPS4 IO NPs 0.003 8.1 0.0027 0.010±0.01 0.001 
0.01 5.8 0.0094 0.020±0.01 0.003 
0.1 0.7 0.0993 0.020±0.02 0.004 

To provide a more severe test of nanoparticle interactions with solid surfaces, we 

studied NP adsorption on crushed Berea Sandstone with (~ 7% by weight) clay minerals 

that undergo cation exchange. Unlike silica microspheres with relatively uniform 

negatively charged surfaces, Berea sandstone contains positively charged sites on the 

edges of the clay. As summarized in Table 6.2, PAMPS on the NP surface provided 

sufficient electrosteric repulsion to result in adsorption less than 1% of monolayer 

coverage in each case. In most cases, a decrease in adsorption with PAMPS loading was 

observed from PAMPS1 to PAMPS2-3 IO NPs. At all concentrations for the PAMPS 

series, the specific adsorption values were higher for crushed Berea sandstone relative to 

the silica microspheres, consistent with the positive sites that attract the anionic 

nanoparticles.  

                                                
18 The specific surface area of colloidal silica was measured to be ~0.5825 m2/g via BET methods. 
19 Average of four independent experiments; uncertainty in specific adsorption based on error propagation 
analysis. 
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Table 6.2:     Adsorption of PAMPS1-4 IO NPs on crushed Berea Sandstone in API brine 
at pH 8 at different IO concentrations.20 

Polymer coating Initial IO 
conc. (% 

w/v) 

% IO 
adsorbed 

Equilibrium 
IO conc. (% 

w/v) 

Specific 
adsorption 

(mg-IO/g-sand) 

% 
monolayer 

PAMPS1 IO NPs 0.003 77.03 0.0007 1.16±0.39 0.225 
0.01 95.43 0.0005 4.77±1.01 0.927 
0.1 10.84 0.0891 5.42±1.18 1.053 

PAMPS2 IO NPs 0.003 99.5 0.00002 1.49±0.41 0281 
0.01 36.98 0.0063 1.85±0.44 0.349 
0.1 6.78 0.0932 3.39±0.69 0.639 

PAMPS3 IO NPs 0.003 79.70 0.0006 1.20±0.33 0.235 
0.01 26.95 0.0073 1.35±0.32 0.264 
0.1 5.66 0.0943 2.83±0.58 0.555 

PAMPS4 IO NPs 0.003 78.97 0.0006 1.19±0.34 0.189 
0.01 25.80 0.0074 1.29±0.34 0.205 
0.1 2.90 0.0971 1.45±0.51 0.231 

6.2.3. Zwitterionic Coated (MPDSA) IO NPs, Characterization, and Batch Testing.  

To further attempt to achieve low adsorption on crushed Berea Sandstone, we 

decided to investigate zwitterionic polymers. Efforts were directed toward polymeric 

forms of ([3-(methacryloylamino)propyl]dimethyl(3-sulfopropyl)ammonium hydroxide 

(MPDSA) as such zwitterionic species are currently being used in oil field applications, 

including enhanced oil recovery and drilling fluids.322, 323, 324 In addition, the negative 

sulfonate and the inner tertiary ammonium groups were expected to provide charge 

balance for the positively charged edges of clays in crushed Berea Sandstone while 

resisting undesired cation exchange. 

6.2.4. Grafting of Methacrylic Acid (MA) to APTES IO NP and "Grafting 
Through" of MPDSA  

For the "grafting through" using the MPDSA monomer, the first step involved 

grafting methacrylic acid (MA) to the surface of the APTES IO NPs via a EDC/Sulfo-
                                                
20 The specific surface area of crushed Berea sandstone was measured to be ~1.5 m2/g. 
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NHS mediation amidation (Figure 6.1). The MA grafted IO NPS (MA IO NPs) were then 

characterized using ATR-IR spectroscopy and DLS (Figure C10 & C11 respectively). 

Upon the successful synthesis and characterization of the MA IO NPs, the MPDSA 

monomer (1.4 M) was then polymerized in the presence of the MA IO NPs to graft the 

polymer to the IO NPs. In parallel, the PMPDSA content of the PMPDSA IO NPs was 

evaluated by TGA and measured to be 32% at 600 °C (Figure C12). In addition, DLS 

data revealed a DH of ~174 ± 30 nm (Figure C13). 

