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ABSTRACT 

Nanomaterials have been developed and applied for enhanced oil recovery (EOR) 

in oil industry. Among the developed nanomaterials, nano-sized crosslinked polymeric 

gel particles (nanogels) have shown the potential in improving both the macro- and 

micro-displacing efficiency. This dissertation focuses on the synthesis and the potential 

EOR mechanisms of nanogels. Nanogels with positive, negative, and neutral charges 

were synthesized through suspension polymerization. The morphology, size distribution, 

and zeta potential of nanogels were elucidated by corresponding technologies, such as 

scanning electron microscopy and dynamic light scattering. The ability of nanogels in oil-

water interfacial tension (IFT) reduction and oil-in-water (o/w) emulsion stabilization 

was studied at various nanogel concentrations, temperatures, and salinities. Moreover, 

nanogels showed an electro-interaction controlled adsorption on the rock surface, which 

could modify the wettability of rock surface and reduce the permeability of porous 

medium. The core flooding results demonstrate that nanogels with proper charges can 

easily transport through the porous medium and reduce the water permeability by 

forming multilayer adsorption on the rock surface. The residual oil was produced in o/w 

emulsion state during the nanogel flooding and in isolated oil drops during the post water 

flooding, which indicated the abilities of nanogels in increase the displacing efficiency 

and sweeping efficiency, respectively.  
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1. INTRODUCTION 

1.1. STATEMENT AND SIGNIFICANCE OF THE PROBLEM 

The global demand of energy is expected to increase as much as 53% over the 

next 20 years[1]. Fossil fuels, such as crude oil and natural gas, are expected to supply 

much of the energy consumption worldwide continually. To meet the future energy 

demand, the oil industry need either find new fields or increase the oil recovery from the 

existing fields, including enhance the production of unconventional resources like shale 

oil and tight oil. Currently, the low effective circulations of injecting fluid through high 

permeable area have become one of the most important problems in mature reservoirs 

because they lead to excessive water production and a rapid decline in the 

productivity[2]. The tiny oil droplets trapped in pores and the thin oil film adhered on the 

rock surface in swept zones results in a low displacement efficiency (Figure 1.1). The 

distribution of residual oil is depended on the wettability of rock surface. 

 

Figure 1.1. Residual oil at the pore center of water-wet transparent model and spread 

along the surface of oil-wet transparent model[3]. 
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Water would like to flow along the rock surface and leave the residual oil as oil 

droplets in the pore center in water-wet formations while residual oil tends to form oil 

film and spread along the rock surface in oil-wet formations. Either the bypassing of 

unswept oil or the insufficient displacement of residual oil lead to a low oil recovery. 

Nanofluids are expected to bring an effective, economic, and environmental-friendly 

method to the oil industry for enhanced oil recovery. The resistivity to salt, temperature, 

and shear promises the ultilization of nanomaterials in harsh reservoir conditions. In 

addition, the small size endows nanomaterials with the ability to inject into and transport 

through the porous medium. Many researchers have dedicated to the studies of 

nanoparticles for enhanced oil recovery. The inorganic nanoparticles, including but not 

limit to nanosilica, nano-metallic oxide, and nano-clay, preder to adsorb at the oil-water 

interface and reduce the surface energy irreversibly. In addition, the nanosilica could 

form wedge-like aggregations between oil and rock surface, which helps to displace the 

residual oil adhered to rock surface. Nano-sized polymeric hydrogel is one kind of 

nanoparticles that has not only the properties of nanoparticles, but also the properties of 

hydrogels like stimuli-reponsive behavior, visco-elastic 3D network. However, no 

publications have been reported on the enhanced oil recovery mechanisms of nano-sized 

polymeric hydrogels and the charge effect of nano-sized polymeric hydrogels on their 

corresponding behaviors. The main objective of this dessertation is to investigate the 

charge effect of nano-sized polymeric hydrogels on their interactions with the rock, and 

oil-water interface and the potential EOR mechanisms of nano-sized polymeric 

hydrogels. The obtained knowledge will help to understand the EOR mechanisms of 
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nano-sized polymeric hydrogels and optimizing their physicochemical properties for 

better performances in a certain reservoir. 

1.2. RESEARCH OBJECTIVES AND SCOPE 

This research work systematically investigated the charge effect of nano-sized 

polymeric hydrogels on the interactions with the oil-water interfaces and the rock 

surfaces. Five specific tasks are: 

a. Synthesize nano-sized polymeric hydrogels with positive, negative, and neutral 

charge through suspension polymerization; 

b. Study the adsorption processes of nano-sized polymeric hydrogels at the oil-water 

interfaces and the charge effect on the stability of corresponding oil-in-water 

(o/w) emulsions; 

c. Study the dynamic and static adsorption processes of nano-sized polymeric 

hydrogels at the sandstone surface and discuss the potential EOR mechanisms of 

nano-sized polymeric hydrogels; 

d. Investigate the effect of salinity on the physicochemical properties of nano-sized 

polymeric hydrogels, the oil-water interfacial tension, and the stability of 

corresponding emulsions; 

e. Evaluate the effect of physical factors on the stability of produced nano-sized 

polymeric hydrogel-stabilized emulsions. 

Various technologies were applied to elucidate and characterize the morphology, 

rheology, size distribution, and zeta potential of synthesized nano-sized polymeric 

hydrogels. Nano-sized polymeric hydrogel samples with various monomer to crosslinker 
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ratios, sodium acrylate to acrylamide ratios were prepared to study the dependence of 

emulsion stability on the strength and charge density of nano-sized polymeric hydrogels. 

Four journal/conference articles in the following section were written to address 

the specific tasks: 

a. In the first paper, nano-sized polymeric hydrogels with positive, negative, and 

neutral charge were synthesized through suspension polymerization. The dynamic 

interfacial tension between decane and nanogel dispersions was calculated based 

on the shape of oil droplets using goniometer. The o/w emulsions stabilized by 

nano-sized polymeric hydrogels were prepared using ultrasonic homogenizer. The 

average diameter of oil droplets and the equilibrium emulsion volume were used 

to characterize the stability of the o/w emulsions. Concentration and charge of 

nano-sized polymeric hydrogels that influence the oil-water interfacial tension 

and the stability of o/w emulsions were investigated. The emulsion stabilization 

ability of nano-sized polymeric hydrogels was compared with commercial 

nanosilica at the end of this task. 

b. In the second paper, Berea sandstone that has negative surface charge was used to 

understand the importance of electro-interactions in the adsorption kinetics of 

nano-sized polymeric hydrogels on sandstone surface and investigated the 

potential EOR mechanisms of nano-sized polymeric hydrogels. The wettability 

modification ability of nano-sized polymeric hydrogels was characterized by the 

contact angle before and after adsorbing nano-sized polymeric hydrogels. In 

addition, the thickness of adsorption layer inside the pores and throats was 

calculated based on the assumption of parallel capillary tube model. The potential 
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EOR mechanisms of nano-sized polymeric hydrogels was analyzed based on the 

improvement of both the displacing and sweeping efficiency. 

c. In the third paper, the influence of salinity on the size and zeta potential of nano-

sized polymeric hydrogels was investigated. The decane-water and crude oil-

water interface behavior were characterized at various salinities. The oil-water 

interfacial tension in the presence of nano-sized polymeric hydrogels and stability 

of corresponding emulsions were studied at various salinities and the interfacial 

tension behavior was analyzed based on the stimuli-responses of nano-sized 

polymeric hydrogels. 

d. In the fourth paper, several physical factors, such as crosslinking density and 

charge density of prepared nano-sized polymeric hydrogels, the salinity and pH of 

surrounding solutions, the ultrasound time, the oil type, and the oil to water ratio, 

were controlled during the preparation of o/w emulsions. The influences of the 

physical factors on the properties of produced emulsions were illustrated by the 

appearance, the size distribution from optical microscopy, and the structure from 

scanning electron microscopy. After understanding the influence of the physical 

factors on the emulsion stability, the destabilization of stimuli-responsive 

emulsions was investigated. 

In this dissertation, “nanogel” refers to the crosslinked polymeric gel particle with 

an original diameter less than 100 nm that is able swell in water. 
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2. LITERATURE REVIEW 

Microgels/nanogels are crosslinked polymeric particles that considered as 

hydrogels when they are composed of water soluble/swellable polymer chains. The size 

of microgels and nanogels is given as 0.1-100 μm and 1-100 nm under dried condition, 

respectively. The classification of microgels/nanogels based on the 

homogeneity/heterogeneity of the composed monomers/polymers and the architecture of 

particles are taking into account in this review. Microgels/nanogels are mainly 

synthesized through the polymerization of monomers and the crosslinking of polymers. 

Generally, the structures and functional groups of microgels/nanogels determined the 

environmental responsive behavior of gel particles like thermal, pH, and salt responsive 

behavior. Furthermore, the properties of microgels/nanogels, such as size distribution, 

swelling, rheology, mechanical strength, and thermal stability, markedly affect their 

applications in oil industry. Microgels/nanogels are able to transport in the porous media 

and form strategic plugging to divert flooding fluid to the relatively unswept zones for 

enhanced oil recovery. In addition, the microgels/nanogels reduce oil-water interfacial 

tension and modified rock wettability to improve the recovery of residual oil. The 

applications of stimuli-responsive microgels/nanogels in conformance treatment and acid 

stimulation are also discussed in this review. 

2.1. CURRENT STATUS 

Microgels/nanogels are crosslinked polymeric particles that considered as 

hydrogels when they are composed of water soluble/swellable polymer chains. 

Microgels/nanogels have high water content, deformability, stimuli-responsive 
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properties, and adjustable chemical and mechanical properties. Moreover, the tunable 

size from tens of nanometers to hundreds and the large surface area for the functional 

groups of macrons of microgels/nanogels offer great potential for the utilization of 

microgels/nanogels in petroleum engineering. 

Generally, the microgels, which have been of intense research interest for many 

decades, comprise covalent and/or coordinate bonds to maintain their polymeric networks 

at the reservoir condition. Such microgels are wide variedly used in the oil industry, 

including near wellbore and in depth conformance control; temporary plugging during 

the acidizing; and water shutoff and sand control. Until recently, the nanogels have been 

studied for the wettability modification of rock surface and oil-water interfacial tension 

reduction. Additionally, the stimuli-responsive microgels/nanogels, such as poly(N-

isopropylacrylamide) (PNIPAM) and polyacrylic acid-based gel particles, are able to 

swell/shrink with the environmental stimulation and consequently change the rheology of 

their dispersion and/or the rock surface/oil-water interface behavior. 

With regard to the preparation of microgels/nanogels in recent decades, particular 

attention has been devoted to the synthesis of microgels/nanogels with robust mechanical 

strength, specific response to the environmental stimuli, unique interfacial properties, as 

well as to the synthetic methods[4-9]. Although many review papers have given an 

excellent overview of the synthetic methods and the basic understanding of the properties 

of the microgels/nanogels, the focus of these publications are mostly on the utilization in 

the moderate environment, like drug delivery and controllable release in human body. 

This review is attempt to compile the comprehensive microgels/nanogels 

researches published in the last decade for enhanced oil recovery (EOR), including but 
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not limited to conformance control and acid stimulation. This review will describe the 

classification of microgels/nanogels based on their architectures and functionalities. The 

synthetic strategies based on chemical crosslinking will be introduced in this review, 

including micromolding and microfluidic method, membrane method, spray drying 

method, emulsion polymerization, mini-emulsion and microemulsion polymerization, 

suspension polymerization, and dispersion/precipitation polymerization. In addition, this 

review will describe the various methods to characterize and evaluate the 

physicochemical properties and the applications of microgels/nanogels for conformance 

correction and acid stimulation. 

2.2. CLASSIFICATION OF MICROGELS/NANOGELS 

Microgels/nanogels can be classified into homopolymeric microgels/nanogels and 

copolymeric microgels/nanogels based on the number of monomer contained in the 

polymeric network. In addition, the copolymeric microgels/nanogels can be further 

classified based on their structures: the interpenetrating network (IPN) 

microgels/nanogels, the core-shell microgels/nanogels, and the Janus microgels/nanogels. 

For the applications in oil industry, various functional microgels/nanogels have 

been developed, such as the thermal-responsive, pH-responsive, self-healing, and 

fluorescent microgels/nanogels. In this section, the basic properties of microgels/nanogels 

classified by structures and functionalities will be introduced. 

Homopolymeric microgels/nanogels are referred to polymeric network derived 

from a single species of monomer[10]. The polymer chains in homopolymeric 

microgels/nanogels would be crosslinked through physical and/or chemical crosslinking 
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to form the three dimension networks. Copolymeric microgels/nanogels are comprised 

two or more different monomers, arranged in a random, block, or alternating 

configuration along the chains consisting in the polymeric network[11]. To obtained 

specific physicochemical properties, copolymeric microgels/nanogels are prepared in 

some unique structures, like interpenetrating network, core-shell, and anisotropic 

structures. For example, the agar/polyacrylamide (PAM) IPN gel was prepared in a 

heating-cooling-photopolymerization process to eliminate the uncontrollable swelling 

and unnecessary diffusion process in the two-step synthesis of IPN gel. The agar/PAM 

IPN gel exhibits excellent mechanical and recoverable properties ascribe to the 

interpenetrated agar and PAM networks[12]. Another method to prepare IPN 

microgels/nanogels is using the seed polymerization: the precursor of the second network 

is absorbed into the microgels/nanogels containing the first network and polymerized to 

give the IPN microgels/nanogels[13]. The IPN microgels/nanogels commonly have better 

the swelling and mechanical properties than the neat microgels with one network. In 

addition, the stimuli-response behavior might be largely different ascribe to the 

interactions between two networks[14, 15]. 

Core-shell microgels/nanogels have a well-defined solid core made from a 

polymer or rigid colloid, which the stimuli-responsive shell is affixed to. The functional 

colloids such as superparamagnetic iron oxide particles may be included in the core 

resulting in the magnetic responsive of core-shell microgels/nanogels[16]. Core-shell 

microgels/nanogels can be prepared in a two-step synthesis. The core gel particles was 

dispersed into the monomer solution and polymerized to obtain the core-shell 

microgels/nanogels[17]. In addition, the core-shell microgels/nanogels can be prepared 
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through the association of block polymers. Generally, the block polymers with both 

hydrophilic and hydrophobic segments turn to form micelles in a proper solvent. By 

crosslinking the functional groups in the block polymers leads to the formation of core-

shell microgels/nanogels[18]. The stimuli-responsive behaviors of core-shell 

microgels/nanogels are more complex than the homopolymeric ones. For example, a 

core-shell microgel composed of two temperature-sensitive polymers with different low 

critical solution temperatures (LCSTs) showed a doubly temperature-sensitive 

behavior[19]. The core and shell in the core-shell microgel were shrinking based on their 

LCSTs, respectively. Moreover, the hematite-PNIPAM core-shell microgels have both 

the thermal responsive behavior of the PNIPAM shell and the magnetic responsive 

behavior of hematite core[20]. 

Janus microgels/nanogels are the gel particles have two or more distinct physical 

properties on the surface. The simplest case of a Janus microgel is achieved by dividing 

the microgel into two distinct parts, each of them either made of a different materials or 

bearing different functional groups[21]. There are many methods to generate Janus 

microgels/nanogels: self-assembly using two kinds of block polymers; masking by 

functionalizing partial surface of the microgels/nanogels; and phase separation by 

combining two or more different phases in a microgel/nanogel. Janus microgels/nanogels 

are able to form self-assembles by controlling their asymmetric functionalities. The 

poly(acrylic acid) (PAA) and PNIPAM Janus nanogels formed self-assembled cluster at 

the temperature above 31 °C and dispersed when cooled down[22]. The stimuli-

responsive aggregating and dispersing behavior of Janus nanogels can also be triggered 
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by pH[23]. Recently, it was found that amphiphilic Janus microgels/nanogels can adsorb 

at the oil-water interface to achieve an ultra-low interfacial tension[24]. 

Generally, most of the microgels/nanogels used in oil industry are 

polyacrylamide-based gel particles. Although the hydrophilic property of acrylamide 

groups promise the swelling ratio of corresponding microgels/nanogels, the sensitivity of 

polyacrylamide-based microgels/nanogels to salinity, pH, and temperature limited their 

applications under the harsh reservoir conditions. In addition, it is essential to develop 

some “smart” microgels/nanogels that can responsive to the surrounding environments to 

deal with the complex situations in oil reservoirs. 

Poly(N-isopropylacrylamide) (PNIPAM) microgels/nanogels are sensitive to the 

surrounding temperatures that their polymeric network shrinks at temperature above the 

LCST. The PNIPAM microgels shrink and form agglomeration at temperature above 

their LCST, which may be promising for enhanced oil recovery[25]. Although the large 

size of microgels agglomeration could plugging the throats, the uncertainty brings by the 

complex reservoir condition limits the applications of PNIPAM microgels. To apply 

microgels/nanogels in complex reservoirs, the microgels/nanogels that can further swell 

stimulated by the reservoir temperature were developed[26]. These microgels/nanogels 

are able to transport through the porous medium and second swell at reservoir 

temperature to form plugging in depth. A stable crosslinker and a labile crosslinker are 

subjected into the polymeric network to ensure the thermal responsive property to the 

microgels/nanogels. After the labile crosslinker, such as polyethylene glycol dimethyl 

acrylate (PEGDMA), degrade at reservoir temperature, the microgels/nanogels will 

further swell. At such cases, the stable crosslinker should not degraded at reservoir 
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temperature. N,N’-methylene bisacrylamide (MBAA) is widely used as the stable 

crosslinker for the applications at reservoir temperature less than 100 °C. To further 

improve the resistance ability of the stable crosslinkers with higher temperatue, 

tetraallylammonium chloride (TAAC) was subjected to the microgels/nanogels. Zhang et 

al. have demonstrated the TAAC crosslinked gel can stand as high as 250 °C without any 

degradation[27]. 

The pH responsive microgels/nanogels are the gel particles that use the pH change 

as their activation trigger. The microgels/nanogels prepared with certain polyelectrolytes, 

such as PAA, and PDMAEMA, are sensitive to the pH of surrounding environments, 

capable of swelling by several orders of magnitude due to pH change. For example, the 

carboxylic groups (COOH) in the PAA networks are ionized and repelled each other in 

alkaline environments. The electrostatic repulsion leads to the swelling and diameter 

increment of PAA microgels/nanogels, which results in the effective viscosity increasing 

of the corresponding dispersions. In order to utilize the PAA microgels/nanogels, an acid 

pre-flush is required to tune the reservoir pH below the pKa of the carboxylic groups. 

Since the microgels/nanogels exhibit low viscosities at shrinking state, the 

microgels/nanogels dispersions are fairly easy to propagate through the porous medium. 

As a result of geochemical reaction between the pre-flushed acid and mineral components 

in the rock, the pH increases and triggers the swelling of PAA microgels[28]. Besides 

triggered by alkaline, the microgels/nanogels are able to be stimulated by CO2 and swell 

under acidic conditions. For instance, the tertiary amine in the PDMAEMA 

microgels/nanogels is protonated in acidic solution so as to induce the increment of 

microgel/nanogel diameter. The PDMAEMA microgels/nanogels can be applied in CO2 
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flooding reservoirs and control their conformance. The PDMAEMA microgels/nanogels 

are brought by injection water to the target zone without any pre-flush slugs. The 

interaction between chasing CO2 and tertiary amine induced the swelling of PDMAEMA 

and plugging in the high permeable zone. 

In comparison with traditional microgels/nanogels, self-healing 

microgels/nanogels display the extraordinary ability to self-healing/self-associating. So 

far, the self-healing microgels/nanogels are cauterized into two classes on the basis of 

chemistry of the activate composites: autonomic and nonautomonic self-healing 

materials[29]. The development of self-healing in microgels/nanogels is based on the 

concept of constitutional dynamic chemistry that comprises of non-covalent chemistry as 

well as dynamic covalent chemistry. For instance, the nanocomposite gel particles 

consisted of a unique poly(N,N-dimethylacrylamide) (PDMAA) and PNIPAM/clay 

network structure[30]. These gels exhibited comprehensive self-healing together with 

extraordinary mechanical properties. The self-healing in these gels was attributed to the 

autonomic reconstruction of crosslinks across the damaged interface in the 

nanocomposites gels. The in situ polymerization of polydopaamine was used to coat the 

clay under basic condition to prepare clay gels. The self-assembled three dimensional 

networks was attribute to the reformation of damaged catechol-ferric ions complexes[31]. 

Carbon nanotubes and graphene oxide were also used in the preparation of self-healing 

nanocomposited hydrogels in addition to clay nanoparticles[32, 33]. Besides using the 

nanocomposition method, molecular interdifusion, recombination of chain ends, living 

polymerization have been utilized in the preparation of self-healing 
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microgels/nanogels[34]. The self-healing microgels/nanogels could be used to efficiently 

control the conformance for the abnormal features[35]. 

The fluorescent microgels/nanogels are mainly prepared by subjected the 

fluorescent monomers in the polymeric network of gel particles. Allyl rhodamine B 

(RhB)[36, 37], nitrobenzofurazan (NBD-NHMe)[38, 39], and fluorescein o-acrylate[40] 

fluorescent monomer have been used to elucidate the distribution of microgels/nanogels 

in the porous medium and/or at the oil-water interfaces. 

2.3. SYNTHETIC METHODS 

A variety of approaches for the synthesis of microgels/nanogels have been 

investigated in the past several decades. We categorized these synthetic methods into four 

major themes: micro-molding and microfluidic-based synthesis, emulsion and suspension 

polymerization, dispersion polymerization, and atomization route. The formation of the 

microgels/nanogels is based on either the polymerization and crosslinking of monomer or 

the crosslinking/association of preformed polymers using small molecules and/or metallic 

ions. The synthesis routes will be introduced and discussed in the literature. 

Micro-molding and microfluidic devices are very small scale systems for 

producing monodispersed microgels. The microgels with defined shape, structure, and 

morphology can be precisely produced using micro-molding and microfluidic-based 

synthesis.  

In microfluidic synthesis, two or more streams of immiscible fluid containing 

various reagents are injected and the precursor droplets are formed at the intersection of 

the immiscible fluids. Commonly, photopolymerization or polycondensation are utilized 
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to prepare microgels in the continuous microfluidic synthesis. The most frequently 

applied microfluidic droplet generates with various geometric configurations, including 

“T-junction”, “Flow Focusing”, and “Co-flow”[41]. Confinement of droplets, flow rate of 

liquids, reaction rate are key factors affecting the dispersity, shape, and morphology of 

resulting microgels[42]. Recently, the microgels with complicated microstructures like 

Janus and core-shell microgels have been successfully synthesized using microfluidic 

devices[43-45]. As an example of microfluidic synthesis, monodisperse polyacrylamide 

microgels are prepared from a water-in-oil emulsion made in a polydimethylsiloxane 

(PDMS)-based microfluidic device with rectangular 25*25 μm channels. The aqueous 

solution of acrylamide (AM), N,N’-methylenebisacrylamide (MBAA), and ammonium 

persulfate (APS) was co-injected at 700 μL/h with the oil phase at 1200 μL/h. Thermal 

gelation of the droplets was achieved at 65°C for 1 h[46]. Although it is unlikely that 

microfluidics can be up scaled appropriately and economically for industrial production, 

the microfluidics can obtain valuable insights into controlling parameters necessary for 

the design of large scale processing equipment[42]. 

Membrane emulsification involves the use of a membrane through which an 

aqueous solution permeates under adequate pressure into oil phase. The resulting 

monodispersed droplets are stabilized by the surfactants in the oil phase and polymerized 

by physical or chemical crosslinking. Membrane techniques offer same advantages to the 

microfluidic techniques with additional benefits of energy efficiency[47]. 

Micro-molding of microgels has been examined as a potential method to fabricate 

submicron-sized microgels. By controlling the features on the mold stamp, the size and 

shape of microgels can be precisely designed. To produce microgels through micro-
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molding method, a precursor solution is placed into a mold, which is fabricated by 

hydrophilic chemicals such as PDMS. The gelation is then induced by UV-light or 

changing temperature. The formed microgels are then taken out from the mold after 

gelation[48]. 

A top-down method called “Particle Replication In Nonwetting Templates 

(PRINT)” was developed to fabricate submicron-sized microgels[49]. A photocurable 

perfluoropolyether (PFPE) replica was used as the molding material. The nonwetting 

nature of fluorinated materials confines the liquid precursor inside the features of the 

mold, which allowing the generation of isolated microgels. Using PRINT, monodispersed 

microgels of poly(ethylene glycol diacrylate) (PEGDA), polylactic acid (PLA), and 

polypyrrole were prepared with sizes ranging from 200 nm to micron-scale[5]. 

The emulsion and suspension polymerizations are commonly two-phase systems 

that starting monomer(s) and/or the resulting gel particles are in the form of a fine 

dispersion in an immiscible liquid. The polymerization initiator is soluble in the 

monomer phase for suspension polymerizations whereas soluble in the immiscible phase 

for emulsion polymerizations. Emulsifier(s) or stabilizer(s) are used in addition to 

monomer and immiscible phase during the polymerization process to stabilize the 

monomer droplets and resulting particles. Microgels/nanogels with average size from 50 

nm to 2 mm can be made from emulsion and suspension polymerizations. 

According to the diameter of dispersed monomer droplet in a continuous phase, 

the emulsion polymerization with stable and pseudo-stable dispersed droplets is named as 

microemulsion polymerization and miniemulsion polymerization, respectively. 

Generally, the emulsion polymerization using a w/o emulsion is called inverse emulsion 
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polymerization. For a typical emulsion polymerization, 10 g of heptane, 1.12 g of laureth-

3, and 0.4 g of monomer stock solution were added to the glass vial and vigorously shook 

until a one-phase optical transparent solution was obtained. Then 100 μL of initiator 

stock solution was added to the 4.61 g microemulsion and kept at ambient temperature 

for 12 h. The average diameter of produced nanogels is 55 nm[50]. Another example of 

emulsion polymerization is 2 g of N-vinylcaprolactam (VCL), 0.08 g of chain transfer 

agent, 0.06 g of tris(hydroxymethyl)aminomethane hydrochloride, 0.13 g of 1,3,5-

trioxane, and 0.08 g of ethylene glycol dimethacrylate (EGDMA) were dissolved in 190 g 

of water. The cationic initiator was added under nitrogen purging at 70 °C and 

subsequently cooled to 25 °C. The diameter of resulting microgels is from 154 to 769 

nm[51]. The emulsion polymerization is one of the most common but promising 

processes for the microgels in industrial scale but require a very high level of control of 

all the operating variables[52]. 