The PMPDSA IO NPs were found to form stable dispersions in API brine at room 

temperature and at 90 °C, similar to the case of the PAMPS1-4 IO NPs. The stability was 

corroborated by measuring the DH in API brine at 90 °C for one week over which it 

remained constant at 174–185 nm, Figure C14). Collectively, these data demonstrated 

that the PMPDSA IO NPs were stable and only minor aggregation occurred. To the best 

of our knowledge, these results constituted the first demonstration of zwitterionic 

polymers stabilized IO NPs at high salinity and elevated temperatures over relatively 

prolonged time.  

6.2.5. Static Batch Adsorption of PMPDSA IO NPs 

Another series of adsorption tests using silica microspheres and crushed Berea 

Sandstone were performed using PMPDSA IO NPs at different feed IO concentrations of 

0.003 and 0.01% in API brine (Table 6.3). The specific adsorption in API brine of the 

PMPDSA IO NPs (0.01 % w/v) was 0.016 ± 0.01 mg/m2, which corresponded to a very 

low NP monolayer coverage of 0.003%. As seen from Table 6.3, the specific adsorption 

was on the same order of magnitude as that of PAMPS2-4 IO NPs on the silica 

microspheres.  
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Table 6.3:     Adsorption of PMPDSA grafted IO NPs on silica microspheres and crushed 
Berea Sandstone in API Brine at pH 8 at varying IO concentrations. 

Medium Initial 
IO conc. 
(% w/v) 

% IO 
adsorbed 

Equilibrium 
IO conc. 
(% w/v) 

Specific 
adsorption 
(mg-IO/m2) 

% 
monolayer 

Silica Microspheres 0.003 0.67 0.00298 0.0010±0.01 0.0001 
0.01 4.75 0.00952 0.016±0.01 0.003 

Crushed Berea 
Sandstone 

0.003 13.39 0.00260 0.200±0.040 0.076 
0.01 9.55 0.00905 0.470±0.230 0.180 

Although on the silica microspheres the specific adsorption was the same when 

comparing the PAMPS2-4 IO NPs versus the PMPDSA IO NPs, different results were 

observed for the crushed Berea Sandstone. As seen in Table 6.3, an order of magnitude 

decrease is evident at 0.003 as well as 0.01% concentrations for the PMPDSA IO NPs. 

These remarkable finding indicate that the zwitterionic PMPDSA coatings drastically 

decreases the adsorption to the crushed Berea Sandstone, likely as a consequence of 

weaker interactions with the local cationic sites on the clay edges. 

6.3. CONCLUSION 

In conclusion, a facile “grafting through” approach was developed to tether 

tunable quantities of PAMPS and PMPDSA stabilizer to functionalized IO NP surfaces. 

With this method, it was possible to graft homopolymer stabilizers unlike previous 

“grafting to” approaches that required copolymers containing anchor groups. Not only 

were the PAMPS as well as PMPDSA IO NPs colloidally stable at high salinities and 

temperatures (90 °C), but also exhibited extremely low adsorption on silica 

microparticles and crushed Berea Sandstone. The adsorption decreased with the polymer 

loading for PAMPS series, whereby the particle-surface electrosteric repulsion increased. 

The zwitterionic PMPDSA IO NPs displayed superior properties, i.e. one order of 

magnitude less adsorption to the crushed Berea Sandstone relative to the anionic PAMPS 
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IO NPs. To the best of our knowledge, these are the first examples of realizing colloidal 

stability and low mineral adsorption of IO NPs at high ionic strength and elevated 

temperatures using a zwitterionic polymer as stabilizing agent. Future efforts will focus 

on using NPs for applications in enhanced oil recovery,325 environmental remediation,77, 

326 CO2 sequestration,247 and electromagnetic imaging of oil reservoirs. 
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Chapter 7: Conclusions and Proposed Work  