In suspension polymerization, the volume ratio of the monomer phase to the 

polymerization medium is usually kept within 10`50%, but in principle, the volume ratio 

can be as high as unity or even higher. The monomer phase is suspended in the 

polymerization medium in the form of small droplets by means of a stirrer and a suitable 

stabilizer. Under a certain temperature condition, the “monomer capsules” are converted 

directly to the corresponding microgels/nanogels of approximately the same size. The 

average size of the monomer droplets can be readily controlled by varying the stirring 

speed, volume ratio of monomer to polymerization medium, concentration of stabilizer, 

and the viscosities of monomer phase and polymerization medium[53]. 
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In dispersion polymerization, the monomer, crosslinker, and initiator are all 

soluble in the polymerization medium, which is a poor solvent for the resulting 

microgels. Accordingly, the dispersion polymerization system is homogeneous at the 

starting point. Depending on the solvency of the medium for the resulting 

macromolecules, phase separation occurs at an early stage that leads to nucleation and the 

formation of primary gel particles. The polymerization proceeds largely within the 

individual particle and consequently, leads to the formation of spherical microgels. A 

typical example of dispersion polymerization is 1-vinyl-2-pyrrolidone (VP) and 4,4’-

azobis(4-cyanopentanoic acid) were added to the cyclohexane containing polystyrene-

hydrogenated polybutadiene-polystyrene block polymers and reacted at 70 °C for 2 h. 

Ethylene dimethacryalte (EDMA) was added to the mixture and continued the reaction 

for an additional 6 h[54]. The polymerization medium need to be precisely designed to 

obtain microgels/nanogels with narrow size distribution. Moreover, supercritical carbon 

dioxide (scCO2) has been utilized as the polymerization medium to prepare 

microgels/nanogels whose monomer is soluble in scCO2[55]. The diameter of resulting 

microgels through dispersion polymerization is in the range of 100 nm to 10 μm. 

The production of microgels/nanogels through atomization involves forming 

small precursor droplets in air/liquid. The gelation of microgels/nanogels can be initiated 

by the temperature of surrounding environment. Breaking up of the liquid streams in 

laminar flow occurs through a Rayleigh instability that the small waves formed along the 

interface of the liquid stream propagate along the stream and eventually break the stream 

into small drops[56]. These droplets turn to spherical configuration to minimizing the 

surface energy. 
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Spinning disk atomization utilizes precursor fluid flowing across the spinning disk 

and breaking into small isolated droplets through Rayleigh instabilities at the edge of the 

disk. The gel particles with defined size distribution can be obtained by controlling the 

disk wettability, spinning rate, and flow rate. The diameter of the droplet exiting from the 

edge of spinning disk decreased with the rotational speed whereas increased with the 

liquid flow rate[57]. The teeth of the spinning disk are regarded as the forming site of 

drops that the tooth width should be adjusted to the intended drop size to produce gel 

particles with desired size[58]. An active ingredient can be encapsulated into the 

microgels by concurrent flow of the active ingredient and the encapsulating materials 

across the disk[59]. The Janus microgels can be synthesized by spinning disk atomization 

wherein a bi-layered jet of two precursors are ejected off the edge of a spinning disk and 

broken down into Janus droplets at the edge of disk[60]. This method has the advantage 

that it has very high productivity[61]. However, the gel particles synthesized via spinning 

disk method generally have high polydispersity and large particle size. To get the 

monodisperse microgels, the standard spinning disk is modified by adding a slope 

surface, and teeth at the edge of spinning disk; controlling the wettability of the spinning 

disk; and the collection method based on the flight distance of different sized 

particles[59, 62]. The liquid properties, including fluid density, viscosity, and surface 

tension, are found to determine the size distribution of produced microgels as well as the 

liquid flow rate, spinning speed, and disk diameter[63]. Spinning disk atomization is a 

simple, efficient, and cost effective method commonly used in industrial scale for 

producing spherical microgels with an average diameter in the range of 40 μm to several 

mm[64]. 
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Spray drying method produces microgels by pass a flow of precursor and air 

concurrently through a nozzle at a relatively high flow rate and atomized into a stream of 

hot air to remove the solvent[65]. The breaking of droplets is caused by the fluid jet 

instabilization and can be controlled through adjusting air and precursor flow rates, 

nozzle size, viscosity and surface tension of precursor fluid[66]. Generally, the spray 

drying method is used to made microgels in industrial scale, the monodispersed 

microgels with diameter as low as ~350 nm were prepared for small sample amount (50-

500 mg) using well designed spray dryer[67]. To process multiple separate solvent 

streams, a microfluidic spray dryer with an array of two-focusing cross junctions was 

developed[68]. In comparison with other atomization methods, the size distribution of 

produced microgels through the spray drying method is much narrower with an average 

diameter from 20 nm to 15 μm. 

2.4. EVALUATION METHODS 

The physicochemical properties of microgels/nanogels, such as size, mechanical 

strength, surface charge, etc., markedly influence their applications for enhanced oil 

recovery. A variety of evaluation methods and screening criteria have been developed to 

select the candidates for a specific reservoir condition. In this section, a brief introduction 

to the basics of evaluation methods that is related to the applications for enhanced oil 

recovery will be provided. 

The diameter and size distribution of microgels/nanogels is an important 

parameter that determined their transport behavior in porous medium. Size matching 

between the pore size of formation rocks and the diameter of microgels/nanogels 
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dominates the plugging performance. By simulating the plugging performance of 

microgels in the nuclear-pore membrane, only the microgels with a diameter 1/3-1/2 

times of the pore size can plug the membrane effectively[69]. The steric hindrance of 

pore access by neighboring microgels prevents the occlusion of pore[70]. However, such 

size matching behavior of microgels was only observed in the pore occlusion experiments 

using a nuclear-pore membrane[2]. In the pore-throat simulate model, microgels with an 

average diameter of 55 μm are able to plug the 200 μm throat[71]. 

Currently, static and dynamic light scattering, optical microscopy, scanning 

electron microscopy (SEM), and transmission electron microscopy (TEM) are applied to 

measure the size of microgels/nanogels. Among these size measuring methods, static and 

dynamic light scattering are used to measure the size distribution of microgels/nanogels 

in good solvent. Ultrasound is commonly applied to re-disperse agglomerated 

microgels/nanogels before size measurements. SEM is commonly used to elucidate the 

morphology and microsctructures of microgels/nanogels. However, the diameter of 

microgels/nanogels in dehydrated state can be obtained by SEM. 

The surface charge of microgels/nanogels generally dominates the stability of 

corresponding gel particle dispersions. The high absolute value of surface charge renders 

microgels/nanogels with electrostatic hindrance, which helps to prevent the gel particles 

from agglomerating. Salt ions are able to shield surface charge of microgels/nanogels by 

screening effect. Zeta potential, which reflected the stability of gel particle dispersion, is 

the electric potential in the interfacial double layer at the location of the slipping plane. 

The microgels/nanogels are able to swell several to hundreds times in water due 

to the hydrophilic moieties consisting in the polymeric network. Swelling ratio plays an 
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important role on the size and mechanical strength of microgels/nanogels, which 

influence the transport behavior of microgels/nanogels in porous medium. In general, the 

swelling ratio of microgels/nanogels is significantly influenced by the salt ions dissolved 

in the formation water. However, the swelling response was modified by embedded 

chromium (Cr3+) ions in the polymeric network of microgels[72]. 

The flow properties of microgel dispersions were strongly dependent on the salt 

concentration due to decreased particle size and the formation of microgel 

aggregation[73]. The storage and loss modulus of microgels/nanogels latex (solid 

content~5%) reflect the interactions among the swollen microgels/nanogels. For example, 

for the PNIPAM latex, the storage modulus continuously increased with the frequency 

whereas the loss modulus almost independent to the frequency, which demonstrate the 

strong interactions among the swollen microgels[74]. For the microgels/nanogels 

dispersions transport in a restricted environment, the slip phenomena cannot be 

neglected. The microgels displayed a generic unusual slip behavior: the slip of microgel 

dispersion is suppressed in a parallel-plate geometry with rough surface and start to slop 

at the wall in a geometry with smooth surface. In addition, the shear stress-dependent slip 

phenomenon is due to a lubricating layer formed by deformed microgels[75, 76]. 

Atomic force microscopy (AFM) is a powerful technique that can be used to 

obtain both the vertical force and the lateral force between a sharp tip and the surface. 

The deformation behaviors of polystyrene microspheres was firstly investigated using 

AFM in 1998[77]. The quantitative computation of the elastic modulus of 

microgels/nanogels requires the measurement of indentation by converting AFM force-

displacement curves into force-indentation curves. The external load applied through the 
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cantilever to the tip can be calculated using Hooke law, which helps to obtain the elastic 

modulus of single particle[78]. For typical applications of AFM in the measurement of 

elastic modulus of microgels/nanogels, the individual microgel/nanogel was placed on a 

silica/mica plate in the air/water environment. The elastic modulus of microgels/nanogels 

was calculated from the force-indentation curves using the Hertzian model[79-81]. In the 

case of microgels/nanogels, there are no uniform size-dependent behaviors of the 

mechanical properties. The ionic functional groups consisted in microgels/nanogels 

and/or the crystalline domains formed between polymer chains are affect the deformation 

of microgels/nanogels and thereby result in the change of corresponding elastic 

modulus[82]. 

To apply microgels/nanogels technologies subterranean, the thermal stability of 

microgels/nanogels should be investigated under reservoir conditions. Although 

thermogravimetric analysis (TGA) has been used to analyze the changes in physical and 

chemical properties of material as a function of temperature, the water-free testing 

environment cannot simulate the reservoir conditions. Microgels/nanogels dispersions are 

commonly aged in sealed glass ampoules and stand at reservoir temperature for a long 

period to simulate the influence of reservoir environment on the properties of 

microgels/nanogels. After a certain intervals of time, the ampoules are broken and the 

viscosity of aged microgel/nanogel dispersion was measured and compared with their 

original apparent viscosity[83]. The degradation of polymer chains consisted in 

microgels/nanogels and their polymeric structures can be illustrated using corresponding 

technologies, including TGA, FTIR, and SEM. 
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2.5. EOR APPLICATIONS 

Numerous oil service companies and oil companies devoted their efforts to the 

development of microgels/nanogels applications. The mechanical and thermal stability of 

microgels/nanogels promise them can be applied in the harsh reservoir conditions (high 

temperature and high salinity)[84]. To displace crude oil in the unswept area during 

conventional water flooding, microgels are utilized to block the pore-throat in the high 

permeable zone and divert injected fluid. Chauveteau et al. found that the partially 

attractive microgels adsorbed at the rock surface in a multilayer state and induce drastic 

permeability barriers whereas fully repulsive microgels adsorbed as a monolayer and can 

propagate in porous medium[85]. The microgel is able to form a quasi-irreversibly 

adsorbing layer with a thickness equals to two times of the viscometric radius of 

gyration[86]. In addition, the thickness of adsorbing layer was not affected by salinity 

and shear rate while the adsorption tends to increase with salinity[87, 88]. The microgel 

is an ideal disproportionate permeability modifier that the relative permeability to oil was 

not affect by adsorbed microgel layer whereas the relative permeability to water 

decreased to 1/7[89]. Microgel maintains several plugging mechanisms than adsorbing at 

the rock surface. The microgels are able to plug the throats, which size is smaller than 

themselves, and accumulate to form effective plugging at the pore-throats[90]. The 

microgels with a matching factor from 0.21 to 0.29 showed a good plugging performance 

and in-depth migration while microgels with a matching factor less than 0.21 cannot form 

effective plugging and higher than 0.29 were hard to migrate[91]. Microgels/nanogels are 

generally regarding as in-depth permeability controlling agent because the small diameter 

and deforming ability render the microgels/nanogels to transport in porous medium in 
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directing and deformable passing states[92]. Compared with rigid gel particles, soft gel 

particles are more likely to transport into cores and form plugging[93]. Mixing microgels 

with different particle sizes resulted in a higher plugging efficiency than the microgels 

with a uniform size[94]. 

Nanogels can reduce the permeability of both high permeable and low permeable 

rock. However, the residual resistance factor in high permeable rock is much lower than 

that of low permeable rock[95]. Different with microgels, nanogels preferred to form 

multilayer adsorption at the rock surface. The thickness of adsorbing layer and the 

adsorbing rate were dominated by the electrostatic interactions between nanogels and 

rock surface[96]. Moreover, nanogels can reduce the interfacial tension and help to form 

o/w emulsions by adsorbing at the oil-water interfaces[97]. The crude oil-in-water 

emulsion stabilized by polyacrylamide (PAM) and poly((2-

(acryloyloxy)ethyl)trimethylammonium chloride) (PAETAC) nanogels maintained a salt-

independent stability[98]. Residual oil was found to be produced in o/w emulsion state 

during the nanogel flooding period in a sandstone core[96]. Although nanogels can 

improve the oil recovery from outcrop core, the salt-sensitivity of PAM-based nanogels 

turned to form aggregation at the inlet of core and plug the surface[99]. 

Microgels/nanogels have been applied to reduce the water cut and increase the 

oil/gas recovery in the gas storage well and oil producing well. Field application in 

Liuzan, China, 2008 showed that microgels with size from 10 to 30 μm of a concentration 

from 1500 to 2000 mg/L at an injection amount of 5-8 t/well can increase the injection 

pressure by 1-5 MPa and improve the water injection profile[100]. After the microgel 

treatment, the average oil producing increased from 0.5 to 3.7 t/d while water cut reduced 
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by 5.4 % for more than 6 months in a field application in JX oil field[90]. The microgels 

have also been placed in the high permeable streaks surrounding the wellbore to reduce 

the water and sand production[101]. However, the oil containing in the microgel 

emulsion induced the formation of a tight film on the rock surface and reduce the gas 

permeability. Although back flow could remove the tight film, using microgel dispersion 

rather than microgel emulsion during the treatment could eliminate the formation damage 

induced by multiphase. 

The microgels can be successfully applied in the formations at temperature from 

45 to 126 °C, salinity from 2,000 to 300,000 mg/L, permeability from 0.87 to 3000 mD 

with a permeability variation from 0.54 to 0.84 and a porosity from 9 to 35 % based on 

the data from 154 of microgel treatment from 2005 to 2016[102]. Generally, the 

microgels with large particle size are applied at a high concentration while the small 

microgels are applied with a large treat volume at a low concentration. The substantial 

water reduction mostly occurs at relatively early water cut stage (<80 %). 

For the applications of microgels/nanogels for hydraulic fracturing, the 

microgels/nanogels dispersions have to support and carry the proppants to the opened 

fractures and flow back efficiently. A potential candidate for hydraulic fracturing is the 

stimuli sensitive microgels, which swell and shrink triggered by the surrounding 

environments. The dispersion of poly(N-isopropylacrylamide) (PNIPAM) and 

polyacrylamide (PAM)-based microgels showed a temperature/pH responsive rheology 

that the reservoir temperature and/or alkaline environment decrease the viscosity of the 

microgel dispersions and induce the dispersion to flow back[103]. In another concept, 

researchers think that the microgels could plug the surface of rock matrix and help the 
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pressure build up during the fracturing work. In such cases, the microgels have to stand a 

relatively high differential pressure that would deform microgels and force microgels 

transport in rock matrix. 
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ABSTRACT 

Crosslinked polymeric hydrogels in nano-size, termed as nanogels, have 

significant technological applications by stabilizing Pickering emulsion. Herein, we 

present our experimental observations and the results of the emulsion stability analysis on 

the effects of nanogel concentration, oil-to-water ratio, nanogel charge, and ambient 

temperature. The nanogel with neutral-charge showed extraordinarily high emulsifying 

ability, interfacial tension between decane and water was reduced from 51.98 mN·m-1 to 

less than 6.04 mN·m-1, compared to 47.5 mN·m-1 by nanosilica. When treated with 

neutral-charged nanogel, the oil-in-water emulsion exhibited long-term stabilization, 90 

% emulsion remained after one month at room temperature, showing the highest stability 

among the reported literature of Pickering emulsions. However, inorganic silica 

mailto:wangliz@mst.edu
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nanoparticles displayed emulsion stability in minutes. Of particular interest was that the 

emulsion volume remained 82 % after thermal treatment at 65 °C for 48 h. The resulting 

high emulsion stability was attributed to a combination of high hydrophilicity, sufficient 

steric repulsion, and high surface coverage of nanogel. These observations indicated that 

the resulting nanogel can be a promising candidate toward enhanced oil recovery. 

Key words: Nanogel; Interfacial tension; Pickering emulsion; Enhanced oil recovery. 

1. INTRODUCTION 

In recent years, there have been increased research interests in using oil-in-water 

emulsion stabilized with inorganic nanoparticles, known as Pickering emulsion [1], for 

enhanced oil recovery (EOR), especially in harsh condition reservoirs. The reasons are 

that inorganic nanoparticles not only stabilize micron-sized oil drops by forming 

absorbed nanoparticle layers but also perform better resistance at harsh condition than 

surfactants do [2-4]. Nanosilica is the most used nano-material to form Pickering 

emulsions because it is commercially available and having hydrophilic property [5]. 

Pickering emulsion can be injected into high-permeability-zone for conformance control 

as it is much more viscous than displacing water and stable at high salt concentration 

condition [6, 7]. Nanosilica facilitates residual oil recovery by reducing interfacial 

tension between oil and water [8-10] and forming stable Pickering emulsion in situ [11-

13]. Despite these advantages, nanosilica is not applied in petroleum industry [14, 15]. 

The main reason is that nanosilica cannot form stable Pickering emulsions in the absence 

of surface modification with grafted functional polymer chains. However, the 

modification is significantly time-consuming and dramatically increase production cost. 
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Therefore, more efforts have been devoted to improving the properties of inorganic 

nanomaterials. 

Nanogel has been used for medical diagnostic test [16, 17], antibody purifications 

[18, 19], drug delivery systems [20, 21], etc. The application of crosslinked polymeric 

hydrogels to stabilize oil-in-water emulsion named Mickering emulsion was reported by 

Binks’ and Ngai’s group [22-24]. Binks et al. used poly(4-vinylpyridine)/silica 

nanocomposite microgel particles to stabilize methyl myristate in Milli-Q water and 

found that microgels were no longer absorbed at oil-water interfaces in their swollen 

form [24]. Emulsions stabilized by temperature and pH-responsive poly(N-

isopropylacrylamide) microgels showed surprising robustness at high pH and phase 

separated at low pH or high temperature due to the low interface coverage of microgels 

[22]. The stabilization of emulsion was associated with physical properties of hydrogel 

particles, while surface charges are independent of emulsion stability. Recently, 

Pickering emulsions were reported, which stabilized solely by soft nanogels, like 

cyclodextrin [25], gelatin [26], chitosan [27] or ethyl cellulose [28]. However, to the best 

of our knowledge, there is no reported work regarding the effect of the surface charge of 

nanogel on the stability of Pickering emulsion in the application in EOR. 

In this study, three nanogels with positive, neutral, and negative charge were 

synthesized using free-radical suspension polymerization as characterized by 

corresponding techniques. We demonstrated how the interfacial tensions between decane 

and nanogel water were reduced by absorbing nanogels at the interfaces. The presence of 

hydrophilic and pendant polymer chains enabled us to prepare stable oil-in-water 

emulsion at high temperatures. The emulsion stabilized by neutral-charged nanogels, 
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which had minimum electrostatic repulsion among nanogels at absorbed layer, was 

compared with emulsions stabilized by positive and negative charged nanogels. This 

demonstration showed the advantages of reducing interfacial tension and forming stable 

oil-in-water emulsions by adsorbing nanogels at the interfaces for enhanced oil recovery. 

2. EXPERIMENTAL 

2.1. MATERIALS 

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) 

and used as received except further noted. Acryloyloxyethyltrimethyl ammonium 

chloride (AETAC) was purchased from Sigma-Aldrich and used as received. Acrylamide 

(AM) was purified by recrystallization from acetone and dried under vacuum at 25 °C for 

one day. To prepare Na-AMPS in the lab scale, solid NaOH was added to a stirring 

solution of 2-Acrylamido-2-methylpropane sulfonic acid (AMPS) in ethanol at room 

temperature. The reaction mixture was vigorously stirred for 1 h and the precipitate was 

filtered, washed with ethanol and dried under vacuum at 25 °C for one day [29]. 

Nanosilica (20-30 nm) was purchased from US Research Nanomaterials, Inc without 

further purification. 1 wt.% sodium chloride (NaCl) solution was used throughout 

experiments. 

2.2. NANOGEL SYNTHESIS 

All nanogels were prepared by suspension polymerization. A typical nanogel 

polymerization is as follows: a stirring solution of acryloyloxyethyltrimethyl ammonium 

chloride (AETAC) (9.684 g, 0.05 mol) and N,N’-methylene bis(acrylamide) (MBAA) 

https://en.wikipedia.org/wiki/2-Acrylamido-2-methylpropane_sulfonic_acid
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(0.077 g, 0.05 mmol) in water (10.24 mL) was added to n-decane (40 mL) containing 

Span® 80 (21 g) and Tween® 60 (9 g) in a 250 mL three-neck flask and bubbled with 

nitrogen while kept in a preheated water bath at 40 °C for 15 min. Then, ammonium 

persulfate (0.02 g, 0.088 mmol) in water (0.2 mL) was added to the flask under stirring. 

The emulsion mixture was stirred at 40 °C for 2 h, the resulted emulsion was precipitated 

into acetone and the precipitate was isolated by centrifugation. The precipitate was rinsed 

with acetone several times to remove surfactants and unreacted monomers. The final 

product was isolated as a white powder and dried under vacuum at 45 °C overnight for 

further characterization and evaluations. 

2.3. MORPHOLOGY AND SIZE DISTRIBUTION STUDIES 

Scanning electron microscopy (SEM) images were collected on a Hitachi S-4700 

FESEM microscope (Tokyo, Japan) operated at 15.0 kV to elucidate the microstructures 

of the nanogels. All images were captured of nanogels coated with Au/Pd prior to 

imaging. The size distribution of nanogels was examined by Dynamic light scattering 

(DLS) (Malvern NanoSizer ZS90). The measurements were carried out at a scattering 

angle of 90° with the light source (He-Ne laser, 4.0 mW 633 nm) at 25 °C. Transmission 

electron microscopy (TEM) images were collected on Tecnai F20 by using holey carbon 

film copper grids. 

2.4. INTERFACIAL TENSION MEASUREMENTS 

The interfacial tension between n-decane and nanogel dispersion was determined 

by axisymmetric drop shape analysis using pendant drop method (Ramé-hart advanced 
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goniometer 500-F1). The interfacial tension values were obtained using Young-Laplace 

equation. 

2.5. EMULSION PREPARATION AND CHARACTERIZATION 

To make oil-in-water emulsions with nanogels, brine containing different nanogel 

concentrations (1000, 2000, 5000, and 10000 ppm) were prepared by dispersing nanogel 

powders in 1 wt.% NaCl. Certain volumes of n-decane and nanogel dispersion were 

placed in a glass vial. The mixture had a total volume of 10 mL and was emulsified using 

an ultrasonic homogenizer (VC-1500, Sonics&Materials Inc.) with a CV-294 probe under 

640 W for 3 minutes. The emulsion stability was determined by monitoring the 

homogenized emulsion as a function of time. The average diameter and polydispersity 

index of emulsified oil droplets were observed and calculated using an Olympus optical 

microscope (CK X41). 

3. RESULTS AND DISCUSSIONS 

3.1. SYNTHESIS OF NANOGEL VIA SUSPENSION POLYMERIZATION 

The suspension polymerization of nanogel with different charges based on AM, 

Na-AMPS, and AETAC was presented in Figure 1. Nonionic surfactants were used to 

stabilize suspended monomer phase to prevent bringing charges from surfactants to 

nanogels during polymerization. Nanogels were synthesized by a typical free radical 

polymerize of the monomer with different charges to evaluate charge effect on oil-in-

water emulsions. AM, Na-AMPS, and AETAC were reacted with MBAA to produce 

crosslinked nanogel with neutral, negative, and positive charges respectively. 
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Figure 1. Schematic representation of (A) suspension polymerization and purification of 

nanogel and (B) the synthetic procedures for the preparation of crosslinked polymer 

nanogels, obtained via suspension polymerization. 

The characterization of as-prepared nanogels, such as the surface zeta potentials, 

pH, and hydrodynamic diameters in 1 wt.% NaCl, are listed in Table 1. Neutral-charged 

nanogel had negative zeta potential presumably due to the hydrolysis of amide moieties 

to carboxylic groups. 

The average diameter of the nanogels in SEM and TEM images is the diameter in 

the dry state (Figure 2). Compared with the hydrodynamic diameter in fully swelling 

form from DLS measurements, the diameter in the dry state is much smaller. The results 

from DLS, SEM and TEM demonstrated NN, AN, and CN were successfully synthesized 

by inverse suspension polymerization with narrow size distribution and spherical 

morphologies. 
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Table 1. Physical properties of synthesized nanogel and nanosilica. 

Property Neutral-

charged 

nanogel (NN) 

Anionic 

nanogel 

(AN) 

Cationic 

nanogel 

(CN) 

Nanosilica 

(SN) 

Charge Neutral Negative Positive Negative 

Charge density (mmol/g) 0 4.36 5.16 N/A 

Zeta potential (mV) -1.76 -35.90 34.75 -18.43 

Diameter (nm) 220.14 241.62 151.14 1925.5 

Polydispersity index 

(PDI) 

0.236 0.268 0.482 0.197 

Swelling ratio 51.92 20.61 12.10 N/A 

pH (1000 ppm nanogel) 7.8 7.0 4.9 7.0 

3.2. EMULSIFICATION PROPERTIES OF NANOGELS 

Nanoparticles can markedly alter the interfacial properties of water-oil by 

adsorption, resulting from the huge surface due to the small size of nanoparticle [30, 31]. 

The interfacial tension between oil and water can be decreased by nano- and micro-sized 

particles through adsorption to stabilize oil-in-water or water-in-oil emulsion [5, 32]. 

Different from the small particles used in previous studies, nanogels in this work 

have the capacity to swelling several to hundreds of times as governed by crosslinker 

concentration upon contacting with external media. The kinetic interfacial tension 

between oil and nanogel dispersion measurements was performed to investigate the 

adsorption process in detail. N-decane, a pure substance, was used to study interfacial 

properties and emulsion behavior in our work to eliminate the influences of different 

compositions that crude oil consists. 

Interfacial tension data were recorded (Figure 3) using three nanogel dispersions 

(NN, AN, and CN) at room temperature, at different concentrations ranging from1000 to 

10000 ppm. All dynamic interfacial tension exhibited similar profile, at different nanogel 
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concentrations, suggesting nanogels functioned in a similar fashion of reducing 

interfacial tension. 

 

Figure 2. SEM images of NN (A), AN (B), and CN (C), scale bar is 500 nm; and TEM 

photos of NN (E), AN (F), and CN (G), scale bar is 50 nm. 

The interfacial tension decreased rapidly at the early stage. Subsequently, the 

decrease in interfacial tension slowed, and finally, the change in interfacial tension 

decreased further and approached to an equilibrium value. The interfacial tension of 1000 

ppm ANs decreased from 31.6 to 6.6 mN·m-1, while that of 10000 ppm ANs decreased to 

6.33 mN·m-1, but at a much faster rate. The same trend was also observed in the 

measurements of NNs where the interfacial tension decreased from 41.16 to 8.83 mN·m-

1for 1000 ppm and 6.04 mN·m-1 for 10000 ppm. However, the time to achieve the 

interfacial tension equilibrium of CNs was much longer than that of ANs and NNs. 