7.1 CONCLUSIONS 

The primary work of this dissertation is the study of the stabilization and rheology 

of ultra-dry supercritical CO2-in-water foams with viscoelastic aqueous phases. C/W 

foams with CO2 volume fractions of 0.90-0.98, viscosities of hundreds of centipoise, fine 

texture of ~20 µm bubbles and long term stability of hours were stabilized. The aqueous 

phase viscosity and the interfacial shear and dilatational viscoelasticity are enhanced by 

three major systems of (1) an anionic nanoparticle and cationic surfactant, (2) an anionic 

nanoparticle, cationic surfactant and anionic polyelectrolyte, (3) an anionic surfactant 

alone that forms wormlike micelles. In all systems, the surfactant reduces the C/W 

interfacial tension to low values below 5 mN/m at 3000 psia, and therefore facilitates the 

bubble break-up and decreases the capillary pressure. The nanoparticle at the interface 

increases the interfacial dilatational elasticity relative to foams stabilized with surfactant 

alone, and leads to stable foams against coalescence and Ostwald ripening, as seen by 

smaller foam bubbles. In system 2, the polyelectrolyte increases the aqueous phase 

viscosity and the interfacial viscosity. The resulting lower drainage rate leads to thick 

lamella films relative to the case without polymers. Thick films reduce the probability of 

coalescence by growth of instable waves or thermally activated hole formation. 

Increasing the polymer concentration reduces the foam bubble size. Also, the high 

continuous phase viscosity reduces the CO2 diffusion and leads to lower Ostwald 

ripening rate. The adsorption of hydrophilic nanoparticle and polyelectrolyte is likely 

facilitated by the interaction with oppositely charged surfactant. For the system with a 

viscoelastic surfactant alone, the dense packing of surfactant at the interface contributed 

to high surface shear viscosity and possibly dilatational elasticity. Therefore, the interface 

becomes immobile. Also, the entanglement of wormlike micelles in the bulk phase 
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increases the aqueous viscosity, similar to the case of high MW polyelectrolyte, and 

therefore decreases the lamellae drainage rate. The resulting thick film, lower CO2 

diffusion and possibly more elastic interface reduces the rate of coalescence and Ostwald 

ripening, as evidenced by foams with finer texture.  

The second major part of this dissertation is the design of polymer grafted iron 

oxide (IO) NPs with colloidal stability and low retention for transport in high salinity API 

brine (8% NaCl and 2% CaCl2, w/v, anhydrous basis) at elevated temperatures in porous 

rock. The permanence of the grafting is characterized by a desorption test by 40000 fold 

in 1 M NaCl brine, suggesting the polymer stabilizers stay on the NP surfaces in real 

reservoir conditions. The principle challenge is to avoid charge screening and loss of 

solvation of the polymer stabilizers in the harsh aqueous conditions. To achieve this goal, 

PAMPS based polymers are tethered to IO NPs, given that AMPS is known to have low 

affinity to Ca2+ complexation due to the strong acidity of sulfonate groups and strong 

hydration of the hydrophilic amide moieties. The “grafting to” approach is used to tether 

poly(AMPS-co-AA) copolymer to IO NPs, where the AA groups are used as anchors to 

form amide bonds with amine-functionalized IO NPs. The dynamic light scattering and 

electrophoretic mobility study of the poly(AMPS-co-AA) grafted IO NPs shows the 

polymer chain remain extended and charged at the IO NP surfaces, and therefore provide 

strong electrosteric repulsion forces to stabilize the IO NPs in API brine and also give 

low levels of adsorption of 1mg/m2 to silica microspheres. It is found that the unreacted 

AA groups in the poly(AMPS-co-AA) lead to high adsorption on mineral surfaces due to 

strong complexation with divalent ions in the brine. The increase of AMPS:AA ratio 

from 1:1 to 3:1 in the copolymer reduces the adsorption, while a plateau is reached with a 

further increase of AMPS ratio. When PAMPS homopolymer is tethered to IO NPs via 

the “grafting through” approach, the polymer loading of the PAMPS on IO NPs 
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increases, compared to the “grafting to” approach. The removal of AA groups and the 

increase of the polymer loading further reduces the adsorption to mineral surfaces. 

7.2 RECOMMENDATIONS 

CO2 may diffuse into the surfactant micelles and change the surfactant aggregate 

structure, especially under high pressure conditions when CO2 has considerable solubility 

in water. High pressure rheology or other structural characterization techniques such as 

small angle neutron scattering can provide insight into the interaction of CO2 and 

wormlike micelles and how this influences morphology. 