Furthermore, in the inserted Figure 3, these data are plotted on a logarithmic time scale 



37 

which points to the three stages of adsorption characterized by different slopes (only two 

stages were observed during CNs measurements). 
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Figure 3. Dynamic interfacial tension between n-decane and (A) neutral; (B) anionic; and 

(C) cationic nanogel dispersion with 1000, 2000, 5000, and 10000 ppm concentrations. 

(D) Interfacial tension of nanogel samples at early stage as a function of √𝑡. 

The early stage of the adsorption was dominated by the diffusion of nanogels to 

the free oil-water interface. At this stage, the backward movement of nanogel from the 

sub-surface of the oil-water interface to the bulk may be neglectable so that the diffusion-

controlled model derived by Ward and Tordai can be used to describe the early stage 

[33]. The dynamic interfacial tension of oil-water interface at the early stage can be 

written as: 
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𝜎𝑑 = 𝜎0 − 2𝑅𝑇𝐶0√
𝐷𝑡

𝜋
 

where 𝜎0 is the interfacial tension between oil and water, 𝐶0 is the bulk concentration of 

nanogel, D is the diffusion coefficient, and T is the Kelvin temperature. The dynamic 

interfacial tension remained linear as a function of √𝑡 until reaching the next stage, at 

which nanogels continued adsorbing, ordering and re-arrangement at the interface [34, 

35]. 

As shown in Figure 3D, experimental data were well in agreement with the model 

function. However, even though the start point whose interfacial tension was equal to 

51.98 mN·m-1 under 25 °C [36] was not recorded, from the rest data at the early stage, 

diffusion coefficient can be calculated. Linear fits were obtained for all nanogel samples 

at the early stage to analysis the diffusivity of three nanogels. The fitted parameters and 

calculated results are shown in Table 2. 

Table 2. Measured, fitted and calculated adsorption parameters of nanogel samples. 

Sample Average 

diameter (nm) 

Concentration 

(mol/L) 

Temperature 

(K) 

Slope R2 D (m2/s) 

NN 1000 59.01 1.14*10-5 298 -1.110 0.971 122.12 

NN 2000 59.01 2.29*10-5 298 -0.839 0.970 17.44 

NN 5000 59.01 5.72*10-5 298 -1.994 0.999 15.76 

NN 10000 59.01 1.14*10-4 298 -1.704 0.999 2.88 

AN 1000 88.13 3.21*10-6 298 -1.697 0.979 3618.81 

AN 2000 88.13 6.42*10-6 298 -1.473 0.971 681.63 

AN 5000 88.13 1.61*10-5 298 -1.208 0.998 73.35 

AN 10000 88.13 3.21*10-5 298 -1.878 0.990 44.32 

CN 1000 65.83 9.84*10-6 298 -1.457 0.923 284.15 

CN 2000 65.83 1.97*10-5 298 -1.593 0.877 84.92 

CN 5000 65.83 4.92*10-5 298 -1.747 0.918 16.34 

CN 10000 65.83 9.84*10-5 298 -1.369 0.977 2.51 
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The diffusion coefficients D of three nanogels at different concentrations were 

calculated and the results were plotted in Figure 4. For each nanogels with the same 

charge, the diffusion coefficients decreased when the nanogel concentrations increased. 

These observations pointed to the fact that with increasing nanogel adsorption at the 

interface the adsorption switched from a diffusion-controlled to an interaction-controlled 

process [37]. Furthermore, the diffusion coefficient of AN was much larger than those of 

NN and CN, which might be due to nanogel affinity and charges. Introducing charges to 

nanogel made nanogel more hydrophilic and thus, dramatically increased the diffusion 

coefficient of nanogels in water. Although the crosslinking density of CN was equal to 

that of AN, the smaller hydrodynamic diameter made CN more rigid compared to AN. It 

has been reported that soft gel particles exhibited faster interfacial tension reduction than 

rigid gel particles did. As a consequence, the diffusion coefficient of CN calculated from 

kinetic interfacial tension was smaller than the diffusion coefficient of AN [38, 39]. 
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Figure 4. The calculated diffusion coefficient of nanogels of different concentrations. 
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For nanogel with 10000 ppm, the interfacial tension reached the equilibrium state, 

at which adsorption rate of nanogel onto oil/water interface was equal to desorption rate, 

in 200 s, while more than 400 s was needed to achieve equilibrium for a concentration of 

1000 ppm (Figure 3). Since the interfacial tension was dominated by both diffusion and 

rearrangement of nanogels, the sample with charged nanogels could become stable 

because of the fast diffusion rate and the steric hindrance on nanogel rearrangement at 

oil/water interface. 

Since the diffusion flux, which quantified the amount of nanogel that flowed 

through a unit area during a unit time interval, was proportional to nanogel concentration, 

the interfacial tension will be the positive correlation to nanogel concentration. When 

desorption and adsorption of nanogel reached equilibrium at the interface, the influence 

of concentration was neglectable. For instance, the influence of concentration can be 

neglected when nanogel concentration of NN was above 5000 ppm and CN was above 

1000 ppm (Figure 3). 

Nanogel decreased the interfacial tension by forming an irreversible adsorbing 

layer at the oil-water interface. The ability of nanogel dispersion for interfacial tension 

reduction was related to nanogel concentrations. Insufficient nanogels were adsorbed at 

the oil-water interface at equilibrium state in the dispersion at low nanogel concentration. 

The equilibrium interfacial tension was dominated by the coverage of nanogel at the oil-

water interface. The equilibrium interfacial tension decreased rapidly from 36.22 to 2.70 

mN/m due to the coverage of CN at the oil-water interface (Figure 5). As compared to 

emulsions stabilized by CN, AN, and NN stabilized emulsion showed more interfacial 

tension reduction when nanogel concentration was below 1000 ppm. The interfacial 
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tension turned to be constant when nanogel concentration was above 1000 ppm because 

of the steric hindrance prevent nanogel further adsorbing at the oil-water interface. 
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Figure 5. Equilibrium interfacial tension between decane and nanogel dispersion of 

different nanogel concentrations. 

Emulsion stability is one of the key factors to evaluate the interfacial properties of 

oil-in-water emulsions. Figure 6A, B, and C displayed the emulsion volume as a function 

of time after ultrasonic homogenization of three nanogels at various water-to-oil ratios. 

The volume of the emulsion maintained long-term stability after approaching their 

corresponding steady states, where the emulsion volume was proportional to the friction 

volume of oil for all samples stabilized by nanogels. An obvious coalescence of emulsion 

droplets was found in emulsions stabilized by cationic nanogel after 7 days. This feature 

indicated that nanogels can stabilize emulsion within a short time (i.e. less than 2 days), 

and NN and AN were able to stabilize oil in water emulsion as long as 30 days at room 
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temperature. However, CN of 1000 ppm was unable to stabilize oil lower than 50% 

friction volume over 2 weeks. 
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Figure 6. Emulsion volume of (A) neutral-charged nanogel, (B) anionic nanogel, (C) 

cationic nanogel samples with different water-to-oil ratios as a function of time; (D) 

equilibrium emulsion volume of NN, AN, and CN nanogel samples with 9:1, 8:2, 7:3, 

6:4, and 5:5 water-to-oil ratios. 

The equilibrium emulsion volume strongly depended on the surface charges of 

nanogels, particularly at the water-to-oil ratio of 9:1 to 6:4 (Figure 6D). The equilibrium 

emulsion volume of NN samples was larger than that of AN and CN. 

Effect of charge of nanogel on the stability of nanogel stabilized o/w emulsion 

was investigated by measuring average diameter of emulsified oil droplets using an 
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optical microscope (Figure 7). It was observed that the emulsion stabilized by NN was 

stable with negligible change in average size in 48 hours. It was also observed that the 

average diameter of oil droplets increased dramatically after homogenization. The 

average diameter of oil droplets stabilized by neutral-charged nanogels was much smaller 

than that stabilized by cationic/ anionic nanogels. 

 

Figure 7. Effect of charge of nanogels on the stability of nanogel stabilized decane-in-

water emulsion: average diameter of oil drops stabilized by (A) AN, (B) CN, and (C) NN. 

This observation was in good agreement with the model in which the oil-in-water 

emulsion was stabilized with the nanogel by adsorbing at interfaces between oil and 

water. The desorption energy of nanogel was much greater compared with adsorption so 

that the nanogel forms a comparable stable layer at the interface and prevent droplets 

coalescing by steric hindering [32, 40]. When charges were introduced to the nanogels, 

the electrostatic repulsion makes nanogels repel each other (Figure 8). Accordingly, the 

emulsion stability was reduced due to the unstable adsorbing layer. The emulsion 

volumes of three nanogels at 1:9 oil-to-water ratio were shown in Figure 9A, B, and C as 

a function of time. Nanogels at concentrations ranging from 500 to10000 ppm were 

applied to stabilize oil-in-water emulsions and the emulsion volume kinetic was similar to 

all the samples. As for samples treated with nanogels, a fast decrease of emulsion volume 
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occurred in the first few hours to several days depending on the nanogel concentration. 

The fast decrease of emulsion volume was mostly due to the coalescence of the tiny oil 

droplets. 

 

Figure 8. Schematic representation of emulsion stabilized by A) neutral-charged 

nanogels; B) cationic nanogels, and C) anionic nanogels. 

This difference was related to the average sizes of emulsion droplets, which 

influenced directly by the nanogel concentration [41]. High nanogel concentration was 

essential to achieve high nanogel coverage of droplets and network of nanogels 

surrounding emulsion droplets, which increased the stability of the emulsion [42]. 

Different from the previous results, for emulsion stabilized by charged nanogels, the 

equilibrium emulsion volume was not proportional to the nanogel concentration (Figure 

9D). When the concentration of charged nanogel was higher than 2000 ppm for AN, and 

5000 ppm for CN, the increasing trend of equilibrium emulsion volume changed as a 

function of nanogel concentration. Compared to neutral-charged nanogel sample, the 

adsorbing layer of emulsion treated with charged nanogel was not stable. The inter 

droplets repulsion may be attributed to the stability of emulsions containing AN or CN. 

When nanogel adsorbed at the surface of emulsion droplets at a high water-to-oil ratio, 
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these droplets can be considered as microspheres with surface charges provided by the 

adsorbed nanogels. 
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Figure 9. Emulsion volume of (A) neutral-charged nanogel, (B) anionic nanogel, (C) 

cationic nanogel samples with different concentrations as a function of time; (D) 

equilibrium emulsion volume of NN, AN, and CN nanogel samples with 500, 1000, 

2000, 5000, and 10000 ppm. 

Although charges containing in nanogels decreased the stability of the adsorbed 

layer, at the same time, they prevented the effective collision of emulsion droplets by 

electrostatic repulsion. At high nanogel ratio, electrostatic repulsion overwhelmed the 

decreased stability of absorbed layer. Thus, the emulsions of AN and CN samples were 

more stable at high nanogel concentrations. Nanogels can be used as emulsifier without 
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other stabilizers to produce stable o/w emulsions while nanosilica are mostly used as co-

stabilizer together with surfactants and polymers [43, 44]. Compared to emulsions 

stabilized by microgels, the emulsions stabilized by nanogels has a less average diameter 

of emulsified oil droplets. Moreover, nanogel concentration (1000 ppm) is sufficient to 

produce stable o/w emulsion which is insufficient for microgels [45, 46]. 

3.3. TEMPERATURE EFFECT ON EMULSION STABILITY 

To correlate the effect of temperature on the emulsion stability, the emulsion 

volume was determined at temperatures of 25, 40, and 65 °C. The mixture of oil (1 mL) 

and nanosilica or nanogel dispersion (9 mL) with concentration varies from 500 to 10000 

ppm was homogenized for 2 minutes before aging at different temperatures. The results 

of emulsion volume were shown in Figure 10 as a function of nanoparticle/ nanogel 

concentration at different temperatures after 48 hours. Nanosilica showed less emulsion 

stability, which phase separated in 5 minutes, while the emulsions stabilized by nanogels 

were more stable at 25 than 65 °C. Although the increased kinetic energy of decane 

molecules at surface tend to overcome the net attractive force from bulk oil at a higher 

temperature, the adsorbed nanoparticle firm will separate from the emulsion. Oil droplets 

covered with fewer nanoparticles became unstable and turned to collision and 

coalescence, thus destabilizing oil-in-water emulsion. A phase separation occurred in 

emulsions treated with nanosilica within 5 minutes. For emulsions treated with nanogels, 

especially samples with high nanogel concentrations, emulsified oil droplets were 

suspended in water after homogenizing (Figure 11). At this time, the emulsion volume 

was equal to the total volume of the oil and nanogel dispersion. Afterwards, oil droplets 
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started to flow up and coalescent. For samples with 500 and 1000 ppm charged nanogels, 

the oil droplets were fully flowed up within 2 h at 40 °C and 65 °C. Though it took more 

than 5 days for all the oil droplets to flow up in emulsion treated with 10000 ppm charged 

nanogels, a distinguishable line can be observed in 6 hours. 
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Figure 10. The volume of emulsion treated with nanosilica or nanogels at (A) 25, (B) 40, 

and (C) 65 °C after 48 h. 

An increase in ambient temperature would increase both the flow-up rate and 

coalescence rate of emulsified oil droplets. The flow-up rate and coalescence rate of 

emulsified oil droplets were also decreased with increasing nanogel concentration. The 

change in emulsion stability with nanogel concentration showed to support steric 

stabilization mechanism. Similar with polymers, the crosslinked polymer chains on 

nanogel are solvated in 1 wt/% NaCl and turn to be collapsed in decane [47]. If the 

adsorbed nanogels fully covered the interface, there will be sufficient polymer chains to 

provide steric repulsion. Furthermore, nanogels in concentrated dispersion will prevent 

flowing up of emulsified oil droplets due to steric repulsion among adsorbed and 

dispersed nanogels. 
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Figure 11. The mixture of decane (1 mL) and nanoparticle dispersion (9 mL) at 40 °C 

after 48 h. 

4. CONCLUSIONS 

In this study, three nanogels with positive, neutral, and negative charge via 

suspension polymerization were obtained. The charge of nanogels was elucidated with 

zeta-potential measurements, while DLS, SEM, and TEM were applied to characterize 

the morphology and the swelling ratio. When the nanosilica was dispersed in 1 wt.% 

NaCl, nanosilica was prone to be in the aggregation state in the presence of salt as 

evidenced by their apparent larger hydrodynamic diameter than the pristine sample. No 

participation occurred or polymeric nanogel dispersions for 6 months. Polymeric 

nanogels markedly decreased the interfacial tension between oil and water compared to 

nanosilica. Oil-in-water emulsion stabilized by neutral-charged nanogel remained more 

than 90 % of its original volume at 25 °C for 30 days while emulsion treated with 

nanosilica fully phase separated in 5 minutes after homogenization. Neutral-charged 
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nanogel was able to stabilize oil-in-water emulsion to remain 82 % of its original volume 

at 65 °C after 48 h. 
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ABSTRACT 

The transportation and potential enhanced oil recovery mechanisms of nano-sized 

crosslinked polymeric particles (nanogels) with different charges are described herein. 

Three nanogels with different types of charges have been synthesized by suspension 

polymerization using acrylamide, 2-acrylamido-2-methylpropanesulfonic acid, and [2-

(acryloyloxy)ethyl] trimethylammonium chloride (AETAC) monomers. The charged 

nanogels showed spherical morphology, porous structures, and narrow size distribution. 

The charged nanogels were able to adsorb onto the rock surface and modify the 

wettability, a critical parameter of the nanogel to recover residual oil. In addition, the 

static and dynamic adsorption of charged nanogels in sandstone has been demonstrated. 

Furthermore, the charged nanogels could reduce the permeability of water much more 

than the permeability of oil and emulsify residual oil as demonstrated by core flooding 
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experiments. The nanogels with appropriate charges could offer the candidate through 

disproportionate permeability reduction and in-situ emulsification for enhanced oil 

recovery. 

Key words: Nanogel; Adsorption; Wettability; Enhanced oil recovery. 

1. INTRODUCTION 

Nano-sized crosslinked polymeric particles (nanogels) are considered as attractive 

agents for in-depth treatment in the  heterogeneous reservoirs, especially in the low 

permeable reservoirs1, 2. The nanogels can easily transport to the in-depth of formation 

due to the small size of nanogels, which is much smaller than the diameter of pores and 

throats in the oil reservoirs3. The nanogels are able to settle down and divert water or gas 

flow through high permeability zones to the unswept zones and enhance oil recovery 

when the pressure gradient decreases in the in-depth of formation4-6. Compared with the 

conventional in-depth plugging agents like in-situ gels, the nanogels have several 

advantages such as low viscosity7, 8, temperature and salt resistance9. In addition, the 

nanogels are able to reduce relative permeability of water more than that of oil, because 

the hydrophilic polymeric networks in nanogels contribute to the differential permeability 

reduction10. Furthermore, the nanogels can adsorb at the oil-water interfaces to reduce the 

interfacial tension and stabilize oil-in-water emulsions11, 12, which helps to improve the 

recovery of the residual oil trapped in oil reservoirs. 

Lab-scaled experiments have stated that nanogels can adsorb and form the 

mechanical blockage in porous media, which greatly reduce the relative permeability of 

water3, 6. In Lenchenkov’s experiments, the adsorption of nanogels was found to be 
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dependence on the flow rate in high permeable porous media, which indicated a 

multilayer adsorption of nanogels6. The adsorption of polyacrylamide-based nanogels on 

the rock surface is driven by Van der Waals’ force and hydrogen bond during the 

nanogels transport in porous media13. In addition, the nanogel concentration in the 

effluent was found to be smaller than the concentration injected, even after the injection 

of several pore volumes, which suggested the mechanical entrapment of the nanogels in 

porous media. The pore throats might be blocked by the nanogel agglomeration due to 

the dramatically increased size. However, the polyacrylamide-based nanogels were not 

stable in formation water due to the insufficient electrostatic repulsion, and in 

consequence, the nanogels accumulated in the inlet section and not penetrated into the 

depth of sandstone. 

The surface charges of nanogels can prevent the nanogels aggregate in formation 

water so that it can enhance the stability of nanogels during the transportation in porous 

media14. The surface charges profoundly affect the adsorption and rearrangement of 

nanogels at the solid surface as well15. Positively charged nanogels are attracted to 

negatively charged surfaces, while negatively charged nanogels are attracted to positively 

charged surfaces. Considered the surface charge of most sandstone reservoir is 

negative16, which plays an important role in the nanogel adsorption and transportation, it 

is essential to clarify the interaction between charged nanogels and rock surface to 

systematically understand the transportation and permeability reduction mechanisms of 

nanogels. However, to the best of our knowledge, no studies have reported the adsorption 

mechanisms of nanogels in porous media, especially using nanogels with different 

charges. 
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In this study, we synthesized the nanogels with narrative size distribution using 

free-radical suspension polymerization and characterized their properties using 

corresponding technologies. We investigated the rheology of nanogels with different 

charges under shearing from 40 to 100 s-1 and the surface modification properties of 

charged nanogels on sandstone cores. In addition, the static and dynamic adsorption 

processes of nanogels onto sandstone surface were dominated by the electrostatic 

interactions. Furthermore, it has been demonstrated that the nanogels were able to reduce 

water permeability much more than oil permeability and emulsify residual oil through 

core flooding experiments. The transportation and adsorption mechanism of charged 

nanogels through the porous media was discussed based on the parallel capillary tube 

model. 

2. EXPERIMENTAL 

2.1. MATERIALS 

The All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, 

MO) and used as received except further noted. Acrylamide was recrystallized to remove 

the inhibitor and 2-acrylamido-2-methylpropanesulfonic acid (AMPS) was neutralized to 

generate the corresponding sodium salt (AMPS-Na). The synthesis of nanogels is free-

radical suspension polymerization at 1000:1 mol/mol monomer to crosslinker ratio. 

Nanogels were washed three times with acetone, dried in vacuo at room temperature to 

afford a white solid powder. 
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2.2. MORPHOLOGY AND SIZE DISTRIBUTION STUDIES 

The solid powder of nanogels and the dispersion of nanogels after lyophilized 

were placed onto the electrically conductive film and coated with Au-Pd to imaging. A 

Hitachi S-4700 FESEM microscope (Tokyo, Japan) was used to collect scanning electron 

microscope (SEM) images at 15.0 kV. Dynamic light scattering (DLS) measurements on 

swollen nanogels were performed by a Malvern ZS90 Nanosizer (Malvern Instruments, 

Ltd., U.K.) at a scattering angle of 90° with an incident beam of a wavelength at 633 nm 

at 25 °C. The measurements were based on three repeated results of each sample. The 

intensity size distribution was obtained from analysis of the correlation functions by the 

multiple narrow mode algorithms in the instrument software. 

2.3. RHEOLOGICAL PARAMETERS MEASUREMENTS 

The rheological parameters of the nanogel dispersions were measured with a 

Brookfield DV3T rheometer at 25 °C. 

2.4. CONTACT ANGLE MEASUREMENTS 

Equilibrium contact angle was measured between n-decane (drop) and the 

nanogel dispersion (surrounding solution) on sandstone cores, which had immersed in the 

nanogel dispersion for 10 days. The measurements were performed at 25 °C by placing a 

drop of n-decane at the surface of sandstone. Contact angles were determined by fitting 

the Young-Laplace equation to the drop profile. 
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2.5. STATIC AND DYNAMIC ADSORPTION MEASUREMENTS 

For static adsorption measurements, the Berea sandstone cores saturated with 1 

wt.% NaCl (Table 1) were immersed in 1000 ppm nanogel dispersions at 25 °C for 10 

days. The concentration of nanogel in dispersions was measured using Shimadzu 

UVmini-1240 UV-Vis spectrophotometer as a function of time with the appropriate 

mixture of 1 wt.% NaCl as a reference. 

Table 1. Physical properties of sandstone cores for static adsorption measurements. 

Sample  Core length (cm) Core diameter (cm) Surface area (cm2) 

PAM 1.350 2.498 20.40 

PAMPS-Na 1.354 2.498 20.43 

PAETAC 1.351 2.498 20.40 

Nanogel dispersion (300 μL) was diluted by 1 wt.% NaCl to a concentration that 

fell in the linear range following Lambert-Beer Law and concentration of nanogel was 

quantified by the Lambert-Beer equation: 

A = εcL 

where A is the absorbance, ε is the absorptivity, c is the concentration of the sample, and 

L is the path length of light through the sample. 

For the dynamic adsorption measurements, the nanogel dispersions were injected 

through the sandstone cores (Table 2) saturated with 1 wt.% NaCl (Figure 1). The 

nanogel concentration in the effluent was measured in the same way in the static 

adsorption measurements as a function of injection volume. 
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Figure 1. Schematic diagram of single core equipment for dynamic adsorption and core 

flooding experiments. 

Table 2. Physical properties of sandstone cores for dynamic adsorption and core flooding. 

Sandstone Core Length (cm) Diameter (cm) Pore volume (mL) Permeability 

(mD) 

PAM adsorption 5.25 2.54 5.45 196.33 

PAMPS-Na adsorption 5.40 2.54 5.66 306.31 

PAETAC adsorption 5.25 2.54 5.45 297.93 

PAM flooding 5.03 2.52 4.72 85.19 

PAMPS-Na flooding 5.40 2.52 5.18 94.72 

PAETAC flooding 5.60 2.52 5.32 81.71 

2.6. CORE FLOODING EXPERIMENTS 

The plugging efficiency and enhanced oil recovery ability of the nanogels were 

simulated and evaluated by the core flooding experiment. The sandstone cores (Table 2) 

were dried in 130 °C oven and vacuumed before saturated with 1 wt.% NaCl. The brine 

permeability of each sandstone cores was measured and then, several pore volumes (PV) 

of decane were injected following the equipment shown in Figure 1. Brine was injected 
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to reach the residual oil saturation at a constant flow rate of 0.25 mL/min. Afterward, the 

nanogel dispersions were injected through the cores until the injection pressure became 

constant. A post-brine flooding was conducted to elucidate the water diversion after the 

nanogel treatment. 

3. RESULTS AND DISCUSSIONS 

3.1. MORPHOLOGY AND SIZE DISTRIBUTION OF NANOGELS 

The physicochemical properties of the synthesized nanogels are listed in Table 3, 

including surface ζ-potentials, polydispersity index in 1 wt.% NaCl, and pH. The 

negative ζ-potential of PAM nanogel presumably was caused by the hydrolysis of amide 

moieties to carboxylic groups. 

Table 3. Physicochemical properties of PAM, PAMPS-Na, and PAETAC nanogels. 

Property PAM PAMPS-Na PAETAC 

Charge Neutral Negative Positive 

Surface ζ -potential (mV) -1.76 -35.90 34.75 

Polydispersity index (PDI) 0.236 0.268 0.482 

pH (1000 ppm nanogel) 7.8 7.0 4.9 

The monodisperse charged nanogels with uniformed geometry were synthesized 

via suspension polymerization following our previous work17. As shown in Figure 2, the 

average hydrodynamic diameter of PAMPS-Na, PAM, and PAETAC nanogels in 1 wt.% 

NaCl solution was 241.62, 220.14, and 151.14 nm, respectively. The narrow size 

distributions suggest the good stability of the synthesized nanogels in 1 wt.% NaCl 

solution. The hydrodynamic diameter of AMPS-Na nanogels measured by DLS was 
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approximately larger compared to the size as visualized by SEM, as illustrated in Figure 

3B, where swelled nanogels were observed. The difference in the diameter results from 

SEM and DLS was due to the dangling polymer chains on the surface of nanogels. 
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Figure 2. Hydrodynamic diameter distribution of PAM, PAMPS-Na, and PAETAC 

nanogels in 1 wt.% NaCl measured at C ~ 100 mg/L, and T = 25 °C. 

 

Figure 3. SEM micrographs of PAMPS-Na nanogel before (A) and after (B) swelling in 1 

wt.% NaCl. 
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Furthermore, the diameter of PAMPS-Na nanogels increased ~5 times after 

swelled in 1 wt.% NaCl solution. The morphological features of the PAMPS-Na nanogels 

elucidated by SEM showed a porous structure with an irregular pore distribution, which 

accounted for high water content, deformable features of the nanogels. 

3.2. RHEOLOGICAL PROPERTIES OF NANOGEL DISPERSIONS 

The viscosity of nanogel dispersions was obviously affected by the concentrations 

of nanogel as shown in Figure 4A, B and C. At low shear rates, the viscosity of dispersed 

PAM and PAETAC nanogels decreased as the shear rate increased, which demonstrated 

the breakage of preformed interparticle structures. The viscosity of PAETAC and 

PAMPS-Na nanogel dispersions kept constant and showed to be a Newtonian fluid when 

the shear rate is higher than 40 s-1. However, for PAM nanogel dispersion showed the 

properties of a dilatant fluid at the shear rate above 100 s-1. Before applied shear, the Van 

der Waals’ attraction drove the formation of interparticle structure among the dispersed 

nanogels. 

At low shear rates, the dispersions of PAM and PAETAC nanogels displayed the 

shear thinning behavior due to the breakage of the interparticle structure. However, the 

viscosity of PAMPS-Na nanogel dispersion showed to be a Newtonian fluid because of 

the electrostatic repulsion hindered the formation of interparticle structure. When the 

shear rate is above 100 s-1, the shear-induced the deformation of the nanogels and 

increased the attraction among dispersed nanogels, which resulted in the dilatant behavior 

of the dispersions of PAM nanogels18, 19. Nevertheless, the electrostatic repulsion among 

charged nanogels overcame the attraction caused by nanogel deformation and the 



64 

 

 

viscosity of the dispersion of charged nanogels kept constant at high shear rates from 100 

to 150 s-1. 
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Figure 4. Viscosity of nanogel dispersion at different shear rates. 

The relative viscosities of nanogel dispersions at a constant shear rate (40 s-1) at 

different nanogel concentrations are shown in Figure 4D. By fitting of the data, the 

relative viscosity (ηr) is found to be an exponential function of concentration in PAMPS-

Na and PAETAC nanogel dispersions while a linear function of concentration in PAM 

nanogel dispersion. This concentration-dependent slope change indicates a change in 

polymer interaction20 in PAMPS-Na and PAETAC samples. Below 2000 mg/L, the 
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nanogel is well dispersed and nanogel-solvent interactions dominate the flow behavior of 

nanogel dispersion. When the nanogel concentration is greater than 5000 mg/L, the 

average inter-particle spacing is reduced and the particle-particle reaction is no longer 

negligible. When compared relative viscosities of nanogels with Krieger-Dougherty 

model8, which was applied to fit the relative viscosity of dispersed hard spherical 

particles, a much higher viscosity profile was found for PAMPS-Na and PAETAC 

nanogels. The abruptly exponentially scale of nanogel viscosity was caused by the long-

range interactions among nanogels. When the concentration of nanogel was higher than 

5000 mg/L, the nanogels turned to form percolation21, 22 that resulted in the exponentially 

increased nanogel viscosity. 

3.3. NANOGEL EFFECT ON WETTABILITY ALTERATION 

A To investigate the effect of nanogels on the wettability of sandstone surface, the 

static sessile drop experiments were performed on nanogel adsorbed sandstone cores. The 

contact angles were measured between the nanogel dispersions and decane on the 

sandstone surface, which were immersed in the nanogel dispersions for 10 days. As 

displayed in Figure 5, the contact angle of sandstone cores adsorbed PAM and PAMPS-

Na nanogels decreased from 23.63° to 18.69° and 15.53°, respectively whereas the 

contact angle of sandstone core adsorbed PAETAC nanogels increased to 26.66°. The 

change of wettability reflected by the contact angle was caused by the adsorbed nanogel 

layer on the sandstone surface. The polymer chains on nanogel attracted water to spread 

on the surface of the adsorbed layer by dipole-dipole attraction, which was dominated by 

the affinity of polymer chains to water. The PAM and PAMPS-Na nanogels, which were 
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more hydrophilic than the surface of sandstone, provided a smaller contact angle. Vice 

versa, the PAETAC nanogels that were more hydrophobic than the sandstone surface 

increased the contact angle and turned rock surface to less water-wet. 
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Figure 5. Contact angle of sandstone cores and after adsorbed PAM, PAETAC, and 

PAMPS-Na nanogels. 

3.4. STATIC ADSORPTION OF NANOGELS ON SANDSTONE 

Urine In order to investigate the mechanism of controlling process of nanogel 

adsorption, the pseudo-first and second order kinetic models23 were used to fit the static 

adsorption experiments data 

Pseudo-first order model: 

𝑞𝑡 = 𝑞𝑒[1 − exp(−𝑘1𝑡)] 

Pseudo-second order model: 

𝑞𝑡 =
𝑞𝑒
2𝑘2𝑡

[𝑞𝑒𝑘2𝑡 + 1]
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where qt is the amount of nanogel adsorbed at t, qe is the amount of nanogel adsorbed at 

equilibrium, k1 and k2 are the rate constant for pseudo-first and second order model, 

respectively. 

The fitting curves of pseudo-first and second order models of charged nanogels 

adsorption onto sandstone surface are shown in Figure 6. It was clear that the adsorption 

process can be divided into two processes: a relative fast uptake of nanogels during the 

initial stage, and followed by a slow adsorption period until reached an equilibrium 

adsorption. The value of equilibrium adsorption and corresponding parameters were 

obtained through the application of the pseudo-first order model for PAETAC nanogel 

and pseudo-second order model for PAMPS-Na and PAM nanogel samples (Table 4). 

The rate constant k1 of PAMPS-Na is considerably higher than the rate of PAM nanogels, 

which is in agreement with our previous results of the diffusion coefficients of charged 

nanogels17. The non-linear fitting curve of adsorption data suggested that two or more 

factors controlled the nanogel adsorption process24. As shown in Figure 6, the adsorption 

kinetics of PAETAC nanogel was fitted better by pseudo-first order model and the 

equilibrium adsorption concentration of PAETAC is much higher than PAM and 

PAMPS-Na nanogels. Generally, the pseudo-second order model is applied to estimate 

adsorption behavior based on the whole range while in the pseudo-first order model, the 

adsorption is dominated by one factor. Because of the negative charge of sandstone 

surface, the adsorption of PAETAC nanogels was driven by both electrostatic attraction 

and Van der Waals’ force whereas the adsorption of PAM and PAMPS-Na nanogels was 

controlled by electrostatic repulsion and Van der Waals’ attraction. The good following 

in the pseudo-first order model of PAETAC nanogel adsorption indicated the electrostatic 
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interaction between nanogel and rock surface had overwhelmed the effect of other forces 

on the adsorption process. 
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Figure 6. Static adsorption curve for 1000 mg/L PAM, PAETAC, and PAMPS-Na 

nanogels uptake on sandstone cores at 25 °C. 

Table 4. Kinetic parameters for PAM, PAMPS-Na, and PAETAC adsorption on 

sandstone cores. 

Nanogel Fitting Model kl (h-1) k2 (g·cm-2h-1) Qe (g·cm-2) Radj
2 

PAM Pseudo-second order N/A 936.0744 2.32071*10-4 0.95383 

PAMPS-Na Pseudo-second order N/A 1480.2384 1.05432*10-4 0.99133 

PAETAC Pseudo-first order 9.7413*10-3 N/A 4.80362*10-4 0.98654 

The equilibrium adsorption concentration of single layer adsorption of mono-

dispersed nanogels is: 

𝑄 =
𝑚

𝐴
=

4
3𝜋𝑟

3𝜌

4√3𝑟2
=
𝜋𝑟𝜌

3√3
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where 𝑟 and 𝜌 are the radius and density of nanogel, respectively. Because of the high-

water content of swelled nanogels, the density of nanogel is assumed to equal to the 

density of 1 wt.% NaCl solution. If there is no deformation of nanogels during the static 

adsorption process, the equilibrium adsorption concentration of PAM, PAMPS-Na, and 

PAETAC nanogels are 6.7*10-6, 7.3*10-6, and 4.6*10-6 g/cm2, respectively. However, the 

adsorption concentration of PAETAC nanogel at the surface of sandstone, which is 

~4.8*10-4 g/cm2 calculated from the pseudo-first order model, is around two times of the 

adsorption concentration of PAM nanogel and four times of PAMPS-Na nanogel. The 

experimental results indicated a multilayer adsorption of nanogel onto the sandstone 

surface that is dominated by the electrostatic interactions. 

3.5. DYNAMIC ADSORPTION AND DESORPTION OF NANOGELS ON 

SANDSTONE 

In general, the kinetics of dynamic adsorption is different with that of static 

adsorption25. As transportation of nanogel in porous media under a dynamic adsorption, 

the volumetric flow will cause the multilayer adsorption on pore surface. Moreover, the 

complexed porous structure may cause log-jam phenomenon at the entrance of the pore 

throat. In dynamic adsorption measurements, nanogel dispersions with a concentration of 

1000 mg/L were injected through sandstone cores until no more nanogel adsorbed on the 

pore surface. Then, 1 wt.% NaCl solution was injected into sandstone cores to desorb 

nanogel from the rock surface. The differential pressure was recorded to determine the 

adsorbing and blocking behavior of nanogels. 
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Figure 7. Differential pressure and concentration of nanogel in effluent versus injection 

volume curve of dynamic adsorption measurements of A) PAM, B) PAMPS-Na, and C) 

PAETAC nanogel and dynamic desorption measurements of D) PAM, E) PAMPS-Na, 

and F) PAETAC nanogel. 

The differential pressure suddenly increased to 0.4 psi, then increased at a rate of 

0.04 psi per PV during the injection of PAM nanogel dispersion (Figure 7A). No PAM 

nanogel was detected in the effluent until 0.75 PV of PAM nanogel injection. The 
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concentration of nanogel increased dramatically and reached the concentration of injected 

dispersion at 2.35 PV, which indicated a piston-like displacement of nanogel inside the 

core. For PAMPS-Na nanogel, an obvious bump in differential pressure appeared at the 

start point of injection, which is presumably due to the threshold injection pressure 

(Figure 7B). The differential pressure increased at a constant rate of 0.55 psi per PV 

during the injection of PAETAC nanogel dispersion (Figure 7C). After injected 0.84 PV, 

PAETAC nanogel started to be detected in the effluent. The concentration of nanogel 

increased from 0 to 827 mg/L at a rate of 183.8 mg/L per PV, and then, turned to a much 

slower increasing rate of 3.8 mg/L per PV. 

The increased differential pressure can be caused by the narrowed flow path by 

nanogel adsorbing on the rock surface and/or reduced flow path amount by bridging and 

aggregating to block pore throats. It is simply assumed that the sandstone core was the 

assembly of many paralleled capillary tubes with same diameter and length. The length of 

these capillary tubes is assumed to equal to the length of the sandstone core, which means 

that tortuosity is not considered in this assumption. Based on the relationship between 

effluent nanogel concentration and injection volume, accumulative residual nanogel was 

calculated by the integration. The radius of capillary tubes was calculated by applying the 

following equations26: 

𝑟 = √
8𝐾

Φ
 

where K is the permeability, and Φ is the porosity of core. If the deformation of residual 

nanogels is neglectable, the total pore volume before nanogel flooding is equal to the 

summary of pore volume after nanogel flooding and volume of residual nanogels: 
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𝑛𝜋𝑟𝑏
2𝐿 = 𝜙𝑉𝑏𝑢𝑙𝑘 

𝑛𝜋𝑟𝑎
2𝐿 + 𝑉𝑛𝑎𝑛𝑜𝑔𝑒𝑙 = 𝑛𝜋𝑟𝑏

2𝐿 

Injection pressure can be calculated using Poiseuille’s Law because of the flow of 

nanogel is quite slow and can be considered as a laminar flow in the porous medium: 

𝑃 =
8𝑄𝜇𝐿

𝜋𝑛𝑟4
 

All the calculated parameters are listed in Table 5. The differences between 

calculated and measured differential pressure are significant, as the value of measured 

injection pressure is several to tens of times of calculated one. This difference indicated 

that the arrangement of nanogels in the porous medium is in not only multilayer 

adsorption state on rock surface but also blockage of nanogel agglomeration, which 

dominated the differential pressure in the porous medium. Furthermore, in sandstone 

cores, PAETAC nanogel with positive charges provide more and/or stronger adsorption 

than PAM and PAMPS-Na nanogel. 

Table 5. Calculated capillary radius before and after nanogel adsorption, capillary 

number, and differential pressures. 

Sample rb (m) ra (m) n Pmeas (psi) Pcalc (psi) 

PAM 2.77*10-6 2.62*10-6 4.31*106 1.18 0.39 

PAMPS-Na 3.44*10-6 3.40*10-6 2.82*106 0.59 0.22 

PAETAC 3.41*10-6 3.14*10-6 2.84*106 13.46 0.29 

The dynamic desorption behaviors of nanogel systems were studied at room 

temperature. The differential pressure of PAM nanogel sample decreased from 1.1 to 0.6 

psi and then became constant in the dynamic desorption measurement (Figure 7D), 

indicated the unblocking and transportation of nanogel aggregations. The concentration 
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of nanogel in effluent drops to 100 mg/L in 0.7 PV, which is due to the displacement of 

nanogel dispersion remained in pores. In comparison with the decrease in differential 

pressure of PAM sample, the PAMPS-Na and PAETAC samples showed a slight 

decrease, which is less than their Pcalc, during brine injection. Although the differential 

pressure curve appeared a similar trend in PAMPS-Na and PAETAC nanogel desorption 

measurements, the relationship between nanogel concentration and brine injected volume 

is different (Figure 7E, F). For instance, the concentration of PAMPS-Na nanogel 

decreased from 1000 to 70 mg/L after 0.375 PV of injection while for PAETAC nanogel, 

the concentration decreased in a power law relationship with injection volume. The trend 

of differential pressure and nanogel concentration could be ascribed to desorption of 

nanogel from pore surface. 

Furthermore, the different responding rates of injection pressure and effluent 

nanogel concentration were observed in both the dynamic adsorption and desorption 

measurements. The heterogeneous pore size distribution in the sandstone core resulted in 

the detection of nanogels in the effluent in less than 1 PV during the dynamic adsorption 

measurements. In addition, the effluent nanogel concentration reached their equilibrium 

concentration after more than 1 PV of nanogel injection. The electrostatic interactions 

between sandstone and nanogels contributed to the different effluent nanogel 

concentration profile that the electro-repulsion accelerated the dynamic adsorption 

process to reach equilibrium state whereas electro-attraction prolonged it. In the 

desorption measurements, the nanogel dispersions resisted in the pores and throats were 

flushed out quickly by the displacing water that resulted in the dramatically drop of 
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effluent nanogel concentration. After that, the slowly desorption of nanogel from the rock 

surface lead to the decrement of injection pressure. 

3.6. PROFILE CONTROL AND OIL DISPLACEMENT EFFECTS OF 

NANOGELS 

In the core flooding experiment, the plugging efficiency and cumulative oil 

recovery were evaluated by the differential pressure and oil recovery as displayed in 

Figure 8. The oil recovery was increased during the nanogel injection and the 2nd water 

flooding. For instance, PAM nanogel increased differential pressure from 7.5 to 17 psi 

and helped to recover 9.62 % oil during the nanogel injection (Figure 8A). There was 

4.24% oil produced from the sandstone core in 2nd water flooding due to water diversion. 

Similar differential pressure profiles were observed in PAMPS-Na and PAETAC samples 

(Figure 8B, C) and the cumulative oil recovery was increased during both the nanogel 

injection and 2nd water flooding. The core flooding experiments demonstrated that the 

water flow can be diverted to the unflushed zone after nanogel injection. An interesting 

observation is that the oil produced during the nanogel injection is in oil-in-water 

emulsion state while the oil produced during the 2nd water flooding is in the bulk oil 

phase (Figure 8D, E). The emulsified oil droplets in effluent implied that the nanogels 

can spontaneously emulsify and wash out the residual oil in porous media. The adsorbed 

nanogel layers at the oil-water interfaces helped reduce the oil-water interfacial tension 

and stabilize oil-in-water emulsions17. Furthermore, additional oil was produced from the 

porous media during the 2nd water flooding because the nanogel adsorbed on sandstone 

surface and blocked the pore throats significantly increased the differential pressure and 

divert displacing fluid to the unflushed zone. 
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Figure 8. Injection pressure and oil recovery of oil saturated sandstone flooded using A) 

PAM nanogel; B) PAMPS-Na nanogel; C) PAETAC nanogel. Photo of D) effluent 

during nanogel injection; E) effluent during 2nd flooding. 

In the dynamic adsorption experiments of the nanogels, the differential pressure is 

dramatically influenced by the charge of nanogels. However, the differential pressure of 

the core flooding experiment is independent of the charge of nanogels. A possible 

hypothesis for the underlying cause of this behavior is that the presence of oil hindered 

the adsorption of nanogel on the rock surface and the mechanical entrapment of nanogels 

dominated the differential pressure. 
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4. CONCLUSION 

In summary, the nanogels used in chemical enhanced oil recovery has been 

described. Crosslinking of AETAC, AM, and AMPS-Na monomers by suspension 

polymerization generated nanogels with positive, neutral, and negative charges, 

respectively. The morphology and size distribution of nanogels were demonstrated by 

SEM and DLS. Compared to dispersed nanoparticle system, the viscosity of nanogels 

presented an exponential relationship with concentration, which indicated percolation 

among nanogels. Rheological studies demonstrated the nanogels’ ability to be easily 

injected into the matrix in reservoirs. The contact angle of sandstone showed slightly 

decrease upon the hydrophilicity of adsorbed nanogels, and the sandstone had a larger 

contact angle after adsorbed PAETAC nanogels. The kinetic of nanogel adsorption was 

controlled by the surface charge of sandstone and nanogel as demonstrated by static and 

dynamic adsorption measurements. The nanogels showed good plugging efficiency in 1 

wt.% NaCl solution. In addition, it has been demonstrated that the nanogels had the 

ability to emulsify residual oil and enhance displacing efficiency. The second brine 

injection, which simulated post water flooding, demonstrated that nanogels could 

efficiently divert brine flow to enhance sweep efficiency. 
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ABSTRACT 

Nanoparticles have been systematically investigated for their EOR mechanisms, 

such as rock wettability alternation, oil displacement by disjoining pressure, and the 

stabilization of emulsion and foam. Nanogels are nano-sized crosslinked polymeric 

particles that have the properties of both nanoparticles and hydrogels. The goal of this 

study is to investigate the oil-water interfacial behavior in the presence of nanogels, 

especially the dynamic interfacial tension and the stability of oil-in-water (o/w) 

emulsions. The nanogels synthesized in this study are able to reduce the oil-water 

interfacial tension and stabilize the o/w emulsions. The diameter and zeta-potential of the 

charged nanogels are dramatically influenced by the brine salinity whereas the neutral 

charged nanogels are barely affected by salt. The synthesized nanogels are stable in 
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distilled water and brines at room temperature for more than 60 days. The dynamic 

interfacial tension results show that the nanogels are able to reduce the oil-water 

interfacial tension to as much as 1/30 of the original value. In addition, the interfacial 

tension reduction is more significant at high salinity (ranging from 10,000 to 50,000 ppm 

NaCl concentration). Emulsion stability results demonstrated that the stability of 

emulsified oil drops was controlled by both the strength of the adsorbed nanogel layers 

and the interactions among oil drops. The salt dependent interfacial tension and emulsion 

stability indicated that the appropriate charged nanogel can be a promising candidate for 

enhanced oil recovery. 

1. INTRODUCTION 

Nearly 2,000 billion barrels of conventional oil and 5,000 billion barrels of heavy 

oil will remain in reservoirs worldwide after conventional recovery methods have been 

exhausted (Thomas 2008). One reason is that much residual oil is left in porous media 

after water flushing due to unfavorable wetting conditions. For example, residual oil is 

trapped at the center of pores and throats in water-wetted reservoirs and on the rock 

surface in oil-wetted reservoirs (Wagner and Leach 1959). Thus, the efficiency with 

which water will displace oil from a porous medium is related to the nature of the 

capillary force present. By reducing the oil-water interfacial tension, the capillary forces 

can be reduced or eliminated, which helps to recover the residual oil  (Fanchi 2005, Tiab 

and Donaldson 2015).  

Emulsion system, formed by lowering interfacial tension between oil and water, 

has been widely investigated and applied for enhanced oil recovery for their potential to 
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significantly improve the oil recovery in reservoirs (Weideman 1996, Opawale and 

Burgess 1998). The EOR mechanisms of emulsifiers can be attributed to either reducing 

residual oil saturation by forming micro-emulsions (Pei et al. 2015) or improving sweep 

efficiency by reducing mobility ratio (Fu et al. 2012). Traditionally, surfactants have been 

studied to form and stabilize the emulsion. However, unsatisfactory stability of 

corresponding emulsions (Hirasaki 1981, Sheng 2010) and very large adsorption to rock 

surfaces limits their applications in oil fields. Recently, nanoparticles such as nanosilica, 

nano-metallic oxide, nano-clay, and nano-graphene oxide have been investigated to 

reduce oil-water interfacial tension, stabilize oil-in-water (o/w) emulsion and alter rock 

surface wettability to enhance oil recovery (Cheraghian and Hendraningrat 2016, Ahmadi 

and Shadizadeh 2012, Yousefvand and Jafari 2015, Cheraghian 2016, El-Diasty and Aly 

2015). It is well known that the nanoparticles with suitable size and surface chemistry 

strongly adsorb at liquid-liquid and/or liquid/air interfaces because the adsorption lowers 

the total system energy. The emulsion stability is significantly increased after adsorbing 

nanoparticles at the interfaces because they can provide steric hindrance to prevent 

droplets from coalescing. Although a high desorption energy from oil-water interfaces 

suggests promise for a long-term stability of emulsions stabilized by nanoparticles (i.e., a 

Pickering emulsion), salt sensitivity limits applications of these nanoparticles to stabilize 

emulsions (Zhang et al. 2014). Researchers have modified the surface of these 

nanoparticles by grafting small molecules, oligomers, or polymers on the surface of the 

nanoparticles to increase their stability in brines (Bagwe et al. 2006). However, surface 

modification is usually costly, and an energy and time consuming process because the 
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synthesized/natural nanoparticles need to be re-dispersed into solvent vehicle and 

modified, often needing high temperature. 

Recent work has shown that nano-sized crosslinked polymeric hydrogels 

(nanogels) have similar abilities of interfacial tension reduction and emulsion 

stabilization because their huge surface energy provides an irreversible adsorption of 

nanogels at oil-water interfaces and steric hindrance (Bizmark et al. 2014). Dangling 

polymer chains on the surface of nanogels can prevent the coalescence of emulsified oil 

drops. The hydrophilic moieties in polymer chains promise good dispensability and 

stability of nanogels in aqueous solutions, even in brines. The wettability of particles at 

the oil-water interface plays an important role in the formation and stabilization of 

emulsions. When the particles are more hydrophilic (contact angle < 90°), they prefer to 

immerse in water phase and help to form o/w emulsions, and the reverse behavior is also 

true (Aveyard et al. 2003). When nanogels adsorb at oil-water interface, they deform in 

unusual manner: the nanogels adsorbed with a flattened morphology at oil-water and 

prevent drops from coalescing (Pinaud et al. 2014). The nanogels were stretched out 

when the surface coverage is low because of the free energy gain of covering larger 

interfacial area was greater as compared to the energy cost of the elastic deformation of 

nanogels (Deshmukh et al. 2015). Hydrophilic moieties in polymer chains and the 

hydrophobic nature of polymer backbones provide amphoteric properties of nanogels at 

oil-water interfaces, which are then similar with Janus nanoparticles. Besides the particle 

wettability, swelling caused by osmotic pressure decrease and charge distribution of 

nanogels also influences the stability of produced Mickering emulsions which are 

emulsions stabilized by soft particles (Pickering 1907, Ramsden 1904). Pascal 
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demonstrated that charges are not required to ensure the stability of Mickering emulsion 

and that the number of charges or their spatial distribution inside the gel particles or at 

their periphery do not affect the way gel particles adsorb at oil-water interface. Moreover, 

the flow properties of corresponding Mickering emulsions was not impacted by the 

charge of gel particles (Massé et al. 2014). Conversely, based on Brugger’s results, oil 

droplets stabilized by charged gel particles were better dispersed rather than forming 

aggregates, which resulted in a significant viscosity increase of emulsion system 

(Brugger et al. 2008). Some researchers believe that the stabilization of droplets is not 

due to electrostatic repulsion, insisting that viscoelastic properties of the interface seem to 

play a dominant role in determining the stability of droplets (Brugger et al. 2010). While 

electrostatic repulsion within nanogels definitely affect the stability of Mickering 

emulsions, it was neglected by these researchers due to the large size and low 

crosslinking density (low charge density) of their gel particles. The addition of salt leads 

to an increase in the degree of ionization of a pyridyl group in gel particles, increasing the 

hydrophilic character of the particles and hence inducing coalescence of oil drops in 

water, which means the salinity of brine is crucial to the stability of emulsion (Wang and 

Alvarado 2008). Currently, researchers are interested in the stimuli-responsive behavior 

of Mickering emulsions, especially in applications where surfactants are unwelcome 

(Brugger et al. 2009). However, in oil reservoirs, the multi-components in crude oil and 

the high salinity of formation fluids each would play important roles in the properties of 

corresponding Mickering emulsions. Unfortunately, few researchers have investigated the 

oil type and the salt concentration effects on the properties of corresponding Mickering 

emulsions. 
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In this paper, three nanogels with different charges were synthesized through 

inverse suspension polymerization as evaluated in several brines by corresponding 

techniques. We demonstrated how the decane/water and crude oil/water interfacial 

tension were reduced by adsorbing nanogels at different NaCl concentrations. The o/w 

emulsions stabilized by the synthesized nanogels were prepared through ultrasonic 

homogenization and evaluated at different NaCl concentrations at room temperature. The 

equilibrium emulsion volume and the creaming time were used to elucidate the 

mechanisms of nanogels in emulsion stabilization. The experimental procedures, results, 

and analysis were described next. 

2. METHODOLOGY 

2.1. MATERIALS 

The nanogels were synthesized through a suspension polymerization using three 

different monomers (acrylamide, sodium salt of 2-acrylamido-2-methylpropane sulfonic 

acid, and [2-(acryloyloxy)ethyl]trimethylammonium chloride) and N,N’-

methylenebis(acrylamide) (Geng, Ding, et al. 2018). The produced nanogels were 

precipitated in acetone, washed by acetone for three times, and isolated through 

ultracentrifuge. The white precipitation was collected and in vacuo dried at room 

temperature. 

The synthesized nanogels (1,000 ppm) with positive, negative, and neutral 

charges were dispersed in sodium chloride (NaCl) solutions with the concentrations from 

1,000 to 50,000 ppm. 
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Two oils were used in this study: n-decane (0.92 cP at room temperature) from 

Fisher science and a York crude oil (API 36°, 0.845g/cc, 9.25 cP) from TMD Energy, 

Inc. 

2.2. DIAMETER AND ZETA-POTENTIAL OF NANOGELS 

The diameter and zeta-potential of the synthesized nanogels were measured at 

different brine concentrations at room temperature using a Malvern Nanosizer ZS90. 

2.3. DYNAMIC INTERFACIAL TENSION MEASUREMENTS 

The interfacial tension between oil and nanogel dispersions was determined by 

the axisymmetric drop shape analysis using pendant drop method (Ramé-hart advanced 

goniometer 500-F1). The oil drop (decane and crude oil) was immersed in the nanogel 

dispersions from a precise syringe. The interfacial tension between oil and water was 

measured as soon as the oil droplet was formed. The interfacial tension values were 

obtained using the Young-Laplace equation. 