Many reservoirs are at high temperatures up to 120 oC. To demonstrate the 

applicability foam hydraulic fracturing fluids in such conditions, it is necessary to further 

explore the temperature effects on the foam rheology, texture and stability. The aqueous 

surfactant aggregate structure (spherical vs. wormlike) may be affected by temperature. 

Also, the produced water of hydraulic fracturing is often purified and recycled. The 

produced water usually contains high salinity and oxidizing agents such as Fe3+. The 

chemical stability of surfactants as well as the foamability at a range of salinity and with 

different types of salt (e.g. with and without iron) should be tested for practical 

applicability in such reservoirs. Also, in places where CO2 supply is limited, nitrogen-in-

water foams can be used as an alternative. The rheology, texture, and stability of ultra-dry 

nitrogen-water foams under high pressure may be studied by the techniques developed in 

this dissertation. 

Surfactant mixtures may undergo chromatographic separation during transport in 

proppant beds or porous formations due to different adsorption levels. In some cases, it 

may lead to unexpected destruction of foams. Single surfactants with long chain 

hydrocarbons such as C22 can form wormlike micelles, without the need to add an 
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oppositely charged surfactant or other strongly binding counter ions. The stabilization of 

foams with such long chain surfactant is very interesting to study. In the cases where the 

chromatographic separation is a concern, such long chain surfactant stabilized foam may 

be a better alternative to mixed surfactants or polymer based fracturing fluids. 

The aqueous phase behavior of surfactant aggregates can be tuned between low 

viscosity spherical micelles (close to water) and viscoelastic wormlike micelles. This 

surfactant phase transition may be utilized to control the foam stability and viscosity. 

Wormlike micelles can be formulated to be stimuli responsive to pH, temperature, 

salinity and presence of hydrocarbons. For hydraulic fracturing, it is desired to be able to 

control the foam formation in an “on and off” state. When initiating the fractures and 

transporting proppants, it is desired to have highly viscoelastic foams where wormlike 

micelles are formed. However, in the flow back stage, the foam should disappear or the 

viscosity should be reduced by forming spherical micelles to allow sufficient flow back. 

The use of hydrocarbon or other stimuli to control the breaking of the foam warrants 

further study. 
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Appendices 

APPENDIX A 

The drainage of thin film greatly depends on the mobility of the interface and the 

continuous phase viscosity. The contribution of interfacial viscous stress to the bulk 

viscous stress is evaluated by the Boussinesq number. The effect of Marangoni stress, 

similarly, is characterized by the Marangoni number. The dimensionless drainage time 

versus the Boussinesq number and Marangoni number can be plotted as: 

 

Figure A1:   Dimensionless drainage time of thin film versus Boussinesq number and 
Marangoni number.159 

 At either high Marangoni number or high Boussinesq number, the thin film can be 

view as rigid film, i.e., with immobile e interface. The drainage of rigid film can be well 

described by the Reynold drainage equation.  
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APPENDIX B 

 

Figure B1:   (a) Transparent and cloudy dispersions in the high pressure view cell. (b) 
Aqueous phase behavior of mixtures of 1% NPs and 0.04-1% LAPB at 
room temperature and pH 4. (c) Stability of aqueous dispersions in CO2 
saturated 2% KCl brine at 3000 psia and 50 oC for mixtures of amphiphiles 
where 1% silica NPs (N), 0.1% HPAM (P) and varying concentrations of 
LAPB or AOS was used. (d) Stability of aqueous dispersions in CO2 
saturated 2% KCl brine at 50 oC for mixtures of 1% silica NPs and LAPB 
(filled circles and diamond), 0.1% HPAM and LAPB (filled circles, triangle 
and diamond), 1% silica NPs, 0.1% HPAM and LAPB (filled circles), and 
mixtures of 0.1 % HPAM and AOS (filled circles, diamonds, triangles and 
open circles) at different pressures.  
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Figure B2:   Amplitude function for steady state shear flow at the interface as (r,z) and in 
bulk ab (r,z) as a function of position (r,z) in the double wall trough. The 
surface is an air-water interface. The bulk phase viscosity is 10 cP for 
systems containing 0.1% HPAM (a) and 600 cP for systems 
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Figure B3:   Time evolution of the Sauter mean bubble diameter and polydispersity of 
C/W foams. The concentrations in w/v % are specified in the legend. The 
lines are only to guide the eyes. 
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Figure B4:    Shear-thinning behavior of C/W foams of different CO2 volume fractions 
(qualities) stabilized with 0.15% HPAM (MW = 20M), 1% silica NPs and 
0.08% LAPB in 2 % KCl brine at 3000 pisa and 50 oC.  