2.4. O/W EMULSION STABILITY MEASUREMENTS 

To prepare the oil-in-water (o/w) nanogel emulsions, nanogel dispersions at 

different NaCl concentrations (1000, 2000, 5000, 10000, and 50000 ppm) were prepared 

by dispersing nanogel powders in NaCl solutions. Then, the nanogel dispersion was 

mixed with decane/ crude oil at a volume ratio of 9:1. The mixture had a total volume of 

10 mL and was emulsified using an ultrasonic homogenizer (VC-1500, Sonics & 

Materials Inc.) with a CV-294 probe at 160 W for 60 seconds. The emulsion stability was 
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determined by monitoring the volume of emulsion phase as a function of time. The 

creaming time of emulsions was considered as an important parameter to characterize the 

repulsions among the emulsified oil drops. 

3. RESULTS AND DISCUSSIONS 

3.1. HYDRODYNAMIC DIAMETER AND ZETA-POTENTIAL OF NANOGELS 

The dried powder of nanogels was dispersed in several brines. After that, the 

nanogel dispersions were aged at 60 °C for 24 hours so that the nanogels can reach their 

fully swelling state. The hydrodynamic diameter of the positive and negative charged 

nanogels were more sensitive to the salt concentration compared with the neutral charged 

nanogels (Figure 1). The diameter of anionic and cationic nanogels gradually decreased 

from 273.2 to 248.6 nm and from 207.1 to 170.2 nm, respectively, as the NaCl 

concentration increased from 1,000 to 10,000 ppm. Above the concentration of 10,000 

ppm, the hydrodynamic diameter of charged nanogels was merely influenced by NaCl. 

The ionic moieties of the nanogels, the sulfonic groups of anionic nanogels and the 

quaternary amine of cationic nanogels provided the electrostatic repulsion among the 

polymer chains that leaded to the swelling of nanogels. However, the sodium and 

chloride ions in the brines reduced the electrostatic repulsions among the polymer chains, 

which induced the shrinkage of the polymeric networks of nanogels. As a result, the 

hydrodynamic diameter of charged nanogels was smaller at higher NaCl concentration. 

Moreover, with the NaCl concentration further increasing, the hydrodynamic diameter of 

the charged nanogels was more dependent on the affinity between water and the 

polymeric networks. Thus, the hydrodynamic diameter of charged nanogels became 
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constant at the NaCl above 10,000 ppm. For the neutral charged nanogels, the 

hydrodynamic diameter was slightly affected by the NaCl presumably due to the 

hydrolysis of amide moieties to carboxylic groups. 
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Figure 1. Average hydrodynamic diameter of cationic, anionic, and neutral charged 

nanogels at various NaCl concentrations. 

Furthermore, the zeta-potential of nanogels, a parameter reflects the stability of 

their dispersions, was related to the NaCl concentration. As shown in Figure 2, the zeta-

potential of anionic nanogels increased by the NaCl from -53.25 to -26.25 mV whereas 

the zeta-potential of cationic nanogels decreased from 47 to 13.75 mV. However, for the 

neutral charged nanogels, the zeta-potential was barely affected by the NaCl and kept ~ -

2 mV as the NaCl concentration increased from 1,000 to 50,000 ppm. 

For the nanogel dispersions, a high zeta-potential confers the stability of nanogels 

that the electrostatic repulsions can exceed the attractive force and resist aggregation and 

/or flocculation. The increased ionic strength (NaCl concentration) reduced the zeta-
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potential of charged nanogels by screening effect. However, compared with rigid 

nanoparticles, such as nanosilica and nano-Fe2O3 (Metin et al. 2011), the hydrophilic 

polymer chains of the nanogels enhanced the stability of dispersed nanogels. 
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Figure 2. Zeta-potential of cationic, anionic, and neutral charged nanogels at various 

NaCl concentrations. 

3.2. SALINITY EFFECT ON THE OIL-WATER INTERFACIAL TENSION 

REDUCTION 

The interfacial tension between crude oil and brines as well as between decane 

and brines was measured by pendant drop method at room temperature. As shown in 

Figure 3, the interfacial tension between crude oil and water decreased from 37.03 to 

28.32 mN/m as the NaCl concentration increased from 0 to 50,000 ppm. However, for 

decane and water, the interfacial tension was not influenced by NaCl as much as crude oil 

and water. The salinity related interfacial tension of crude oil was caused by the dissolved 

charged composites. When the salinity of surrounding solution increased, the attraction 

was increased of the water molecules to the crude oil molecules at the oil-water 
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interfaces. Compared with crude oil, the non-polar property of decane molecules 

hindered the screening effect from NaCl and resulted in the salt-independent interfacial 

tension. 
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Figure 3. The equilibrium crude oil/water and decane/water interface tension at various 

NaCl concentrations. 

Nanogels can markedly alter the oil-water interfacial properties by adsorption, 

resulting from huge surface due to the small size of nanogels (Fan and Striolo 2012, Du 

et al. 2010). The interfacial tension between oil and water can be decreased by microgels 

and nanogels through adsorption (Geng, Pu, et al. 2018, Aveyard et al. 2003). The 

nanogels are able to deform at the oil-water interfaces driven by the polymer-solvent 

affinity. Herein, the dynamic interfacial tension measurements between decane/ crude oil 

and nanogel dispersions were performed and discussed in detail. A typical interfacial 

tension kinetic between decane and cationic nanogels at 1,000 ppm NaCl was displayed 

in Figure 4. The dynamic interfacial tension can be divided into three stages: the early 
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stage that both the interfacial tension and the surface area decreased rapidly; the second 

stage that the interfacial tension and surface area decreased at a slower rate; the third 

stage that the surface area of oil drop keep constant while the interfacial tension kept 

decreasing; and the last stage that the interfacial tension reach the equilibrium value. 

Compared with the nanoparticles reported by Bizmark (Bizmark et al. 2014), the decrease 

of the oil-water interfaces in the presence of nanogels was much quicker due to the higher 

diffusivity of the nanogels. After the early stage, which was dominated by the diffuse 

process of nanogels from the nanogel dispersion to the oil-water interface, the ordering 

and rearrangement of nanogels at the interface started to control the interfacial tension 

kinetic (Dugyala et al. 2016). At the second stage, the coverage of nanogels at the oil-

water interface continuously increased leaded to a further decreasing in both interfacial 

tension and surface area. When the nanogels had a high coverage at the oil-water 

interface, the adsorbed nanogels hindered the continuous adsorption of nanogels from the 

dispersion and the deformation of nanogels contributed to the reduction of interfacial 

tension. At the last stage, the kinetic reached an equilibrium state with no more change in 

the interfacial tension. The surface area slowly increased presumably due to the buoyance 

of the pendent oil drop. 

Interfacial tension kinetics were recorded using three nanogel dispersions 

(cationic, anionic, and neutral charged nanogels) at different NaCl concentrations and 

two oils (decane and crude oil) at room temperature (Figure 5). All the dynamic 

interfacial tension exhibited similar profile that suggesting the nanogels functioned in a 

similar fashion of reducing interfacial tension, even at different NaCl concentrations. The 
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decane/water interfacial tension was reduced from ~26 to ~11, 4, and 8 mN/m by 

cationic, anionic, and neutral charged nanogels, respectively.  
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Figure 4. Dynamic interfacial tension and surface area of pendant oil drop of decane 

immersed in cationic nanogel dispersion at 1000 ppm NaCl. 

The time to achieve the equilibrium state of neutral charged nanogels was the 

shortest among that of anionic and cationic nanogels. Moreover, the equilibrium 

interfacial tension of nanogels was influenced by the NaCl concentration of the nanogel 

dispersions that both low and high salinity helped to further reduce the decane/water 

interfacial tension. 

The dynamic interfacial tension profiles between crude oil and water were similar 

with that between decane and water. However, the brine concentration effects on the 

equilibrium interfacial tension were different. As shown in the Figure 6, the equilibrium 

interfacial tension between crude oil and water was inverse proportion to the NaCl 

concentration by adsorbing cationic nanogels. The anionic and neutral charged nanogels 
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also showed a similar behavior that at 50,000 ppm NaCl concentration, the equilibrium 

interfacial tension achieved its minimum value. 
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Figure 5. Dynamic interfacial tension between decane and water in the presence of (A) 

cationic nanogels, (B) anionic nanogels, and (C) neutral charged nanogels at NaCl 

concentrations varies from 1000 to 50000 ppm. (D) Equilibrium interfacial tension 

between decane and water at various NaCl concentrations with nanogels. 

Nanogels decreased the interfacial tension through forming irreversible adsorbing 

layer at the oil-water interface. The ability of nanogels for interfacial tension reduction 

was related to not only the diameter but also the mechanical strength of the nanogels 

(Thieme et al. 1999). At low salinity (e.g. 1,000 ppm NaCl), the larger size of nanogels 

hindered the continuous adsorption and limited the amount of nanogels adsorbed at the 

oil-water interface. Meanwhile, the weak mechanical strength of nanogels at low salinity 
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rendered the nanogels efficiently deformation, which resulted in a high coverage of 

nanogels at the oil-water interfaces. Vice versa, nanogels became smaller and more rigid 

at higher salinity and influenced the interfacial tension by their coverage at the oil-water 

interface. Furthermore, the sodium and chloride ions in brines would reduce the 

electrostatic repulsion among the charged nanogels at the oil-water interface, which 

markedly increased the stability of adsorbed nanogel layers. Thus, high salinity enhanced 

the ability of nanogels for oil-water interfacial tension reduction. 
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Figure 6. Dynamic interfacial tension between crude oil and water in the presence of (A) 

cationic nanogels, (B) anionic nanogels, and (C) neutral charged nanogels at NaCl 

concentration varies from 1000 to 50000 ppm. (D) Equilibrium interfacial tension 

between crude oil and water at various NaCl concentrations with nanogels. 
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Figure 7. Photos of decane-in-water emulsions stabilized by (A) cationic nanogels, (B) 

anionic nanogels, and (C) neutral charged nanogels at various NaCl concentrations 

immediately, 1 day, and 15 days after the ultrasonic homogenization. 

In our experiments, the emulsion stability was elucidated by the creaming and the 

emulsion volume kinetics. Figure 7 and Figure 8 show the photos of o/w emulsions 

stabilized by the nanogels immediately, 1 day, and 15 days after the ultrasonic 

homogenization. The emulsified oil droplets spontaneously float up due to the differential 

density between oil and water. An obvious creaming was found in the o/w emulsions 
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stabilized by neutral charged nanogels. Moreover, the creaming tuned to become more 

markedly at a higher NaCl concentration. These features indicated that the creaming of 

emulsion was controlled by both the buoyance of emulsified oil droplets and the 

interparticle forces. 

The charges from nanogels introduced electrostatic repulsions among the 

adsorbed nanogel layers at the oil-water interfaces of each emulsified oil droplets. 

Meanwhile, by increasing the NaCl concentration, the electrostatic repulsion among 

emulsified oil drops was reduced significantly that resulted in the salt-related creaming. 

The crude oi/water emulsions displayed a similar profile with the decane/water 

emulsions. However, the creaming of emulsions stabilized by cationic nanogels was 

much faster than that of anionic nanogels. The negative charge of crude oil enhanced the 

dispersity of emulsified oil drops by increasing the electrostatic repulsion among oil 

drops and nanogels. Nevertheless, the similar charges of crude oil and anionic nanogels 

hindered the adsorption of nanogels at the oil-water interface that resulted in an unstable 

o/w emulsion. 

From the emulsion volume kinetics (Figure 9), the equilibrium emulsion volume 

indicated that, for decane/water emulsions, the emulsion stability was greatly influenced 

by the NaCl concentration whereas for crude oil/water emulsions, the emulsions 

stabilized by cationic nanogels showed some salt resistant properties. In all, the 

decane/water emulsions had their best stability at NaCl concentrations of 2,000 ppm for 

cationic nanogels and 5,000 ppm for anionic and neutral charged nanogels while the best 

stability of crude oil/water emulsions occurred at 1,000 ppm NaCl concentration. The 

emulsion stability was controlled by the strength of the adsorbed nanogel layers and the 
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interactions among emulsified oil drops (Cunningham et al. 2017, Chevalier and 

Bolzinger 2013). At high NaCl concentration, the nanogels were smaller and more rigid 

at the oil/water interfaces. As the strength of nanogel layers was relayed on the coverage 

of nanogels at the oil/water interfaces, the softer and smaller nanogels were more 

presumably to form a stronger adsorbed layer. 

 

Figure 8. Photos of crude oil-in-water emulsions stabilized by (A) cationic nanogels, (B) 

anionic nanogels, and (C) neutral charged nanogels at various NaCl concentrations 

immediately, 1 day, and 15 days after the ultrasonic homogenization. 
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In addition, the electrostatic repulsion among adsorbed nanogel layers shielded 

the oil drops to prevent coalescence. Although the crude oil/water emulsions stabilized by 

anionic nanogels were very stable at low NaCl concentrations (<2,000 ppm), the salinity 

influenced the emulsions more obvious than emulsions stabilized by cationic and neutral 

charged nanogels due to screening effect from additional salt. In our previous study, we 

found that the oil-to-water ratio has a positive effect on equilibrium emulsion volume 

whereas the stability of emulsion shows similar trend and with the ratio varying from 1:9 

to 5:5. (Geng, Pu, et al. 2018) Therefore, brine salinity and charge of nanogels have more 

significant impacts on emulsion stability than oil-to-water ratio. Our results suggested 

that nanogel sustains reliable stability of oil-in-water emulsion, especially at high salinity 

conditions (ranging from 10,000 to 50,000 ppm NaCl concentration). 
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Figure 9. Equilibrium emulsion volume of (A) decane/water emulsions and (B) crude 

oil/water emulsions stabilized by nanogels at various NaCl concentrations. 

4. CONCLUSION 

The nanogels with different charges synthesized in this study can adsorb at the 

oil/water interfaces and reduce the oil/water interfacial tension. The o/w emulsions 
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stabilized by the synthesized nanogels are able to be stable at various NaCl 

concentrations. The following conclusions can be drawn from this study: 

 The swelling ratio of anionic and cationic nanogels is related to NaCl 

concentrations whereas the swelling of neutral charged nanogels is independent to NaCl 

concentrations. 

 The zeta-potential of charged nanogels is dominated by the NaCl concentration 

that at the higher NaCl concentration, the lower zeta-potential (absolute value) of 

nanogels. 

 The nanogels are able to reduce the oil/water interfacial tension by adsorbing 

at the oil/water interfaces. Among three nanogels, anionic nanogels have the best 

performance in interfacial tension reduction. 

 The equilibrium oil/water interfacial tension decreases with an increased NaCl 

concentration. 

 The creaming of nanogel-stabilized o/w emulsions is dominated by the 

electrostatic repulsions among the emulsified oil drops and dispersed nanogels. The 

emulsions stabilized by charged nanogels have a longer creaming time than ones 

stabilized by neutral charged nanogels. 

 The emulsion stability is dominated by the charge of nanogels and the salinity. 

For crude oil/water emulsions stabilized by cationic and neutral charged nanogels, the 

emulsion stability is independent of the NaCl concentration as high as 50,000 ppm. 

 The interfacial tension kinetic and emulsion stability are influenced by the oil 

types. The interfacial tension of negative-charged crude oil reduced faster and reached a 
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lower equilibrium value than that of decane. Furthermore, the crude oil-in-water 

emulsion is more stable than the decane-in-water emulsion. 
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ABSTRACT 

Oil-in-water (o/w) Pickering emulsions stabilized by polyacrylamide (PAM) and 

poly(acrylamide-co-acrylic acid) nano-sized crosslinked polymeric particles (nanogels) 

under varies conditions are described herein. Nanogels with different crosslinking and 

charge degree were synthesized through suspension polymerization and characterized at 

various salinities and pH using dynamic light scattering (DLS) and scanning electron 

microscopy (SEM). The PAM nanogel-stabilized o/w Pickering emulsions were quickly 

demulsified in alkaline solutions whereas showed markedly stability in brines and under 

acidic conditions. Small amount of nanogels were sufficient for the formation of 

mailto:baib@mst.edu
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Pickering emulsions as the average diameter of oil droplets was no longer decreased 

above the critical nanogel concentration of 1000 mg/L. In addition, the average diameter 

of oil drops showed to be independent of sonication period in the range of 15 to 240 s. 

Interestingly, the string-like structures of nanogels were found in the aromatic 

hydrocarbons/water Pickering emulsions, which significantly enhanced the emulsion 

stability. Compared to the crude oil, the corresponding Pickering emulsions showed 

excellent flow ability at various shear rates. The crude oil/water Pickering emulsions 

could be efficiently break triggered by alkaline, which suggest the potential utility for the 

recovery of crude oil. 

Key words: Pickering emulsion; Nanogel; Enhanced oil recovery. 

1. INTRODUCTION 

Pickering emulsions[1], first recognized by Ramsden[2], consist in a class of 

emulsions stabilized by solid colloids. Compared with the Pickering emulsions stabilized 

by rigid colloids, the Pickering emulsions stabilized by soft gel particles have attracted 

much research attention because their stimuli-responsive properties open an avenue to 

prepare and break the emulsions on demand[3]. The temperature- and pH-responsive 

properties render Pickering emulsions the practical applications in food[4, 5], 

cosmetic[6], pharmacy[7-9], enzyme catalysis[10-12], and petroleum industry[13, 14], 

where controllable emulsion stability is essential. 

The soft gel particles are able to spontaneously assemble at the oil-water interface 

and reduce the interfacial tension[15, 16]. In addition, the adsorbed gel particle layer at 

the oil-water interface can prevent the coalescence of oil drops by steric hindrance[17]. 
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The anisotropic deformation of gel particles at the interface, which is caused by the 

different hydrophilicity of polymer backbones and the moieties consisted in the gel 

particles, helps to further improve the stability of Pickering emulsions[18, 19]. 

Furthermore, by stimulating the adsorbed gel particles, the Pickering emulsions are able 

to break in a short term. Currently, the temperature-responsive microgels, poly(N-

isopropylamide) (PNIPAM)[20] and poly(N-isopropylamide-co-methacrylic acid) 

(PNIPAM-co-MAA)[18, 21], were applied to prepare the Pickering emulsions that were 

susceptible to temperature induced destabilization. The PNIPAM microgels are likely 

shrinking above their volume phase transition temperature (VPTT), which results in the 

breakage of corresponding Pickering emulsions. Ngai et al. proposed that the PNIPAM-

co-MAA microgels at the interface likely to move deeper into the oil phase at high 

temperature due to the shrinkage of PNIPAM-co-MAA microgels[2]. The resulted 

reduction in the interface coverage decreased the stability of oil droplets and eventually 

broke the Mickering emulsions. However, the reservoir temperature is generally higher 

than the VPTT of temperature-responsive microgels, which is unable to form stable 

Pickering emulsions subsurface. Thus, the need for generation of stable Pickering 

emulsions at reservoir conditions that can be quickly broken at surface boost the 

development of stimuli-responsive Pickering emulsions. 

A verity of pH-responsive microgels have been executed to generate Pickering 

emulsions that are easily break at acid or basic condition. For example, the tertiary and 

secondary amine group consisted in the poly(2-(diethylamino)ethyl methacrylate)[22, 23] 

and poly (2-(tert-butylamino)ethyl methacrylate)[24] microgels protonate at acid 

condition. The positive charges from protonated amine groups generate electrostatic 
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repulsions among the microgels adsorbed at the oil-water interfaces, which results in the 

breakage of the Pickering emulsions. However, the negative charges of crude oil might 

influence the breaking process of Pickering emulsions stabilized by acid-responsive 

microgels[25]. We envision that the Pickering emulsions stabilized by alkali-responsive 

microgels could provide an approach to break crude oil-in-water Pickering emulsions. 

Inspired by the pH-responsive properties of gel particles, we sought to prepare 

stable Pickering emulsions that can be easily break at basic condition. Herein, we 

synthesized poly(acrylamide-co-acrylic acid) nanogels of different crosslinking and 

charge degrees through the free-radical suspension polymerization. We demonstrated the 

polyacrylamide-based nanogels are neutral charged at pH below 7 and negative charged 

at pH above 9. The size distribution analysis and emulsion state studies confirmed the 

nanogels can help to generate stable Pickering emulsions. Interestingly, the stability of 

the Pickering emulsions showed to be independent with the ultrasound time. 

Furthermore, it has been demonstrated that the Pickering emulsions stabilized by 

polyacrylamide-based nanogels were able to easily break at basic condition. The pH-

responsive nanogels with the ability to stabilize oil-in-water Pickering emulsions offered 

the method up to date to produce crude oil from underground and separate at surface 

cost-effectively. 

2. EXPERIMENTAL 

2.1. MATERIALS 

Acrylamide (AM), acrylic acid (AA), sodium hydroxide, n-decane, and sorbitane 

monooleate (Span® 80) were purchased from Alfa Aesar. Sodium chloride, hydrochloric 
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acid, N, N’-bismethylacrylamide (MBAA), ammonium persulfate, benzene, acetone, and 

polyethylene glycol sorbitan monostearate (Tween® 60) were purchased from Sigma-

Aldrich. Hexane, cyclohexane, toluene, xylenes, octane, and n-dodecane were purchased 

from Oakwood Chemical. Nile red was from Molecular Probes. The light oil (API 19°, 

0.94 g/mL) and the heavy oil (API 17.2°, 0.952 g/mL) from Alaska were used as 

received. 

2.2. SYNTHESIS OF POLYACRYLAMIDE (PAM) NANOGEL 

A solution of AM and MBAA in water with a total weight of 30 g (Table 1) was 

added to the mixture of Span 80 (21 g), Tween 60 (9 g), and decane (40 g). The mixture 

was degassed with nitrogen for 15 min at 40 ℃ before ammonium persulfate (20 mg, 

0.088 mmol) added to initiate the polymerization. The mixture was stirred at 40 ℃ for 2 h 

with nitrogen purging before precipitated in acetone (500 mL) The PAM nanogel was 

further purified by acetone washing and dried in vacuo at 60 ℃ to give as a white solid. 

2.3. SYNTHESIS OF POLY(ACRYLAMIDE-CO-ACRYLIC ACID) (PAM-CO-

AA) NANOGEL 

The PAM-co-AA nanogel was prepared in a similar fashion as the synthesis of 

PAM nanogel. A solution of AM, AA, and MBAA in water was suspended in the mixture 

of Span80, Tween 60, and decane, and then, polymerized at 40 ℃ for 2 h with nitrogen 

purging (Table 1). The synthesize nanogels were precipitated using acetone and dried in 

60 ℃ oven after acetone for three times. The produced white powder was collected 

for the following characterization and evaluation. 
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Table 1. Synthetic parameters and physicochemical properties of the PAM and PAM-co-

AA nanogels. 

Nanogel AM (g) AA (g) MBA (g) 
Hydrodynamic 

diameter (nm) 

Zeta potential 

(mV) 
PH 

PAM100MBA1 10.6619 0 0.2315 206 -9.186 7.0 

PAM100MBA0.5 10.6634 0 0.1171 113 -8.23 7.2 

PAM100MBA0.2 10.6635 0 0.0463 191 -4.746 7.2 

PAM100MBA0.1 10.6624 0 0.0231 225 -1.913 7.1 

PAM100MBA0.0

5 
10.6623 0 0.0123 165 -2.272 7.2 

PAM90AA10 9.5958 1.0801 0.0231 364 -28.65 5.0 

PAM80AA20 8.5299 2.1627 0.0230 468 -33.57 4.6 

PAM70AA30 7.4633 3.2425 0.0235 532 -36.62 4.4 

PAM60AA40 6.3969 4.3236 0.0233 638 -38.12 4.4 

2.4. PREPARATION OF PICKERING EMULSIONS STABILIZED BY 

NANOGELS 

NaCl solutions with salt concentrations from 0 to 2 wt.% were subjected to 

prepare the nanogel dispersions. The nanogel dispersions were aged at 60 ℃ for 12 h to 

let nanogels fully swell and then, mixed with the oil at a water to oil ratio of 9:1 and 

sonicated to form the Pickering emulsions. 

2.5. NANOGELS AND PICKERING EMULSIONS CHARACTERIZATION 

Size distribution and zeta potential of the nanogels at different pH and salt 

concentrations were measured using a Malvern Nanosizer ZS90 at 25 ℃. The size 
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distribution of the Pickering emulsions were elucidated using an Olympus microscope 48 

h after the emulsion preparation while the digital photos of the Pickering emulsions were 

taken 24 h after preparation. The average diameter and size distributions of the emulsified 

oil droplets were calculated from the images of the emulsions. The microstructures of the 

lyophilized emulsion droplets were elucidated using a Hitachi S4700 FESEM microscope 

at 15.0 kV accelerating voltage. The samples were freeze-dried and sputter coated with 

Au/Pd prior to imaging. 

3. RESULTS AND DISCUSSIONS 

3.1. PHYSICOCHEMICAL PROPERTIES OF NANOGEL 

The Nanogels are crosslinked polymeric particles with dried particle size in the 

range from 1 to 100 nm that are able to swell tens to several hundred times in water. 

Herein, PAM and PAM-co-AA nanogels, which can swell from 30-50 to several hundred 

nm in water, were prepared using the free radical suspension polymerization (Table 1). 

Microstructures of nanogels under hydrated state govern their behavior at the oil-water 

interface in reservoir environments. The microstructure of fully swelled nanogels were 

elucidated using SEM from the freeze-dried samples. PAM nanogels showed porous 

network with pore size of ~10 to 100 nm while maintained a spherical configuration. The 

porous microstructures may contribute to the anisotropic deformation of nanogels at the 

oil-water interface and enhance the responding rate of nanogels to the surrounding 

environment[26]. 

The stimuli-responsive behaviors of nanogels to the surrounding environment are 

important parameters for the Pickering emulsions breaking on demand. The 
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hydrodynamic diameter and zeta potential were applied to illustrate the stimuli-

responsive behaviors of nanogels under various environmental conditions. As indicated 

in Figure 1A, the hydrodynamic diameter and zeta potential of PAM nanogels were 

almost independent to the increased NaCl concentration. The salinity insensitive 

properties of the PAM nanogels was due to the neutral charged acrylamide moieties in 

the polymeric networks. Apparently as shown in Figure 1B, the hydrodynamic diameter 

and zeta potential of PAM nanogels were almost constant in the acidic solutions (pH in 

the range from 1.0 to 7.0). However, at alkaline environments, the size of the PAM 

nanogels increased as pH increase. For example, the nanogel had the hydrodynamic 

diameter of ~200 nm at pH 7.0 while the nanogel at pH 13.0 showed 2.5 times in 

diameter. Meanwhile, the zeta potential of the PAM nanogels reduced from ~-2 to ~-25 

mV when pH spanned from 7.0 to 13.0. Therefore, the PAM nanogels had good 

resistance against salinity and acidic conditions as well as the responsive behaviors to the 

alkaline environments. 

 

Figure 1. The average hydrodynamic diameter and zeta-potential of the nanogels at 

different (A) NaCl concentrations and (B) pH. 
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Under basic conditions, the acrylamide moieties in the PAM nanogels would be 

hydrolyzed in the presence of the hydroxide (OH-) ions to the dissociated carboxylate 

(COO-) moieties, which would increase the hydrodynamic diameter of the PAM nanogels 

due to the stronger electrostatic repulsion in the polymeric network. 

3.2. EFFECT OF SALT CONCENTRATION ON PICKERING EMULSION 

Salinity of the reservoir is a key factor that influence the properties of nanogels 

and consequently, the stability of corresponding Pickering emulsions. Salt effect on the 

Pickering emulsion 24 h after preparation was examined at different salt concentrations. 

We found the creaming process of the Pickering emulsions was almost independent of 

salt concentration in the range of 0-2 wt.% as indicated by the constant volume of 

emulsion phase (Figure 2). However, the salinity influence the average diameter of 

emulsified oil droplets. Higher frequency of emulsified oil drops with large diameter 

were observed in 2 wt.% NaCl solution than in distilled water (Figure 3). Based on our 

observation, the average diameter of emulsified oil drops increased from 5 to 21 μm at 

the NaCl concentration from 0 to 2 wt.%. The marked increment of drop diameter could 

due to screening effect of the electrostatic interactions of nanogels adsorbed at the oil 

drop surface[27]. The presence of high concentration sodium salt weakened the 

electrostatic repulsion among emulsified oil drops and induced the coalescence of the oil 

drops. 
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Figure 2. Decane/water emulsions stabilized by the PAM100MBAA0.1 nanogels at various 

NaCl concentrations. 

 

Figure 3. Decane/water Pickering emulsions stabilized by the PAM100MBAA0.1 nanogels 

at (A) 0, (B) 0.25, (C) 0.5, (D) 1, and (E) 2 wt.% NaCl concentrations (scale bar=50μm). 

(F) The average diameter of emulsified oil drops at different NaCl concentrations. 

3.3. EFFECT OF PH ON PICKERING EMULSION 

To The behavior of the Pickering emulsions was examined under different pH. 

The pH of the Pickering emulsions in the experiment was adjusted by addition of 

minimal concentrated HCl or NaOH to NaCl solution, ranging from 1.0 to 13.0. We 

found the emulsion stability significantly reduced under pH 13.0 while the creaming 
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process of the emulsion phase dramatically delayed in basic conditions than the samples 

in acidic conditions (Figure 4). Under strong basic condition (pH=13.0), the emulsified 

oil drops tended to agglomerate and coalescence, which markedly reduced the stability of 

the Pickering emulsions (Figure 5). Under such conditions, the associated acrylamide 

(CONH2) groups consisting in the nanogels would be hydrolyzed to the form of 

dissociated carboxylate (COO-) moieties, which would introduce negative charges into 

the nanogels adsorbed at the oil-water interfaces and, in consequence, reduced the 

mechanical strength of the adsorbed nanogel layer and delayed the creaming process. 

However, at acidic environment the proton (H+) in the aqueous solution could reduce the 

repulsion among polymer chains in the nanogels by screening effect, thus leading to the 

shrinkage of the nanogels. The smaller nanogels rendered the oil-water interface with a 

higher nanogel coverage and enhanced the stability of Pickering emulsions[18, 28]. 

 

Figure 4. Decane/water emulsions stabilized by the PAM100MBAA0.1 nanogels at pH 

from 1 to 13. 

3.4. EFFECT OF NANOGEL CONCENTRATION ON PICKERING EMULSION 

In this work, the PAM nanogel concentration ranged from 100 to 2000 mg/L in 

distilled water at the oil-water ratio of 1:9. We found that the separated oil phase was no 
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longer observed when the nanogel concentration was above 500 mg/L (Figure 6). 

Meanwhile, as the nanogel concentration spanned from 100 to 2000 mg/L, the average 

diameter of emulsified oil drops decreased from 12 to 5 μm as shown in Figure 7. The 

smaller diameter of oil drops at nanogel concentration of 1000 mg/L was presumably due 

to the increased total surface area induced by continuous absorbing of nanogels. 

 

Figure 5. Decane/water Pickering emulsions stabilized by the PAM100MBAA0.1 nanogels 

at pH from (A~G) 1 to 13 (scale bar=50μm), and (H) the average diameter of emulsified 

oil drops. 

The average diameter of emulsified oil drops turned to be constant when the 

nanogel concentration was above the critical concentration of 1000 mg/L. However, the 

shape of oil drops became aspheric at nanogel concentration of 2000 mg/L, which is 
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consistent with previous report that the dispersed nanogels in the continuous phase would 

enhance the emulsion stability by forming inter dispersed phase structures[29]. This 

result indicated that the synthesized PAM nanogels would help to form stable Pickering 

emulsions at a relatively low concentration. 

 

Figure 6. Decane/water emulsions stabilized by the PAM100MBAA0.1 nanogels at nanogel 

concentrations from 100 to 2000 mg/L. 

3.5. EFFECT OF ULTRASOUND ON PICKERING EMULSION 

For the in situ emulsification, shear between the formation fluid and the rock 

surface induced the fragmentation of oil drops[30]. In this experiment, the effect of 

fragmentation energy on the behavior of Pickering emulsions was illustrated using 

ultrasound with different durations in the range of 15 to 240 s. The volume of emulsion 

phase exhibited an interesting dependence on the sonication time as shown in Figure 8 

and Figure 9. The increased in sonication time barely affect the resulted volume of the 

emulsion phase and average diameter of the emulsified oil drops, which indicated small 

amount of energy was sufficient to form the nanogel-stabilized o/w Pickering emulsions. 

Based on our previous research, the PAM nanogels are able to reduce the oil-water 

interfacial tension by ~10 times that helped minimize the energy required for the 
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emulsification[13, 31]. Furthermore, the anisotropic deformation of nanogels at the oil-

water interface increases the interfacial viscosity and prevents the small oil drops 

coalescence into big ones. 

 

Figure 7. Decane/water Pickering emulsions stabilized by the PAM100MBAA0.1 at 

nanogel concentrations from (A~E) 100 to 2000 mg/L (scale bar=50μm), and (F) the 

average diameter of emulsified oil drops. 

 

Figure 8. Pickering emulsions stabilized by the PAM100MBAA0.1 nanogels under 

different sonication periods. 
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3.6. EFFECT OF OIL TYPE ON PICKERING EMULSION 

Considered the complex composition of crude oil, several alkanes and aromatic 

hydrocarbons were applied to illustrate the effect of oil type on the behavior of Pickering 

emulsions. In our cases, all the formed Pickering emulsions were o/w emulsions and the 

volume of emulsion phase increased with the molecular weight of oil. 

 

Figure 9. Pickering emulsions under sonication period in the range of (A~E) 15 to 240 s 

(scale bar=50μm), and (F) the average diameter of emulsified oil drops. 

For instance, a marked separated oil phase was observed in the hexane/water 

emulsion while no creaming was formed in the dodecane/water emulsion 24 h after 

sonication. In addition, although the viscosity of cyclohexane and benzene is similar at 

room temperature, the benzene/water Pickering emulsion had a longer creaming period 

compared with cyclohexane/water Pickering emulsion. In general, the emulsified oil 

drops are stabilized through steric hindrance and/or charge hindrance. A more viscous oil 

phase was less likely to coalescence with each other that results in the improved stability 

of the corresponding Pickering emulsions. To identify the cause of the different behaviors 
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of cyclohexane/water and benzene/water Pickering emulsions, optical microscopy and 

SEM were applied on the emulsions and freeze-dried samples, respectively. As displayed 

in Figure 10, the average diameter of emulsified cyclohexane drops was ~ 80 μm, which 

was more than 8 times to the average diameter of benzene drops. Furthermore, for the 

cyclohexane/water emulsion, the nanogels maintained their spherical morphology at the 

oil-water interfaces whereas the nanogels stayed in an interestingly string-like structures 

in the benzene/water emulsion (Figure 11).  

 

Figure 10. Pickering emulsions stabilized by the PAM100MBAA0.1 nanogels using (A) 

hexane, (B) cyclohexane, (C) octant, (D) decane, (E) dodecane, (F) benzene, (G) toluene, 

and (H) xylenes as oil phase (scale bar=50μm), and (I) the average diameter of emulsified 

oil drops. 
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Therefore, the PAM nanogel-stabilized benzene/water Pickering emulsion had 

good stability in comparison with cyclohexane/water Pickering emulsion. Different with 

the alkanes, the delocalized π bond rendered polarity to the aromatic hydrocarbons that 

enhanced the affinity between the PAM nanogels and the aromatic hydrocarbons. The 

PAM nanogels adsorbed at the aromatic hydrocarbon-water interfaces were softened and 

aggregated with each other, and in consequence, turned into string-like structures filled 

with oil drops. Compared with the isolated oil drops covered by nanogels, the oil drops 

filled in the string-like structures were less likely to aggregate and coalescence. 

 

Figure 11. Microstructures of nanogel-stabilized Pickering emulsions using (A) hexane, 

(B) cyclohexane, (C) octant, (D) decane, (E) dodecane, (F) benzene, (G) toluene, and (H) 

xylenes as oil phase (scale bar=20μm). 

3.7. RHEOLOGY OF CRUDE OIL/WATER PICKERING EMULSION 

During the nanogel treatment, the nanogel dispersions were injected to the 

formation to allow the shear-induced emulsification in the porous media. Under such 

conditions, the crude oil stayed in the pores would be fragmented into small oil drops and 

transported through the rock matrix before producing out. The viscosity of the o/w 

Pickering emulsion is crucial to nanogel flooding, particularly for the heavy oil 



121 

 

reservoirs. In our studies, the viscosities of crude oil samples and corresponding 

Pickering emulsions with an oil to water ratio of 1:3 were measured at room temperature. 

As shown in Figure 12, the apparent viscosity of the PAM90AA10 and PAM100MBA0.5 

nanogel-stabilized crude oil/water Pickering emulsions remained almost constant at shear 

rate from 7.3 to 100 s-1, which indicating a Newtonian behavior of the Pickering 

emulsions. Moreover, the apparent viscosity of the light oil and heavy oil significantly 

reduced from ~ 320 and 1400 cP to less than 10 cP, respectively. The results revealed the 

flow ability of crude oil could be improved by forming nanogel-stabilized o/w Pickering 

emulsions. 

 

Figure 12. Viscosity of crude oil and corresponding Pickering emulsions. 

3.8. ALKALINE-TRIGGERED DEMULSIFICATION OF PICKERING 

EMULSIONS 

The demulsification of the o/w Pickering emulsion after producing from 

subterranean is a key factor for the following transportation and refining of crude oil. In 

this work, the demulsification process was investigated using the PAM nanogel-stabilized 

decane-, light oil-, and heavy oil-in-water Pickering emulsions. By adding 2 drops of 10 
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wt.% NaOH solution, the decane/water Pickering emulsion was markedly creaming and 

completely demulsified in 48 h (Figure 13). The light oil/water and heavy oil/water 

Pickering emulsions also creamed and demulsified with the trigger of alkaline at a 

smaller rate in comparison with the decane/water sample.  

 

Figure 13. Demulsification of Pickering emulsions stabilized by nanogels. 

The hydroxide (OH-) ions in the aqueous solution could introduce negative 

charges to the PAM nanogels adsorbed at the oil-water interface, thus leading to the 

destabilization of the adsorbed nanogel layer. Moreover, the OH- ions helped the 

ionization of asphaltenes in the crude oil to form amphoteric surfactants[32], which 

prolong the demulsification of the Pickering emulsions. Interestingly, the insoluble solid 

contents in the crude oil was precipitated out during the demulsification, which could 
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potentially enhance the quality of crude oil. The alkaline-triggered demulsification 

experiment demonstrated the o/w Pickering emulsions can be quickly demulsified on 

demand. 

4. CONCLUSIONS 

In conclusion, the alkaline-demulsified Pickering emulsions stabilized by the 

stimuli-responsive PAM nanogels has been described. Stimulation PAM nanogels with 

NaOH hydrolyzed the acrylamide into carboxylate moieties containing in the polymeric 

networks, which would significantly increase the hydrodynamic diameter and reduce the 

zeta potential of PAM nanogels. The Pickering emulsions showed excellent stability in 

brines and acidic solutions that no separated oil phase had been observed 24 h after 

emulsion preparation. Based on the optical microscopy results, the average diameter of 

oil drops was no longer decreased above the critical nanogel concentration of 1000 mg/L. 

The stable Pickering emulsions could be prepared over a broad range of sonication period 

from 15 to 240s. Compared to alkanes/water Pickering emulsions, the stability of 

aromatic hydrocarbons/water Pickering emulsions was enhanced by the string-like 

nanogel structures. Rheological studies demonstrated the flow ability of crude oil was 

significantly enhanced by forming crude oil/water Pickering emulsions. The alkaline-

triggered demulsification property of PAM nanogel stabilized Pickering emulsions 

suggests potential utility in the engineering applications. 
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Möller, I.I. Potemkin, Mixing of Two Immiscible Liquids within the Polymer 

Microgel Adsorbed at Their Interface, ACS Macro Letters 5 (2016) 612-616. 

[20] J. Sun, W. Wang, F. He, Z.-H. Chen, R. Xie, X.-J. Ju, Z. Liu, L.-Y. Chu, On-chip 

thermo-triggered coalescence of controllable Pickering emulsion droplet pairs, 

RSC Advances 6 (2016) 64182-64192. 

[21] B. Brugger, J. Vermant, W. Richtering, Interfacial layers of stimuli-responsive 

poly-(N-isopropylacrylamide-co-methacrylicacid)(PNIPAM-co-MAA) microgels 

characterized by interfacial rheology and compression isotherms, Physical 

Chemistry Chemical Physics 12 (2010) 14573-14578. 

[22] J. Tang, M.F.X. Lee, W. Zhang, B. Zhao, R.M. Berry, K.C. Tam, Dual responsive 

pickering emulsion stabilized by poly [2-(dimethylamino) ethyl methacrylate] 

grafted cellulose nanocrystals, Biomacromolecules 15 (2014) 3052-3060. 

[23] A. Morse, S. Armes, K. Thompson, D. Dupin, L. Fielding, P. Mills, R. Swart, 

Novel Pickering emulsifiers based on pH-responsive poly (2-(diethylamino) ethyl 

methacrylate) latexes, Langmuir 29 (2013) 5466-5475. 

[24] A.J. Morse, D. Dupin, K.L. Thompson, S. Armes, K. Ouzineb, P. Mills, R. Swart, 

Novel Pickering emulsifiers based on pH-responsive poly (tert-butylaminoethyl 

methacrylate) latexes, Langmuir 28 (2012) 11733-11744. 

[25] R. Zolfaghari, A. Fakhru’l-Razi, L.C. Abdullah, S.S. Elnashaie, A. Pendashteh, 

Demulsification techniques of water-in-oil and oil-in-water emulsions in 

petroleum industry, Separation and Purification Technology 170 (2016) 377-407. 

[26] M.-h. Kwok, T. Ngai, A confocal microscopy study of micron-sized poly (N-

isopropylacrylamide) microgel particles at the oil–water interface and anisotopic 

flattening of highly swollen microgel, Journal of colloid and interface science 461 

(2016) 409-418. 

[27] B.P. Binks, R. Murakami, S.P. Armes, S. Fujii, Effects of pH and salt 

concentration on oil-in-water emulsions stabilized solely by nanocomposite 

microgel particles, Langmuir 22 (2006) 2050-2057. 



127 

 

[28] M. Destribats, M. Eyharts, V. Lapeyre, E. Sellier, I. Varga, V. Ravaine, V. 

Schmitt, Impact of pNIPAM microgel size on its ability to stabilize Pickering 

emulsions, Langmuir 30 (2014) 1768-1777. 

[29] F. Yang, S. Liu, J. Xu, Q. Lan, F. Wei, D. Sun, Pickering emulsions stabilized 

solely by layered double hydroxides particles: The effect of salt on emulsion 

formation and stability, Journal of Colloid and Interface Science 302 (2006) 159-

169. 

[30] V.A. Lifton, Microfluidics: an enabling screening technology for enhanced oil 

recovery (EOR), Lab on a Chip 16 (2016) 1777-1796. 

[31] V. Schröder, O. Behrend, H. Schubert, Effect of dynamic interfacial tension on 

the emulsification process using microporous, ceramic membranes, Journal of 

Colloid and Interface Science 202 (1998) 334-340. 

[32] N. Li, G. Zhang, J. Ge, L. Zhang, X. Liu, J. Wang, Ultra-low interfacial tension 

between heavy oil and betaine-type amphoteric surfactants, Journal of Dispersion 

Science and Technology 33 (2012) 258-264. 



128 

 

SECTION 

3. NANOGEL SYNTHESIS IN SUPERCRITICAL CO2 

CO2 flooding is a proven enhanced oil recovery (EOR) technique in the United 

States with an estimated contribution of 4% of the national oil production. CO2 flooding 

has attracted much attention in recent years, especially with the increasing need for 

carbon capture and storage. Primary objectives for a CO2 EOR project in a given 

reservoir usually include pressure maintenance, improved displacement efficiency, and 

reduced residual oil saturation. One major impediment to effective CO2 flooding is the 

reservoir conformance problem. The root cause of reservoir conformance problems is the 

strong heterogeneity of many reservoirs. One or more low permeability zones may 

impede fluid flow from high permeability zones to the less permeable oil-saturated zones. 

In addition, the large differences in viscosity and density between the injected 

supercritical CO2 (scCO2) and the formation oil often cause serious gravity override 

and/or viscous fingering, with CO2 channeling through high permeability zones or 

fractures. Moreover, the heterogeneity has been aggravated in many mature reservoirs 

due to long term water or CO2 flooding, which often cause minerals dissolution, sand 

production or un-intentioned hydraulic fracturing. In conclusion, CO2 sweep efficiency is 

usually poor, due to the reservoir heterogeneity, unfavorable mobility ratio, and gravity 

segregation. The low sweep efficiency significantly limits both the CO2 EOR and CO2 

storage efficiency in oil fields. The reservoir conformance control is a cost-effective 

method to significantly improve CO2 sweep and storage efficiency. 
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Nanoparticle gels are nano-sized crosslinked polymeric particles that are able to 

swell tens to hundreds of times in water and deform under external forces. Although the 

nanoparticle gels have the same three-dimensional network with preformed particle gels, 

the small diameter renders nanoparticle gels to correct the conformance problems in the 

matrix of oil reservoirs. In order to endow nanoparticle gels the capacity to be used in the 

CO2 flooding reservoirs, the polymeric networks of nanoparticle gels should not degrade 

and shrink under CO2. Herein, we synthesized three novel nanoparticle gels that either 

resistant or response to CO2 through emulsion and dispersion polymerization under 

scCO2. We studied the effect of synthetic parameters and environmental factors on the 

size distributions and physicochemical properties of the nanoparticle gels. We also 

investigated the long-term stability of the synthesized nanoparticle gels under different 

temperatures. In our work, we found that the AMPS-based nanoparticle gel is much more 

resistant to salt, acid, and CO2 than the HPAM nanoparticle gel. In addition, the CO2-

responsive nanoparticle gels were able to re-swell when contact with CO2 that would be 

good candidates for conformance control in the CO2 flooding reservoirs. 

Nanoparticle gels, nano-sized crosslinked polymeric particles, are able to 

transport into the in-depth of oil reservoirs and perform matrix treatments. The 

nanoparticle gels are able to deform to transport through the narrow pore throats due to 

the elasticity of polymeric networks. The environmental stimulations, such as salinity, 

pH, and temperature can result in different responses of nanoparticle gels including swell, 

shrinkage, aggregate, and crosslink. In addition, nanoparticle gels are much easier to be 

modified for targeted applications with selected properties. Currently, the nanoparticle 
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gels are synthesized and prepared through physical and chemical methods to control the 

size of produced nanoparticle gels. 

The physical methods including two main categories: synthesize the nanoparticle 

gels in a confined space and break the produced gel particles into nano range. The 

technical methods, such as using microfluidic model, micromolding, and spinning plate, 

mold the precursor of the nanoparticle gels into nano-sized and initiate the 

polymerization using heat and/or photo-initiation. On the other hand, the grinding 

machines are used to crash the gel particles into nanoparticle gels with the help of the 

corresponding solvents. However, no matter the methods of synthesize the nanoparticle 

gels in a confined space or the methods of break gel particles into nano ranges, the 

physical methods are time consuming that cannot be applied for the industry scale 

production. 

In the chemical methods, the precursor of the nanoparticle gels are dispersed and 

stabilized in some certain solutions. The dispersion polymerization, emulsion 

polymerization, and suspension polymerization are the three methods widely used to 

prepare the polymeric nanoparticles and the nanoparticle gels. Based on the 

polymerization condition and system, emulsion polymerization and suspension 

polymerization also include microemulsion polymerization and miniemulsion 

polymerization. In emulsion polymerization, two immiscible phases are mixed together 

stabilized by the emulsifier. The monomers and crosslinkers are dissolved in the inner 

phase while the initiator is soluble in the outer phase (continuous phase). Free radicals are 

formed in the outer phase and transported into the isolated droplets of the inner phase to 

start the polymerization. Based on the type of inner phase, the emulsion polymerization 
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can be divided into emulsion polymerization (o/w) and reverse emulsion polymerization 

(w/o). The advantages of emulsion polymerization are that: the rapid polymerization 

enable the formation of a high molecular weight as well as a narrow molecular weight 

distribution of products, the viscosity of emulsion system is typically lower than other 

methods, and the produced heat is relatively easy to remove from the reactor. However, 

one of the disadvantages of emulsion polymerization is that the emulsifier will adsorb on 

the surface of the produced nanoparticle gels, which is hard to be removed. 

Supercritical carbon dioxide (scCO2) is a fluid state of carbon dioxide where it is 

held at or above its critical pressure and critical temperature. If the pressure and 

temperature are both increased from standard temperature and pressure to be at or above 

the critical point of carbon dioxide, it can adopt properties midway between a gas and 

liquid. More specifically, it behaves as a supercritical fluid above its critical temperature 

(304.25 K, 31.10 °C) and critical pressure (7.39 MPa, 1071 psi), expanding to fill its 

container like a gas but with a density like that of a liquid. 

In addition to being an environmentally benign alternative to volatile organic and 

aqueous solvents, scCO2 offers several advantages as solvents, such as low solution 

viscosity, an effectively inert solution medium (no detectable chain transfer to solvent), 

and tunable solvent strength. Other researchers’ work has shown that CO2 is an excellent 

medium for performing radical polymerization. In the recent decades, several kinds of 

radical polymerizations have been successfully carried out in scCO2, including solution, 

dispersion, precipitation, and emulsion polymerization. Compared with conventional 

solvents, scCO2 is a slightly polar solvent that has a polarizability similar in value to that 

of methane, which suggests that scCO2 is indeed a very weak supercritical fluid solvent 
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for hydrophilic polymers and hydrogels. The quadrupole of CO2 plays a dominant role in 

determining polymer solubility due to low polarizability of CO2. The ability to dissolve 

polymers in CO2 is depending on temperature and the polarity of polymers For instance, 

CO2 is hard to dissolve poly(acrylic acid) even to 300 °C and 2750 bar. Introducing 

fluorine into polymer chains helps polymer dissolve in scCO2 and a fluorinated 

copolymer (Teflon AF) can be dissolved in scCO2 at temperature as low as 70 °C and 

pressure less than 600 bar. 

The only polymers shown to have good solubility in pure CO2 under mild 

conditions are certain amorphous fluoropolymers and silicones. While CO2 is a weak 

solvent for non-polar polymers under most conditions since CO2 quadrupolar interactions 

dominate the inter charge energy as the temperature is lowered, the introduction of a 

degree of polarity in the polymer chain tends to lead somewhat enhanced solubility, 

although it still need to use impractically high pressures and temperatures in order to 

dissolve non-fluorinated materials3. Poly(1H, 1H-perfluorooctylmethyl acrylate) (PFOA) 

is a successful stabilizer in the dispersion polymerization of poly(methyl methacrylate) 

(Figure 3.1). In addition to its use in dispersion polymerization, PFOA has been 

employed for the production of polymer microparticles by antisolvent precipitation in 

CO2. 

 

Figure 3.1 Schematic representation of stabilize mechanism of PFOA in scCO2. 
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An anionic phosphate fluorosurfactants that enable significant water uptake 

within a continuous CO2 phase though the formation of water-in-CO2 microemulsions 

without the aid of a co-surfactant has been reported by Keiper’s group. The cloud-point 

profiles of phosphate fluorosurfactants in CO2 with various water loadings in their work 

can guide us to control the feeding ratio of different components and the condition during 

reactions. 

Dispersion polymerization is a heterogeneous polymerization that all the 

monomers, crosslinkers, and initiators are dissolvable in the continuous phase. Dispersion 

polymerization is one of precipitation polymerizations, as polymerization starts, the 

produced polymer/gel does not prefer staying in the continuous phase and form 

precipitates. After precipitation, the polymerization proceeds by adsorption of monomer, 

crosslinker and free radical into the polymer/gel particles. Compared with precipitation 

polymerization in conventional solvent (alkane, benzene, etc.), polymerization in scCO2 

is more environment friendly and economically. Only by releasing the pressure, produced 

polymer/gels can be collected without further purification, such as centrifuging, washing, 

and dialyzing. 

Acrylic acid is moderately soluble in supercritical carbon dioxide, while 

poly(acrylic acid) is insoluble. Therefore, it is possible to polymerize poly(acrylic acid) in 

scCO2 via dispersion polymerization. It has reported that 1,1,2-trichloro-1,2,2-

reifluoroethane was used as co-solvent in the dispersion polymerization of poly(acrylic 

acid) hydrogel under scCO2 condition. And the morphology of the produced poly(acrylic 

acid) is in agglomerate state of small particles rather than separated uniformly spheres. 

Polyacrylamide-based hydrogel is a cost-effective conformance control agent in 
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petroleum industry. However, polyacrylamide-based hydrogel cannot stand acid 

conditions because of the hydrolysis of acrylamide into acrylic acid moieties, which 

cannot stand high salt concentration of formation water. Also, the mechanical strength of 

polyacrylamide-based hydrogel reduces a lot and can no longer provide efficient 

plugging when contact with CO2. The stability of ionic hydrogel, such as poly(2-

acrylamido-2-methylpropane sulfonic acid sodium salt)-based hydrogel, is much better 

than polyacrylamide-based hydrogel under acid condition. Moreover, aqueous solution 

containing ionic monomers forms more stable dispersion in scCO2 compared with 

containing nonionic monomers. 

Inspired by the unique properties of scCO2, we have synthesized nanoparticle gels 

in the presence of scCO2 through free radical polymerization in this work. In the 

emulsion polymerization, the fluorinated surfactants/ polymers were synthesized and 

utilized as emulsifier of the aqueous solution of monomers and crosslinkers. For the 

dispersion polymerization, no emulsifier or stabilizer was used throughout the reaction 

and monomers were stabilized by their affinity to scCO2. 

3.1. EXPERIMENTAL 

All the materials and equipment used in the following experiments and the 

experimental procedures are listed as below. The nanoparticle gels were prepared through 

either suspension polymerization under ambient conditions or dispersion polymerization 

under supercritical carbon dioxide conditions. The simpler reactor was lab-made using 

stainless steel which could stand as high as 3500 psi. For safety consideration, the highest 

pressure used in our experiments are much less than 3500 psi. 
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3.1.1. Materials and Equipment. All chemicals and reagents were purchased 

from Sigma-Aldrich (St. Louis, MO) and used as received except further noted. 