 

Figure B5:    Zeta potential of EOR 5XS surface modified silica nanoparticle.  
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Figure B6:   Variable-volume pendant bubble tensiometer for measurement of CO2-water 
interfacial tension. 

 

Figure B7:    Apparent viscosity of aqueous surfactant solutions as a function of shear 
rate. The concentrations in w/v % are specified in the legend. 
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Figure B8:   Maxwell fitting of the dynamic rheology of aqueous solutions of 3.6% SLES 
and 0.4% C10DMA in 2% KCl bine.  
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Figure B9:   Bubble size evolution over time and histograms for 0.95 foams stabilized 
with 3.6% SLES + 0.4% C10DMA + 2% KCl. 
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Figure B10: Shear thinning behavior of 0.98 foams stabilized with 3.6% SLES and 0.4% 
C10DMA in 2% KCl brine at room temperature. 
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Figure B11: Micrograph of 98% foams stabilized with mixture of 3.6% SLES and 0.4% 
C10DMA generated at interstitial velocity of 0.2-2 cm/s. 

 



 164 

 

Figure B12: Master curve for C/W foams at 0.95 CO2 compared with 80% v/v oil-in-
water emulsions data by Otsubo at al. 

 

Figure B13: Master curve for C/W foams at combined 0.95 and 0.98 CO2 compared with 
80% v/v oil-in-water emulsions data by Otsubo at al. 
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Figure B14: Micrograph of foams stabilized with mixture of 3.6% SLES, 0.4% CDAB, 
and 1% silica NPs at 80-98% v/v CO2. 
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Table B1:     Power-law Parameters of Foams Stabilized with 0.15% FP3630S, 1% Silica 
NPs and 0.08% LAPB in 2 % KCl Brine at 3000 pisa and 50 oC 

CO2 volume fraction k (cP.sn) n 
0.9 3795.4 0.43 
0.95 936.42 0.51 
0.98 305.61 0.54 

Table B2:     Chemical structures of surfactants 

SLES 

 
C10DMA 

 
C12TMA 

 

Table B3:     Bubble size and foam viscosity for 0.98 foams at higher shear rates 

 Shear rate 
(s-1) 

µe (cP) IFT 
(mN/m) 

Dsm (µm) 
φ = 0.98 

µapp (cP) 
φ = 0.98 

3.6% SLES + 0.4% 
C10DMA + 2% KCl 

1200 20 2.7 27 58 

3.6% SLES + 0.4% 
C10DMA + 2% KCl 

2000 18 2.7 23 44 
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APPENDIX C 

 

Figure C1:    Bright-field optical (left) and SEM micrograph (right) of colloidal 8 μm 
silica spheres showing highly uniform particles.  BET surface area of these 
particles was 0.58 m2/g. 
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Figure C2:    Correlation between volume-weighted hydrodynamic diameter ‘DH’ and 
degree of polymerization (DOP) for the following  polyelectrolytes in 1 M 
NaCl at pH = 8:  İ20 kDa poly(styrene sulfonate-co-maleic acid) sodium salt 
with a 3:1 monomer ratio from Sigma-Aldrich, DOP = 113 (�);  40 kDa 
poly(acrylic acid-b-styrene sulfonate) sodium salt with a 70:170 block 
composition synthesized by ATRP and  MW determined by gel permeation 
chromatography before sulfonation, DOP = 240 (�);  200 kDa 
poly(acrylamide-co-acrylic acid) sodium salt with a 1:3 monomer ratio from 
Sigma Aldrich, DOP = 2266 (�); 2 MDa poly(acrylamide-methyl-propane 
sulfonte) from Sigma-Aldrich, DOP = 8734 (�). The correlation size 
exponent was 0.48, which is close to the random coil configuration and 
consistent with similar measurements on acrylic acid and sulfonic acid 
copolymers.76 Based on the correlation a 10 nm DH of (×) poly(AMPS-co-
AA) (3:1) translated to a DOP of 1000 and a MW of 200 kDa. 
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Figure C3:    FTIR spectra of APTES IO and PAA-coated IO NPs. 