Acrylamide (AM) was purified by recrystallization from acetone and dried under vacuum 

at 25 °C for one day. To prepare sodium acrylate in the lab scale, solid NaOH was added 

to a stirring solution of acrylic acid in methanol at room temperature. The reaction 

mixture was vigorously stirred for 1 h and the precipitate was isolated, washed with 

methanol and dried under vacuum at 25 °C for one day. To prepare sodium salt of 2-

acrylamido-2-methylpropane sulfonic acid, the diluted NaOH solution was added into the 

aqueous solution of 2-acrylamido-2-methylpropane sulfonic acid under ice bath until the 

pH of the mixture became 7. 

 

Figure 3.2. Schematic representation (left) and digital photo (right) of experimental 

apparatus of Parr for emulsion polymerization. 

Three kinds of experimental apparatus were used for the synthesis of nanoparticle 

gels under scCO2 conditions. The experimental apparatus of Parr for the emulsion 

polymerization mainly contains four parts: gas sources and pressure build-up system, 
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stirring and heating control system, water cooling system, and polymerization reactor. 

The schematic representation and photo of the experimental apparatus for polymerization 

in scCO2 are shown in Figure 3.2. 

Gas sources and pressure build-up system: the gas source used in our experiments 

was compressed CO2 cylinder equipped with a siphon tube that with an original pressure 

at 800 psi. There is a check valve in the pipeline from the outlet of CO2 gas cylinder to 

the accumulator to prevent the high pressure gas flow back into the CO2 cylinder. The 

accumulator was connected with gas cylinder, reactor, and column pump. The piston 

made of stainless steel inside the accumulator can separate CO2 gas and distilled water 

and transfer pressure at the same time. The rubber o-ring was replaced by Teflon o-ring 

because rubber o-ring was easily corroded under scCO2 condition and can no longer 

provide sufficient sealing. To reach supercritical condition, the column pump was used to 

press compressed CO2 into reactor in several cycles. Stirring and heating control: 

shearing in the main reactor was provided by an internal stirrer shaft driven by 

magnetically coupled motor. The reactor was sitting in a heating jacket, which can 

provide efficiently heat up to 150 °C. The stirring rate and temperature inside the reactor 

were controlled by the 4848 reactor controller via wires. Water cooling system: 

Brookfield TC-502 was used as the temperature controller for the water circulation and 

distilled water was used as the cycling coolant. The aim of water cooling system is to 

make sure the reaction is performed under mild temperature. Polymerization reactor: Parr 

4560 Mini reactor was used for the polymerization. The volume of reactor is 300 mL and 

the highest pressure it can stand is 2000 psi. The closure type of this reactor is split-ring 

with 6 compression bolts and sealed by a flat, PTFE gasket. This reactor contains 
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pressure gauge, gas inlet, gas outlet, liquid inlet, stirring rod, fixed thermocouple, and 

cooling coil. 

A simple reactor was designed and made in our lab to perform the dispersion 

polymerization in scCO2 (Figure 3.3). The reactor contains pressure gauge, gas pipeline, 

and PTFE-coated magnetic stirrer. The reactor is able to hold pressure as high as 3500 psi 

and the safety pressure is below 3000 psi. The reacting temperature was controlled by oil 

bath (heat plate equipped with thermocouple). The gas source and pressure system is 

same with the experimental apparatus of Parr. 

 

Figure 3.3. Schematic representation of experimental apparatus (left) and reactor in oil 

bath (right) for dispersion polymerization. 

The visible experimental apparatus for dispersion polymerization contains four 

systems similar with the experimental apparatus of Parr (Figure 3.4). The main different 

between the visible experimental apparatus and that of Parr is that the reactor of visible 

experimental apparatus contains two transparent sapphire glass on the opposite side each 

assembled by six bolts. The reactor can work under as high as 8700 psi and 400 °C. 
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3.1.2. Poly(1h,1h-Perfluorooctylmethyl Acrylate) Synthesis. The poly(1H, 1H-

perfluorooctylmethyl acrylate) (PFOA) was synthesized through solution polymerization. 

In a typical experiment, 5 g of 1H, 1H-perfluorooctylmethyl acrylate and 0.05 g 2,2’-

azobis(2-methylpropionitrile) (AIBN) in 2 mL benzene were mixed sufficiently before 

heated up to 60 °C. The reaction was kept for 20 h to let the monomers fully reacted. 

After that, the wax-like polymer was washed by tetrahydrofuran to remove the unreacted 

monomers and initiators for three times. 

 

Figure 3.4. High pressure, high temperature experimental apparatus for nanoparticle gel 

synthesis. 

The synthesized PFOA polymer was a white powder that would like to form 

aggregation under ambient condition. The PFOA polymer displayed a hydrophobic 

behavior when dispersed in water as the polymer itself turned to float at the surface of 

water rather than dissolve or disperse in water. 
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3.1.3. Phosphate Fluoro-surfactant Synthesis. The synthesis of bis-[2-(F-hexyl) 

ethyl] phosphate, sodium salt was based on the work of Keiper’s group. The steps are 

listed as follow: a) 0.256 mL Phosphorous oxychloride was added to 16 mL diethyl ether 

(anhydrous); b) cool the mixture to 0 °C and then add the solution of 1.392 g triethyl 

amine, 8 mL diethyl ether and 2 g 1H, 1H, 2H, 2H-perfluorooctanol. Stirring over night; 

c) filtered and removed the solid precipitation. The precipitation was washed by diethyl 

ether for three times; d) using nitrogen to let diethyl ether & triethyl amine vaporize; e) 

the oil like liquid was collected and dissolved into acetonitrile (8 mL) with water (0.4 

mL); f) isolated the lower phase and dissolved in 8 mL ethanol; g) dropt the mixture of 

1.6 mL ethanol and 0.1824 g 50 wt.% NaOH solution, stirred overnight. h) filtered and 

vaporized ethanol, then dropped it into diethyl ether and centrifuged. After all the steps 

above, the white precipitation was collect for the following experiment. 

3.1.4. Emulsion Polymerization of Nanoparticle Gels. The sodium salt of 2-

acrylamido-2-methylpropane sulfonic acid-based nanoparticle gels and acrylamide-based 

nanoparticle gels were synthesized through emulsion polymerization in the presence of 

phosphate fluoro-surfactant. In a typical experiment, 0.8 g aqueous solution (63 wt.% 

acrylamide and 0.2 wt.% N,N’-methylenebis(acrylamide)), 0.82 g bis-[2-F-hexyl) ethyl] 

phosphate, sodium salt, and 0.002 g azobisisobutyronitrile were added into the reactor. 

Then the reactor was filled up with CO2 and pressure was then raised to 1000 psi at 60 

°C. The reaction was conducted under 800 rpm stirring for 24 h. After reaction, the 

nanoparticle gels was collected from the bottom of the reactor and precipitated and 

washed by acetone for three times to remove the unreacted monomers. 
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3.1.5. Dispersion Polymerization of Nanoparticle Gels. In a typical experiment, 

30 mg AIBN and 2.4 mL aqueous solution containing 1.737 mol/L 2-acrylamido-2-

methylpropane sulfonic acid sodium salt (AMPS-Na), and 0.0174 mol/L N,N’-methylene 

bis(acrylamide) (MBAA) were added into the 150 mL reactor with a magnetic stirrer. 

Then, compressed CO2 was injected into reactor until the pressure reaches 1600 psi (3000 

psi at 50 °C). After that, reactor was moved into 50 °C oil bath and the stirring rate was 

fixed at 500 rpm. The reaction took 8 hours before pressure releasing. Finally, product 

was washed by acetone three times and dried in vacuum oven. The synthetic parameters 

of dispersion polymerizations of poly(2-acrylamido-2-methylpropane sulfonic acid, 

sodium salt) nanoparticle gels are shown in Table 3.1. 

Table 3.1. Synthetic parameters of dispersion polymerizations of nanoparticle gels. 

Sample 

Name 
Aqueous solution/ mL 

AIBN/ 

mg 

Stirring rate/ 

rpm 

Temperature/ 

°C 

Pressure/ 

psi 

1 
0.4 g AMPS-Na & 3 mg 

MBAA 
6 500 50 3000 

2 2.4 6 500 50 2550 

3 2.4 6 500 50 2500 

4 2.4 6 500 50 3000 

5 2.4 6 500 50 2650 

6 2.4 6 500 50 1200 

7 2.4 12 500 50 2700 

8 2.4 6 500 50 2600 

9 4.8 12 500 50 2300 

10 7.2 6 500 50 1350 

11 7.2 18 500 50 1950 

12 1.6 6 500 50 1350 
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3.1.6. Core-shell Nanoparticle Gels Synthesis. The core-shell nanoparticle gels 

were prepared through a semi-continuous suspension polymerization. In a typical 

experiment, the aqueous solution of hydrophilic monomers and crosslinkers were 

dissolved in distilled water and dispersed in oil phase contained emulsifiers. Then the 

initiator was added into the mixture to start the polymerization at 40 °C for 2 h. After 

that, the oleic solution contained hydrophobic initiator, monomers and crosslinkers was 

dropt into the precursor at a slow rate. At the same time, the system was heated up to 60 

°C to start the formation of hydrophobic shell. After 4 h, the mixture was quenched by 

acetone and the precipitation was collected, washed and dried for the further 

characterizations. 

3.1.7. Morphology and Size Distribution Studies. Scanning electron 

microscopy (SEM) images were collected on a Hitachi S-4700 FESEM microscope 

(Tokyo, Japan) operated at 15.0 kV to elucidate the microstructure of the nanoparticle 

gels. All images were captured of nanoparticle gels coated with Au/Pd prior to imaging. 

The size distribution of nanoparticle gels was examined by dynamic light scattering 

(DLS) (Malvern NanoSizer ZS90). The measurements were carried out at a scattering 

angle of 90° with the light source (He-Ne laser, 4.0 mW 633 nm) at 25 °C. Transmission 

electron microscopy (TEM) images were collected on Tecnai F20 using holey carbon 

film copper grids. 

3.1.8. Nuclear Magnetic Resonance Analysis. 1H and 19F nuclear magnetic 

resonance (NMR) spectroscopy was conducted on a Varian (Palo Alto, CA) Inova 400 

FT-NMR using D2O as solvent and the residue peak at 4.80 ppm as an internal reference. 
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3.1.9. Rheological Studies. The rheological properties of the dispersions of 

nanoparticle gels were measured using a Brookfield DV3T rheometer. The samples were 

subject to rheological measurements at 25 °C using a SC-31 geometry. 

3.1.10. Thermal Stability Studies. The long-term stability of nanoparticle gels 

were studied in 1 wt.% NaCl solution under varies of temperature with and without the 

presence of CO2. The nanoparticle gel dispersions were placed into a small capless glass 

vail and put into high pressure vessel vertically as displayed in Figure 3.5. The high 

pressure vessel is able to stand as high as 3000 psi pressure at 100 °C, which is in the 

supercritical region of CO2. The average diameter and size distribution of nanoparticle 

gels was monitored at different aging time. 

 

Figure 3.5. Schematic representation of high pressure vessel for thermal stability test. 

The ampoules were used to investigate the long-term thermal stability of 

nanoparticle gels at the atmosphere pressure. The preparation process is as follow: the 

dispersions of nanoparticle gels were placed into ampoules and vacuumed using the 
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vacuum maniford with a liquid nitrogen trap (Figure 3.6). The ampoules were sealed till 

no more bubbles come out from the nanoparticle gel dispersions. Then the sealed 

ampoules were placed under different temperatures. The control samples were prepared 

in the absence of vacuum procedure. 

 

Figure 3.6. Experimental apparatus to seal ampoules for long-term thermal stability 

experiments. 

3.2. RESULTS AND ANALYSIS 

The nanoparticle gels were successfully synthesized through dispersion 

polymerization and suspension polymerization. By prepared suitable fluoro-surfactants, 

the polymeric nanoparticle gels can be prepared under supercritical carbon dioxide 

conditions. The nanoparticle gels with different physicochemical properties were 

designed and further characterized for their specific stimuli-responsive behaviors to the 

surrounding environments. Two kinds of CO2-responsive nanoparticle gels were 

developed in our experiments by either introducing a labile crosslinker or core structure 

into the nanoparticle gels or applying a CO2-responsive monomer which could protonated 

in the presence of CO2. 

 

Vacuum Manifold 
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Connected to Vacuum Pump 

Sealed Ampoules 
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3.2.1. Emulsion Polymerization in scCO2. The only polymers shown to have 

good solubility in pure CO2 under mild conditions are certain amorphous fluoropolymers 

and silicones. Herein, a kind of fluoropolymer, poly(1H, 1H-perfluorooctylmethyl 

acrylate) (PFOA) was used as the stabilizer in the emulsion polymerization of 

polyacrylamide-based nanoparticle gels. The mixture of 2 g acrylamide and 18 g water 

was added into a high pressure vessel with sapphire crystal glass on one side under scCO2 

condition (1500 psi, 50 °C). After added different amount of PFOA, the container was 

shook vigorously to investigate the stability of fluoropolymer stabilized emulsion. In our 

observation, the phase separate time increased with the amount of PFOA added into the 

emulsion system. When the concentration of PFOA in the emulsion system reached 16.7 

wt.%, which is pretty high amount for conventional polymerization, the produced 

emulsion separated into two phases in less than 60 s. The PFOA is not able to stabilize 

aqueous solution containing hydrophilic/polar monomers at 1500 psi and 50 C. The 

reason that the PFOA failed to be a good stabilizer for aqueous solution of acrylamide 

might cause by the affinity between fluoropolymer backbones and aqueous was not 

sufficient and/or the hydrophilic segments were hindered by the fluorinated moieties that 

cannot emulsify aqueous solution in scCO2. 

In order to synthesis the nanoparticle gels with narrow size distribution, aqueous 

solution that contains monomer, crosslinker, and initiator need to be dispersed uniformly 

in scCO2 that forming stable water-in-scCO2 emulsions. Bis-[2-(F-hexyl) ethyl] 

phosphate, sodium salt is a kind of surfactant with hydrophilic head and CO2-philic tail 

that can be used to stabilize water-in-scCO2 emulsions. The chemical structure of 

synthesized surfactant was demonstrated by the nuclear magnetic resonance (NMR) 
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spectroscopy as shown in Figure 3.7. 1H NMR spectra (in D2O) of the phosphate 

fluorosurfactant showed three types of signals at chemical shifts of δ 4.1575-4.2086 (q, 

4H; JHH: 6.6 Hz, JHP: 6.8 Hz; CH2O), δ 2.5227-2.6505 (tt, 4H; JHH: 6.6 Hz, JHF: 19.2 Hz; 

CF2CH2), and δ 1.2560-1.2936. 19F NMR showed five types of signals at chemical shifts: 

-82.5 (CF2CF3), -114.6 (CH2CF2), -123.0, -124.0, -124.8 (3*CF2), -127.4 (CF2CF3). The 

NMR spectroscopy results demonstrated that the synthesized phosphate fluorosurfactant 

is bis-[2-(F-hexyl) ethyl] phosphate, sodium salt. 

 

Figure 3.7. 1H and 19F NMR photos of phosphate fluorosurfactant (left: 1H NMR of 

phosphate fluorosurfactant; right: 19F NMR of phosphate fluorosurfactant). 

The size distribution of produced nanoparticle gels was measured using dynamic 

light scattering (DLS) in distilled water (Figure 3.8) and the average diameter of 

nanoparticle gels produced by using phosphate fluorosurfactant as stabilizer is 473.8 nm 

after swelling. Scanning electron microscope (SEM) photo showed that the produced 

nanoparticle gels displayed a cubic instead of spherical appearance (Figure 3.8) and the 

size of these crystal-like cubes is much larger than the size measured by DLS. The 

different size of nanoparticle gels from DLS and SEM results indicated that the produced 

nanoparticle gels prefer aggregate in the poor solvents, like acetone, and will dispersed in 

their swollen state in the good solvents, like distilled water. 
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Figure 3.8. Size distribution (left) and SEM photo of nanoparticle gels (right) produced 

using phosphate fluorosurfactant. 

3.2.2. Nanoparticle Gel Synthesis by Dispersion Polymerization. Acrylic acid 

is moderately soluble in scCO2 whereas its polymer, poly(acrylic acid) is insoluble. Thus, 

it is possible to polymerize poly(acrylic acid) in scCO2 via dispersion polymerization.  

  

Figure 3.9. Photo of (left) aqueous solution after dispersion polymerization and (right) 

produced nanoparticle gels. 

Herein, we synthesized nanoparticle gels using 2-acrylamido-2-methylpropane 

sulfonic acid sodium salt (AMPS-Na) through surfactant-free polymerization due to the 

similar properties between acrylic acid and AMPS. The dispersed aqueous solution after 
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dispersion polymerization was transparent and displayed a bright yellow color (Figure 

3.9). After precipitated by acetone and dried in vacuum, the produced nanoparticle gels 

showed to be a white powder as shown in Figure 3.9. 

 

Figure 3.10. SEM image of nanoparticle gels produced through dispersion polymerization 

in scCO2. 

 

Figure 3.11. Particle size distribution of the nanoparticle gels with same composition 

synthesized through polymerization in organic solvent and in scCO2. 
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The nanoparticle gels produced through dispersion polymerization showed a 

spherical appearance and the average diameter of the nanoparticle gels was ~50 nm as 

shown in Figure 3.10. The dispersion polymerization method contributed to the narrow 

size distribution and uniform size and appearance of produced nanoparticle 

gels.Compared with the nanoparticle gels synthesized in organic solvent, the nanoparticle 

gels produced using scCO2 has a narrower size distribution and a smaller particle size 

(Figure 3.11). 
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Figure 3.12. 1H NMR photos of produced water phase, oil phase and pure contents (left) 

and SEM photo of produced CO2 responsive nanoparticle gel. 

The narrowed size distribution might be contributed by the density and viscosity 

of scCO2. In conventional method (polymerization in organic solvent), the size of 

produced nanoparticle gels is related with the concentration and properties of emulsifier, 

the viscosity and density of surrounding solutions, reaction time, and reaction 

temperature, etc. However, in scCO2 dispersion polymerization, no emulsifier or 

stabilizer was used. The stability of polymeric nanoparticle gels was solely balanced by 

soluble parts and insoluble parts that changed as a function of reaction time. The 
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produced nanoparticle gels have a much narrower size distribution because the solubility 

of nanoparticle gels controlled the size much more precisely than the emulsifier and 

stabilizer. 

3.2.3. CO2-responsive Nanoparticle Gel Characterization. The 2-

(dimethylamino) ethyl methacrylate (DMAEMA), a monomer that is able to protonated 

in acidic solutions, was used to prepare the nanoparticle gels that can swell when contact 

with CO2. However, after emulsion polymerization, it’s hard to tell the produced 

nanoparticle gels were contained in water phase or oil phase. NMR spectroscopy was 

used to characterize the water phase, oil phase, and feed chemicals to illustrate the 

soluble phase of produced nanoparticle gels (Figure 3.12). 

The NMR spectroscopy showed that the DMAEMA signal was detected in both 

water phase and oil phase. However, the finger print peaks in water phase was quite sharp 

whereas the one in oil phase was considerably broader, which indicated that the unreacted 

DMAEMA monomer was remained in water phase while the produced polyDMAEMA 

nanoparticle gels were in oil phase. After extracted DMAEMA nanoparticle gels, the 

morphology of produced nanoparticle gels was examined using SEM and the average 

diameter of polyDMAEMA nanoparticle gels is around 50 nm (Figure 3.12). 

3.2.4. Effect of Synthetic Factors on Nanoparticle Gels. The average diameter 

and size distribution of produced nanoparticle gels were influenced by the synthetic 

pressure, the initiator concentration, and the monomer concentration, and so on. 

In order to investigate the effect of different parameters and control the size of 

produced nanoparticle gels, a series of experiments were conducted at different feeding 

ratios and under different conditions. Herein, the effect of initiator concentration, 
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synthetic pressure, monomer concentration, and reactor dimension on the properties of 

produced nanoparticle gels was discussed. 

In our experiments, we found that the diameter of produced nanoparticle gels 

decreased with the initiator concentration and the decreasing trend turned to be 

neglectable when the concentration of initiator was above 5000 ppm (Figure 3.13). 

0.00 0.25 0.50 0.75
200

300

400

500

 

 

N
a

n
o

-g
e

l 
D

ia
m

e
te

r 
(n

m
)

Initiator Concentration (wt%)

 

Figure 3.13. Diameter of swollen nanoparticle gels synthesized at different initiator 

concentration. 

The initiator used for scCO2 polymerization was AIBN, an azo-initiator that 

insoluble in water. After heated up to 60 °C, AIBN started to decompose and produce 

free radicals and nitrogen gas. The rate of polymerization was dominated by the 

concentration of initiator transported from scCO2 to the aqueous solution as described in 

the following equation: 

𝑅𝑝 = 𝑘𝑝[𝑀]√
𝑓𝑘𝑖
𝑘𝑡

[𝐼2] = 𝑘𝑝
′ [𝑀][𝐼2] 
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where Rp is the rate of polymerization, kp is the rate of propagation, [M] is the 

concentration of monomer, f is the friction of reactive initiator, ki is the rate of initiation, 

kt is the rate of termination, and [I2] is the concentration of initiator. 

The diameter of produced nanoparticle gels is related to the rate of 

polymerization. In general, high concentration of initiator creates a large amount of free 

radicals in a short time. Each radical can start initiation and chain propagation to form a 

nanoparticle gel when meet with the monomers. 

Due to the fixed monomer concentration, the higher the initiator concentration the 

fewer monomers involved in a single nanoparticle gel, which leads to a smaller diameter 

of produced nanoparticle gels. In addition, the diameter of produced nanoparticle gels is 

dominated by the affinity between the produced nanoparticle gels and solvent at high 

initiator concentration. Polymer chain starts to entanglement and fold that in 

consequence, precipitate from the solvent when reaches certain chain length. At that time, 

monomers, oligomers, and short polymer chains will attached to the precipitated polymer 

chains controlled by their polarities and further propagation. When the concentration of 

initiator is efficient to initiate enough monomers at the start of polymerization, very tiny 

amount of monomers will attached to the precipitated polymer chains and make the 

nanoparticle gels further growing. Thus, the diameter of nanoparticle gel will not further 

decreased with the initiator concentration. 

The diameter of produced nanoparticle gels was also influenced by the synthetic 

pressure of scCO2 during the polymerization as shown in Figure 3.14. When the pressure 

of scCO2 below 2500 psi, the diameter of produced nanoparticle gels was higher than 800 

nm and the produced solution was not stable compared with the sample synthesized at 
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3000 psi. The trend of diameter sudden changed when the pressure was above 2600 psi, 

which might cause by the properties of scCO2 changed dramatically when the pressure 

was above 2600 psi at 60 °C. 
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Figure 3.14. Diameter of the swollen nanoparticle gel synthesized under different 

pressures. 

We can find out that the density of scCO2 at 2500 psi is 0.658 g/cm3 and 0.674 

g/cm3 at 2600 psi using the online calculator from the website of 

http://www.peacesoftware.de/einigewerte/co2_e.html. However, at 1200 psi, the density 

of scCO2 is only 0.203 g/cm3, which is insufficient to hold the produced nanoparticle gels 

with constant shear. Moreover, the viscosity of scCO2 was significant lower compared 

with the organic solvents and water. At 3000 psi, the viscosity of scCO2 reached 0.06 

mPa•s. Considered the effect of surrounding solutions on the produced nanoparticle gels, 

low viscosity and high density of the scCO2 contributed to a uniform size distribution of 

produced nanoparticle gels. 

http://www.peacesoftware.de/einigewerte/co2_e.html
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Herein, we investigated the effect of monomer concentration on the size of 

nanoparticle gels by controlling the amount of feeding monomer solution in the system. 

For a common understanding, the diameter of produced nanoparticle gels increased with 

volume of monomer solution because sufficient monomers could attach to the 

precipitated polymer chains and help the nanoparticle gels grow. However, in our 

experiments, the results showed that the diameter of produced nanoparticle gels did not 

increase proportionally with the volume of fed monomer solution (Figure 3.15). From the 

previous equation, we can know that the rate of polymerization is indirect proportion to 

monomer concentration. 
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Figure 3.15. Diameter of the swollen nanoparticle gels synthesized with different 

volumes of monomer solution. 

Although the increased concentration of monomer (volume of monomer solution) 

caused a faster polymerization rate and a bigger produced nanoparticle gel. Nevertheless, 

insufficient shear influenced the diameter of produced nanoparticle gels when the volume 

of monomer solution was less than 0.5 mL, which was too little compared with the size of 
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reactor and stirrer. Thus, when the amount of monomer solution was insufficient, the 

efficiency of shearing took the place to dominate the diameter of produced nanoparticle 

gels. Otherwise, the diameter of produced nanoparticle gels was proportional to the 

monomer concentrations. 

The relationship between swelling ratio and crosslinking density, which was 

proportional to the crosslinker concentration, was studied and demonstrated by the Flory-

Huggins equation: 

Q
5
3 =

(
i

2VuS
1
2

)2 + (
1
2 − x1)/V1

VE/V0
 

where Q is the degree of swelling, i/Vu is the charge density of polymer, S is the ionic 

strength of solution, (1/2 − x1)/V1  is the polymer-solvent affinity, VE/V0  is the 

crosslinking density. 

In our experiments, we controlled the crosslinker to monomer ratio by mole to 

study the effect of crosslinker concentration on the average diameter of produced 

nanoparticle gels. The relationship between the average diameter of produced 

nanoparticle gels and the ratio of crosslinker to monomers follows power law as 

displayed in Figure 3.16. When the ratio of crosslinker to monomer was less than 0.07% 

mol/mol, the average diameter of produced nanoparticle gels was greatly influenced by 

the crosslinker concentration. For the point of the ratio of crosslinker to monomers was 

0.05% mol/mol, the produced nanoparticle gels had loosely crosslinked polymeric 

network. With the increased crosslinking density, the polymeric network turned to be 

tighter and tighter. When the crosslinking density reached the critical point (0.09% 

mol/mol in our experiments), the network of polymer chains cannot further compact and 
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the diameter of corresponding nanoparticle gels became independent to the crosslinker 

concentrations. 
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Figure 3.16. Diameter of swollen nanoparticle gels synthesized with different crosslinker 

concentrations. 

In our experiments, we also studied the influenced of reactor capacity on the 

diameter of produced nanoparticle gels. Two reactors with the similar shape but different 

capacities were used to synthesize nanoparticle gels with controlled monomer solution 

volume. All the other parameters were controlled to be same during the reaction. The 

diameter of produced nanoparticle gels was same in the 50 and 300 mL reactor as shown 

in Figure 3.17. It can also be seen that the trend of diameter changing was same when the 

monomer solution volume changed. Considered the results of various monomer solution 

volumes, we found an interesting phenomenon that the diameter of produced nanoparticle 

gels kept constant even the ratio of scCO2 to monomer solution changed. This was 

different with the conventional suspension polymerization, as we known that the ratio of 

surrounding solution to dispersed solution usually determined the size of result particles. 
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The capacity of reactor influenced the shear provided by the magnetic stirrer so that 

balanced the influenced the monomer concentration effect on the diameter of produced 

nanoparticle gels. 