 

Figure C4:    GPC curves of poly(AMPS-co-AA) (1:1), (3:1), (5:1), (10:1) and (20:1), 
respectively. 
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Figure C5:    NMR data of poly(AMPS-co-AA) (a) (5:1), (b) (10:1), and (c) (20:1). 
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Figure C6:    Volume-weighted hydrodynamic diameter distribution of poly(AMPS-co-
AA) with feed ratio from (1:1) to (20:1) in (a) DI water and (b) API brine. 

 
 

Figure C7:    TGA curves of APTES IO NPs , and (AMPS-co-AA) grafted IO with 
different AMPS:AA ratios from 1:1 to 20:1.  
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Figure C8:    Droplet size distribution of poly(AMPS-co-AA) grafted IO NPs stabilized 
emulsions of 1:1 API brine : dodecane after left undisturbed for 24 h at 
room temperature. 

 

Figure C9:   TEM image of pure iron oxide nanoclusters prior to APTES coating. The 
experiments were performed on a FEI TECNAI G2 F20 X-TWIN TEM. A 
dilute aqueous dispersion of the IO nanoclusters was deposited onto a 200 
mesh carbon-coated copper TEM grid for imaging. 
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Figure C10: (a) PAMPS1, (b) PAMPS2, (c) PAMPS3, and (d) PAMPS4 coated IO NPs 
were stable in API brine at 90 °C for 7 days, as evidenced by constant 
hydrodynamic diameters (DH) in API brine. 
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Figure C11: ATR-IR Spectra of MA IO NPs and of the PMPDSA IO NPs.  

 

Figure C12: TGA spectra of PMPDSA IO NPs. 
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Figure C13:  Volume-weighted DH distribution of MA IO NPs in DI water, and PMPDSA 
grafted IO NPs in API brine at pH 8. 

 

Figure C14: PMPDSA coated IO NPs were stable in API brine at 90 °C for 7 days, as 
evidenced by constant hydrodynamic diameters (DH) in API brine. 
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Table C1:     Monomer feed concentrations for the synthesis of poly(2-acrylamido-3-
methylpropanesulfonate-coacrylicacid) (poly(AMPS-co-AA) 1:1, 3:1, 5:1, 
10:1, and 20:1 

Polymers Amount of AMPS 
monomer 

Amount of AA monomer 

Poly(AMPS-co-AA) (1:1) 18.5 g (0.09 mol) 6.14 mL (0.09 mol) 

Poly(AMPS-co-AA) (3:1) 30.9 g (0.135 mol) 3.0 mL (0.044 mol) 

Poly(AMPS-co-AA) (5:1) 30.9 g (0.149 mol) 2.05 ml (0.03 mol) 

Poly(AMPS-co-AA) (10:1) 33.7 g (0.16 mol) 1.11 ml (0.16 mol) 

Poly(AMPS-co-AA) (20:1) 35.33 g (0.17 mol) 0.58 ml (0.01 mol) 

Table C2:     NMR data of poly(2-acrylamido-3-methylpropanesulfonate-coacrylicacid) 
(poly(AMPS-co-AA) 5:1, 10:1, and 20:1b21 

Polymers Chemical shift Comments 
Poly(AMPS-co-AA) 

(5:1) 
1.24 m, br, 6H, backbone CH2 of AMPS 

and AA, and CH3 of AMPS 
1.87 br, 1H, backbone CH of AMPS and 

AA 
3.12 br, s, 2H, CH2SO3Na of AMPS 

Poly(AMPS-co-AA) 
(10:1) 

1.22 m, br, 6H, backbone CH2 of AMPS 
and AA, and CH3 of AMPS 

1.84 br, 1H, backbone CH of AMPS and 
AA 

3.10 br, s, 2H, CH2SO3Na of AMPS 
Poly(AMPS-co-AA) 

(20:1) 
1.20 (m, br, 7H, backbone CH2 of AMPS 

and AA, and CH3 of AMPS 
1.80 br, 1H, backbone CH of AMPS and 

AA 
3.08 br, s, 2H, CH2SO3Na of AMPS 

                                                
21 NMR dada collected using 1H NMR (400 MHz, D2O). 
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