 

Figure 3.17. Diameter of swollen nanoparticle gels synthesized in different reactor. 

3.2.5. Effect of Environmental Factors on Nanoparticle Gels. In order to 

perform successful nanoparticle gel treatment in the oil reservoirs that produced using 

CO2 or scCO2 flooding, the nanoparticle gels should maintain or increase their swelling 

ratio and strength when contacted with CO2. 

Herein, we prepared the partially hydrolyzed polyacrylamide (HPAM) 

nanoparticle gels as control sample because HPAM-based polymers and hydrogels are 

the most widely used conformance control agents in the oil industry. The AMPS 

nanoparticle gels, which were resistant to salt and acid, were prepared and compared with 

the HPAM nanoparticle gels. In addition, AMPS monomer was subjected in two of the 

CO2-responsive nanoparticle gels to prevent the shrinkage of polymer chains in the 

presence of CO2. Herein, a cationic monomer, DMAEMA was used to synthesize CO2 
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responsive nanogels due to the protonation of tertiary amine moieties in acidic solutions. 

The physicochemical properties of the produced nanoparticle gels for the in-depth 

treatment were listed in Table 3.2. 

Table 3.2. Physicochemical properties of the produced nanoparticle gels. 

Nanoparticle 

gels 

Functional component Diameter 

before 

reswell 

Diameter 

after 

reswell 

Trigger Reswelling 

rate 

HPAM Amine 360 nm 115 nm N/A N/A 

AMPS Sulfonic 220 nm 190 nm N/A N/A 

Double 

crosslinker 

Labile and stable 

crosslinker 

100 nm 155 nm Heat and 

CO2 

Slow 

Core-shell Labile hydrophobic 

shell and hydrophilic 

core 

280 nm 5000 nm Heat and 

CO2 

Fast 

CO2 

responsive 

Amine moieties 175 nm 245 nm CO2 Fast 

Herein, the performance of AMPS nanoparticle gels that synthesized in scCO2 

was compared with HPAM nanoparticle gels, which has the same properties of the 

plugging agent used in the petroleum industry. The main composition of HPAM 

nanoparticle gels is partially hydrolyzed polyacrylamide with a 10% hydrolyzed degree 

by mole. In our experiments, we used 10% sodium acrylate and 90% acrylamide to 

prepare HPAM nanogel through the conventional emulsion polymerization. 

Sodium chloride (NaCl) solutions of different salt concentrations from 0 to 2 

wt.% were prepared to examine the effect of NaCl on the properties of AMPS and HPAM 

nanoparticle gels. The diameters of AMPS and HPAM nanoparticle gels in different 

NaCl solutions were measured by dynamic light scattering (DLS) as shown in Figure 

3.18. From the figure we can conclude that both AMPS and HPMA nanoparticle gels 
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shrunk with the increased salt concentration. However, the AMPS nanoparticle gels were 

not as sensitive to NaCl concentrations as the HPAM nanoparticle gels. In detail, the 

diameter of AMPS nanoparticle gels only decreased at the NaCl concentrations from 0 to 

0.25 wt.%. Then, the diameter became constant with the increased NaCl concentrations. 

Nevertheless, the HPAM nanoparticle gels kept shrinking until the salt concentration 

reached 0.5 wt.%. In addition, the ratio of shrinkage calculated by the volume of AMPS 

nanoparticle gels was 54.5%, which was much smaller than the 88.0% of the HPAM 

nanoparticle gels. The swelling behaviors of the AMPS and HPAM nanoparticle gels 

demonstrated that the AMPS nanoparticle gels were more salt tolerant compared with the 

HPAM nanoparticle gels. 
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Figure 3.18. Diameter of the AMPS and HPAM nanoparticle gels in different NaCl 

solutions. 

Swelling behavior is not the only parameter to characterize the salt resistance of 

nanoparticle gels. Besides shrinkage, nanoparticle gels can aggregate and form 

precipitations at high salt concentrations due to the reduction of electrostatic repulsion 
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among nanoparticle gels. Zeta potential was used to describe the charge of the slipping 

panel of nanoparticle gels that usually used to study the stability of dispersions of 

nanoparticle gels. A high zeta potential confers stability that the nanoparticle gel 

dispersions will resist aggregation. When the zeta potential is low, attractive forces may 

exceed the electrostatic repulsion and the dispersions turn to break and nanoparticle gels 

flocculate. Thus, nanoparticle gels with high zeta potentials, no matter positive or 

negative, are electrically stabilized while nanoparticle gels with low zeta potentials tend 

to coagulate or flocculate. 

Zeta potential of the HPAM nanoparticle gels reduced dramatically when the 

NaCl concentration increased from 0 to 0.5 wt.% and tend to be constant when the salt 

concentration above 1 wt.% as shown in Figure 3.19. For the AMPS nanoparticle gels, 

the zeta potential did not change when salt concentration below 0.5 wt.% and started to 

decrease linearly with further increased salt concentration at a smaller slope than the one 

of HPAM nanoparticle gels. When the NaCl concentration reached 2 wt.%, the zeta 

potential of the AMPS nanoparticle gels was lower than 20 mV, which demonstrated that 

the AMPS nanoparticle gel dispersions was moderately stable in the NaCl solution. 

Furthermore, absolute zeta potential of the AMPS nanoparticle gels was higher than the 

one of HPAM nanoparticle gels at varies NaCl concentrations, which indicated that the 

dispersion of the AMPS nanoparticle gels was more stable in NaCl solutions than the 

dispersion of the HPAM nanoparticle gels. 

Viscosity is an important parameter of nanoparticle gel dispersion because that 

the viscosity determined the mobility of nanoparticle gel dispersion. The viscosity of 

nanoparticle gel dispersions was measured at room temperature at a 6 s-1 shear rate to 
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simulate the flow condition of nanoparticle gels transport through the formation. The 

viscosity of nanoparticle gel dispersions in the absence of NaCl increased from 1.4 to 4.9 

cP with the nanoparticle gel concentration as shown in Figure 3.20. According to the 

Einstein theory, the viscosity of nanoparticle gel dispersion was a linear function to the 

concentration. It is easy to find out that the trend of viscosity versus concentration curve 

started not following the linear trend at the concentration above 5000 ppm. The 

interaction among nanoparticle gels cannot be neglected above that concentration. 
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Figure 3.19. Zeta potential of the AMPS and HPAM nanoparticle gels in different NaCl 

solutions. 

Therefore, the Einstein theory was no longer applicable in the concentrated 

nanoparticle gel dispersions. Moreover, the viscosity of nanoparticle gel dispersions 

increased with the salt concentration, which is contrary to the Einstein theory that 

viscosity of the dispersion was proportional to the volume friction of the dispersant. This 
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might cause by the interaction among the dispersed nanoparticle gels. Added salt not only 

made nanoparticle gels shrink, but also reduced the zeta potential of the nanoparticle gels, 

which decreased the stability of nanoparticle gel dispersion and increased the interaction 

among the nanoparticle gels. However, the influence of NaCl on the viscosity of 

nanoparticle gel dispersions was neglectable for the AMPS nanoparticle gels. 

Same with salt, pH influence the swelling ratio of nanoparticle gels by changing 

the ionic strength of the solutions. In addition, the proton and hydroxide ion released by 

acid and alkaline could affect the swelling ratio as well as reduce the electrostatic 

repulsion among the nanoparticle gels. 

 

Figure 3.20. Viscosity of nanoparticle gel dispersions at different salt concentrations. 

The salt effect was excluded in this experiment by controlled the ionic strength of 

pH solutions. The diameter of the AMPS nanoparticle gels was kept constant at pH varies 

from 3 to 9 as shown in Figure 3.21. However, for the HPAM nanoparticle gels, the 

diameter at pH 3 is two third of the diameter of at pH 7. The HPAM nanoparticle gels 
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also tended to degrade at high pH that the diameter of nanoparticle gels kept increasing 

and had no peak signals above 10 nm after soaked for 24 h. Thus, the AMPS nanoparticle 

gels were much more stable in both acidic and alkali solutions compared with the HPAM 

nanoparticle gels. 
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Figure 3.21. Diameter of the AMPS and HPAM nanoparticle gels in different pH 

solutions. 

The double crosslinker and core-shell nanoparticle gels were synthesized and 

characterized at different temperature, salt concentration, and in the presence of CO2 to 

investigate the response of nanoparticle gels to the stimulations. In order to deliver the 

nanoparticle gels to the in-depth formation, the size of the nanoparticle gel should be 

small enough before it reach the target zone and then start to swell and plug the water 

path. The reservoir temperature is usually higher than surface temperature so that the 

temperature could be used as a trigger for the second swelling of nanoparticle gels. In 
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addition, carbon dioxide produced carbonic acid slowly that can turn the pH of water to 

as low as 3 when contact with water, which could be another trigger for the second 

swelling of the nanoparticle gels. Thus, nanoparticle gels with double crosslinkers, both 

stable and labile (acid/ temperature triggered) crosslinkers can meet the requirement of 

the in-depth treatment. Herein, polyethylene glycol-200-diacrylate (PEG-200-DA) was 

subjected as the labile crosslinker of the double crosslinker and core-shell nanoparticle 

gels. 
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Figure 3.22. Diameter of the AMPS and double crosslinker nanoparticle gels at different 

NaCl concentrations. 

The diameter of double crosslinker nanoparticle gels was smaller than the AMPS 

nanoparticle gels caused by the higher crosslinking density from the additional PEG-200-

DA as shown in Figure 3.22. The diameter of the AMPS nanoparticle gels was 214 nm in 

distilled water while the double crosslinker nanoparticle gels was only 122 nm. The NaCl 

effect on the AMPS and nanoparticle gels was same because the swelling of both 
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nanoparticle gels were mainly dominated by the electrostatic repulsion among the 

sulfonic moieties on the polyAMPS chains. 
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Figure 3.23. Diameter of the AMPS and double crosslinker nanoparticle gels at different 

pHs. 

The effect of pH on the diameter of the double crosslinker nanoparticle gels was 

studied as the following procedure: the AMPS and double crosslinker nanoparticle gels 

were fully swelled in distilled water and then, transferred to solution with different pHs. 

After 10 min, the diameter of nanoparticle gels at different pHs was characterized using 

DLS. From Figure 3.23, the diameter of the AMPS and double crosslinker nanoparticle 

gels decreased at low or high pHs. In pH 3 solution, the diameter of double crosslinker 

nanoparticle gels was 86 nm, which was much smaller than the diameter in distilled 

water. The total ionic strength of the pH solutions was controlled same by added NaCl. 

However, the nanoparticle gels still showed shrinkage at both high and low pHs, which 

might cause by the proton and hydroxide ions could reduce the electrostatic repulsion 
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among polyAMPS chains much more than the sodium or chloride ions. Furthermore, the 

labile crosslinker contained in the double crosslinker nanoparticle gels did not hydrolyze 

and degrade in 10 min. 

The core-shell nanoparticle gels, which consisted a hydrophilic core crosslinked 

by a stable crosslinker and a hydrophobic shell crosslinked by a labile crosslinker, were 

prepared through a semi-continuous emulsion polymerization. The hydrophobic shell 

hindered the shrinkage of polyAMPS chains in the solution with salt, acid, and alkaline. 

 

Figure 3.24. Scheme of pH stimulation of cationic nanogel. 

The double crosslinker nanoparticle gels can second swell in the in-depth 

formation when the labile crosslinker degraded by temperature or CO2. However, the 

slowly degrading rate of the labile crosslinker brought some uncertainty for the treatment 

in the oil field. Herein, we described a nanoparticle gel that was able to response to the 

stimulation (CO2) in a short time. 

When the CO2 dissolved in the formation water, carbonic acid started to form and 

release the protons slowly. The cationic monomer, 2-(dimethylamino) ethyl methacrylate 

(DMAEMA) protonated in acidic solutions and produced extra electrostatic repulsions 
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among the polymer chains. The size of DMAEMA nanoparticle would response to the pH 

value of the surrounding solutions by the protonation and deprotionation of tertiary amine 

in the polymer chains (Figure 3.24). 
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Figure 3.25. Average diameter of the CO2 responsive nanoparticle gels at different NaCl 

concentrations. 

NaCl solutions with different concentrations from 0 to 2 wt.% were prepared to 

examine the effect of salt concentration on the average diameter of the CO2 responsive 

nanoparticle gels, which was examined by DLS at room temperature. The average 

diameter of the CO2 responsive nanoparticle gels did not changed with the increased 

NaCl concentrations as shown in Figure 3.25. The salt tolerant properties of the CO2 

responsive nanoparticle gels due to the tertiary amine moieties on the polyDMAEMA 

chains. Different to the HPAM and AMPS nanoparticle gels, the polymeric network of 

the CO2 responsive nanoparticle gels was neutral charged in the pH 7 solutions. The 

swelling ratio of the CO2 responsive nanoparticle gels was controlled by the affinity 

between the polyDMAEMA chains and the solvent. 
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The CO2 responsive properties of the CO2 responsive nanoparticle gels was 

measured by purging CO2 into the dispersion of nanoparticle gels. The diameter of the 

CO2 responsive nanoparticle gels was measured respect to the time of the CO2 purging. 

The diameter of the CO2 responsive nanoparticle gels increased from 175 to 245 nm after 

10 min CO2 purging. Also, the diameter of the CO2 responsive nanoparticle gels kept 

constant at ~245 nm with further CO2 purging as shown in Figure 3.26. The CO2 

responsive nanoparticle gels was sensitive to acid environment because the reaction rate 

of protonation of the tertiary amine moieties was very fast in the solution. After 

protonated, the electrostatic repulsion among the tertiary amine groups contained in the 

polyDMAEMA chains greatly increased. The repulsion force made the CO2 responsive 

nanoparticle gels continuously swell until reached the equilibrium swelling ratio. 
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Figure 3.26. Diameter of the CO2 responsive nanoparticle gels in brine after CO2 purging. 

The effect of CO2 on the CO2 responsive nanoparticle gels can also been detected 

by measuring zeta potential of the nanoparticle gels. The zeta potential of the CO2 

responsive nanoparticle gels before CO2 purging was ~3 mV and increased to ~14 mV 
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after 10 min CO2 purging as shown in Figure 3.27. Zeta potential of the CO2 responsive 

nanoparticle gels increased with the time of CO2 purging, from 14 to 19 mV, which 

indicated further protonated of the polyDMAEMA chains. In addition, this CO2 

responsive of the PAETAC polymeric network is very sensitive to the environmental 

stimulation that the polymeric network quickly response to the CO2 purging in 5 minutes. 

3.2.6. Thermal Stability of Nanoparticle Gels. Thermal stability is an important 

parameter to evaluate the application of the nanoparticle gels under the reservoir 

conditions.  
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Figure 3.27. Zeta potential of the CO2 responsive nanoparticle gels in brine after CO2 

purging. 

To perform successfully nanoparticle gel treatments, the nanoparticle gels should 

stand the reservoir temperature without fully degradation. Herein, the diameter of double 

crosslinker nanoparticle gels changed respect to time of labile crosslinker under different 

temperature as shown in Figure 3.28. As shown in the figure, the diameter of double 

crosslinker nanoparticle gels was not changed under 25 and 40 °C. However, for the 
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double crosslinker nanoparticle gels at 60 °C, the diameter slowly increased after 2 

months, which indicated the labile crosslinker consisted in the nanoparticle gels started to 

degrade. Moreover, the diameter of double crosslinker nanoparticle gels at different 

temperatures was slightly difference at the beginning of experiments. The diameter of 

double crosslinker nanoparticle gels was 130, 122, and 100 nm at 25, 40, and 60 °C, 

respectively. This phenomenon might cause by the dispersity of nanoparticle gels was 

higher at high temperature considered that the Brownian movement of dispersant was 

proportional to the surrounding temperature. Therefore, the higher temperature lead to a 

smaller diameter of the nanoparticle gels. 
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Figure 3.28. Diameter of double crosslinker nanoparticle gels under different temperature 

of long term measurement. 

CO2 can dissolve in and react with water to produce carbonic acid. The pH value 

of the CO2 saturated water can become as low as 4.2 under room condition and around 3 

under the formation condition. As mentioned before, the acidic solution were able to 



170 

 

accelerate the degradation of labile crosslinker in the double crosslinker nanoparticle 

gels. It is necessary to know the effect of CO2 on the diameter of double crosslinker 

nanoparticle gels. The double crosslinked nanoparticle gels were dispersed in 1 wt.% 

NaCl solution saturated with CO2 and stand at 60 °C for one month and measured the size 

distribution. The control sample was dispersed in 1 wt.% NaCl solution in the absence of 

CO2.  
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Figure 3.29. Size distribution of the double crosslinker nanoparticle gels at 60 °C. 

From the size distribution of double crosslinker nanoparticle gels (Figure 3.29), 

the CO2 affected the diameter of double crosslinker nanoparticle gels much more than 

temperature. The intensity peak of size distribution shifted from 110 to 300 nm after 30 

days stimulation in the CO2 saturated NaCl solution whereas did not shift in the absence 

of CO2. This result demonstrated the degradation of ester groups in the double crosslinker 

nanoparticle gels was much faster in the presence of proton as demonstrated in Figure 
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3.30. Considered the formation condition that using CO2 to enhance oil recovery, the 

double crosslinker nanoparticle gels can transported to the in-depth formation and re-

swell with the stimulation of temperature (slow rate) and CO2 (fast). 

 

Figure 3.30. Schematic representation of the labile crosslinker degradation in water. H+, 

OH-, and heat can catalyze the degradation of polyethylene glycol diacrylate crosslinker. 

Thermal stability of the CO2 responsive nanoparticle gels was an important 

property for the performance on the in-depth treatment, especially under the CO2 

condition. The CO2 responsive nanoparticle gel dispersions were placed in the high 

pressure vessel for the long term stability experiment in the presence of scCO2 (Figure 

3.31). The diameter of the CO2 responsive nanoparticle gels at 25 °C was ~240 nm for 

more than 1 year while the diameters at 40 and 60 °C was almost the same with the one at 

25 °C. The three dimension network of the CO2 responsive nanoparticle gels was formed 

by the thermostable crosslinker, which can stand as high as 90 °C in the presence of 

scCO2 for one year. The CO2 responsive nanoparticle gels showed an excellent thermal 

stability under scCO2 condition based on our experiment results. 
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Inspired by the swelling delayed nanoparticle gels, we prepared the core shell 

nanoparticle gels that formed by a hydrophilic core and a hydrophobic shell. Different 

with double crosslinker nanoparticle gels, we used a semi-continuous polymerization to 

synthesize the core shell nanoparticle gels. The crosslinked hydrophilic core was 

synthesized with a high monomer concentration and a low crosslinker to monomer ratio. 

Therefore, the synthesized core can swell tens to hundred times when contact with water. 

Then, a labile crosslinker was subjected to crosslink the hydrophobic monomers and form 

the shell structure. 
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Figure 3.31. Diameter of the CO2 responsive nanoparticle gels at different temperature in 

scCO2. 

The long term stability experiments was conduct as the core shell nanoparticle 

gels were dispersed in 1 wt.% NaCl solutions saturated with CO2, and then, the samples 

were aged at 60 °C for different time before measured the size distribution as shown in 

Figure 3.32. The average diameter of the core shell nanoparticle gels measured 

immediately was ~280 nm. After aged for 7 days, the hydrophobic shell of around 17% 
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core shell nanoparticle gels broke under the acid and temperature stimulations. After aged 

for 14 days, the percentage of degraded shell did not increase. However, after 1 month, 

the percentage of degraded shell dramatically increased to 70% and kept increasing to 

80% after 4 months. Compared with the double crosslinker nanoparticle gels, the 

diameter of core shell nanoparticle gels did not increase gradually. Two main peaks of 

core shell nanoparticle gels appeared at 300 and 5000 m, which were the diameters of 

core shell nanoparticle gels and the swelled cores. 
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Figure 3.32. Size distribution of the core shell nanoparticle gels in NaCl solution 

saturated with CO2. 

3.3. SUMMARY 

In our experiments, four series of nanoparticle gels were synthesized and 

characterized in the presence of CO2. The double crosslinker nanoparticle gels were 

AMPS based nanoparticle gels contained both labile and stable crosslinkers that were 

able to second swell stimulated by heat and acidic solution. After injected into the 
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reservoirs, the double crosslinker nanoparticle gels could transport through the matrix and 

form efficient plugging triggered by the formation temperature and/or CO2. For the in-

depth treatment, the swelling delayed time should be controlled to let nanoparticle gels 

transported to the in-depth. Based on our experimental results, the double crosslinker 

nanoparticle gels can be controlled to start their second swelling after 30 days at 60 °C 

while 2 days at 80 °C. Therefore, the double crosslinker nanoparticle gels were applicable 

for the in-depth treatment in the reservoirs with low temperature. Another swelling 

delayed nanoparticle gels with core shell structures were designed to control the second 

swell time of the nanoparticle gels. The core shell nanoparticle gels contained two parts: 

a hydrophilic core that can fully swell in several minutes in water and a hydrophobic 

shell that prevented water penetrated to the core. The degradation rate of the hydrophobic 

shell was dominated by the thickness of shell. When placed at the target zone, at where 

the hydrophobic shell fully broke, the core shell nanoparticle gels could fully swell and 

form efficiently plugging. Similar with the double crosslinker nanoparticle gels, the core 

shell nanoparticle gels cannot be used in the reservoirs with the formation temperature 

higher than 80 °C. 

The CO2 responsive nanoparticle gels, DMAEMA-based nanoparticle gels that 

were not sensitive to the temperature and salinity, can second swell in the presence of 

CO2. The CO2 responsive nanoparticle gels reached the maximum swelling ratio in 5 min 

when contact with CO2. The CO2 responsive nanoparticle gels could be applied for the 

in-depth treatment in the high temperature reservoirs in the combination with CO2 

flooding. 
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4. CONCLUSION 

In summary, four major goals were achieved in this dissertation through the study 

of nanogels behavior at the oil-water ineterface and in the porous medium. The 

application of nanogels has a profound effect on the oil-water interfacial properties and 

the fluid transportation in porous medium, which is a promising chemical for enhanced 

oil recovery. 

In the first paper, three nanogels with different surface charges have been 

synthesized through suspension polymerization. The physicochemical properties of the 

synthesized nanogels were elucidated by dynamic light scattering, scanning electron 

microscopy, and transmission electron microscopy. In comparison with nanosilica, no 

precipitation was observed in the nanogel dispersions at 1 wt.% NaCl concentration. The 

polymeric nanogels markedly decreased the oil-water interfacial tension. Moreover, the 

o/w emulsion stabilized by neutral charged nanogels remained more than 90 % of its 

original volume at 25 °C for 30 days while emulsion treated with nanosilica fully phase 

separated in 5 minutes after homogenization. Furthermore, neutral-charged nanogel was 

able to stabilize oil-in-water emulsion to remain 82 % of its original volume at 65 °C 

after 48 h. The surface charge effect on the oil-water interfacial reduction and o/w 

emulsion stabilization properties of nanogels was systematically studied. 

In the second paper, the nanogels used in chemical enhanced oil recovery has 

been described. Compared to dispersed nanoparticle system, the viscosity of nanogels 

presented an exponential relationship with concentration, which indicated percolation 

among nanogels. Rheological studies demonstrated the nanogels’ ability to be easily 

injected into the matrix in reservoirs. The contact angle of sandstone showed slightly 
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decrease upon the hydrophilicity of adsorbed nanogels, and the sandstone had a larger 

contact angle after adsorbed cationic nanogels. The kinetic of nanogel adsorption was 

controlled by the surface charge of sandstone and nanogel as demonstrated by static and 

dynamic adsorption measurements. The nanogels showed good plugging efficiency in 1 

wt.% NaCl solution. In addition, it has been demonstrated that the nanogels had the 

ability to emulsify residual oil and enhance displacing efficiency. The second brine 

injection, which simulated post water flooding, demonstrated that nanogels could 

efficiently divert brine flow to enhance sweep efficiency. 

In the third paper, the oil-water interfacial tension reduction and o/w emulsion 

stabilization ability of nanogels were investigated at various salinities. Decane and crude 

oil was subjected in this study to illustrate the influence of oil type on the performance of 

nanogels. The swelling ratio and zeta potential of ionic nanogels were significantly 

influenced by the NaCl concentration while the swelling ratio and zeta potential of 

neutral charged nanogels were independent to the NaCl concentration. The salt ions can 

help to reduce the oil-water interfacial tension and accelerate the creaming process of 

emulsions stabilized by nanogels. In addition, the interfacial tension kinetic and emulsion 

stability were affected by the oil types. The crude oil/water emulsion was more stable 

than the decane/water emulsion. 

In the fourth paper, the alkaline-demulsified Pickering emulsions stabilized by the 

stimuli-responsive PAM nanogels has been described. Stimulation PAM nanogels with 

NaOH hydrolyzed the acrylamide into carboxylate moieties containing in the polymeric 

networks, which would significantly increase the hydrodynamic diameter and reduce the 

zeta potential of PAM nanogels. The Pickering emulsions showed excellent stability in 
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brines and acidic solutions that no separated oil phase had been observed 24 h after 

emulsion preparation. Based on the optical microscopy results, the average diameter of 

oil drops was no longer decreased above the critical nanogel concentration of 1000 mg/L. 

The stable Pickering emulsions could be prepared over a broad range of sonication period 

from 15 to 240s. Compared to alkanes/water Pickering emulsions, the stability of 

aromatic hydrocarbons/water Pickering emulsions was enhanced by the string-like 

nanogel structures. Rheological studies demonstrated the flow ability of crude oil was 

significantly enhanced by forming crude oil/water Pickering emulsions. 

The nanogels are promising candidates that help reduce the oil-water interfacial 

tension and recover residual oil. The produced oil/water Pickering emulsion can be 

effectively demulsified using alkaline at surface condition that suggests the applications 

in petroleum engineering. 
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5. SUGGESTED FUTURE WORK 

In our experiments, we found that some of the residual oil was produced out from 

the sandstone core in o/w emulsion state during the nanogel flooding. This observation 

indicated that nanogels could emulsify residual oil during their transportation in the 

sandstone core. As this phenomenon hasn’t been reported by any researchers before, it is 

important to investigate this shear-induced emulsification in porous medium. Capillary 

tube model and microfluidic model could be applied to investigated the shape change of 

residual oil during the emulsify procedure. 

In addition, further studies on the nanogel distribution in the porous medium are 

suggested. In our experiment, we have found that the ability of nanogels in pressure 

increase and oil recovery was dramatically influenced by the nanogel distribution in the 

sandstone core. The nanogels displayed the disproportionate permeability reduction 

property that it reduced the relative water permeability while not affected the relative oil 

permeability. CT scanning was suggested to elucidate the distribution of nanogel, oil, and 

water in the porous medium. 
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