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ABSTRACT 

Efficient surfactant delivery with controlled release is of great practical interest 

in various fields including oil spill remediation and oil recovery.1–3 Premature adsorption 

of surfactants at various surfaces and interfaces reduces their efficiency and limits 

practical applications. To alleviate this challenge, nanoencapsulation methods have 

been proposed and, in most systems, the immobilization relies on relatively weak, 

noncovalent interactions between the surfactant molecules and the host, which leads to 

premature release.4–6  

In this study, a stimuli-responsive, sub-100nm nanoparticle platform with a 

hydrolysable ester side chain for in-situ generation of surfactants is demonstrated. The 

nanoparticles serve as a delivery vehicle as well as a precursor for the surfactant derived 

from the pendant ester groups. The nanoparticles, ~ 55 nm in diameter with a zeta 

potential of -54 mV, were synthesized via copolymerization of vinyl-laurate and vinyl-

acetate (p-(VL-co-VA), 3:1 molar ratio) as the core and stabilized with a protective 

poly(ethylene-glycol) (PEG) shell. Hydrolysis kinetics in an accelerated, base-catalysed 

reaction show release of about 11 and 31% of available surfactant in DI water at 25 and 

80°C, respectively.  The corresponding values in saline water are 22 and 76%.  The 

efficiency of the released surfactant in reducing the interfacial tension (IFT), altering 

wettability, stabilizing an oil-water emulsion, and generation of foam was investigated 

through spinning drop tensiometer (SDT) analysis, contact angle measurements, laser 

confocal scanning microscopy (LCSM) imaging and dynamic foamability assessment, 

respectively. The performance was benchmarked to sodium laurate (SL), a 

commercially available surfactant.  The system was further investigated for targeted 
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delivery of surfactants to the oil phase by grafting poly(glycidyl methacrylate), PGMA, 

brush on the surface. The collective findings of the study demonstrate both the efficacy 

of the NP system to produce surfactants in-situ and the ability to manipulate and control 

various interfacial phenomena including wettability, emulsions, and foams.  
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1. CHAPTER 1: INTRODUCTION 
This chapter discusses the motivation of surfactant delivery in a wide range of fields 

and the specific scope of this work in relation to Enhanced Oil Recovery (EOR) 

applications. 

1.1 Motivation of Surfactant Delivery and Objective 
Surfactants have been extensively researched and are indispensable in a wide 

spectrum of industries including manufacturing7–9 pharmaceuticals,10–12 oil 

recovery,3,13,14 detergency,15,16 and the food industry.17,18 A practical challenge with 

surfactant deployment is that they are susceptible to fast adsorption at various surfaces 

and interfaces, which limits their effectiveness.19 In oil reservoirs, deposition of heavy 

organic matter and polar components alters the wettability of the oil-bearing formation 

from an originally water-wet to a heterogenous strongly oil-wet or mixed-wet state.20 

Surfactant-assisted flooding is widely used as a chemical stimulant to alter wettability, 

lower the oil-water interfacial tension (IFT) and create emulsions/foams to boost oil 

production.3 However, designing an optimized and cost-effective surfactant flood 

remains a challenge due to the operational challenges associated with premature 

adsorption at the rock surface, pore blockage and scaling/corrosion tendencies.3 

Surfactant retention is a term used to refer to the amount of surfactant adsorbed in the 

rock and it depends on the characteristics of the rock and type of surfactant utilized. It 

is preferable to achieve a low retention rate (<1 mg/g of rock).21,22 To alleviate surfactant 

loss due to adsorption and increased retention rates, sacrificial chemicals (e.g. polymers) 

have been explored but they lead to high implementation costs and associated formation 

damage in Enhanced Oil Recovery (EOR) applications.23,24 Nano-encapsulated systems 

have been investigated as an alternative method for efficient surfactant delivery. 
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However, challenges remain with the easy dissociation of surfactant molecules from the 

nanoparticle host attributed to the anchoring mechanism between the surfactant and the 

capsule through weak, noncovalent interactions such as hydrogen bonding, van der 

Waals, electrostatic or hydrophobic/hydrophilic interactions.25 In this regard, the ability 

to design a stimuli-responsive, hydrolysable nanoparticle template as the delivery 

vehicle and the surfactant precursor offers significant potential in deep treatment 

delivery for oil recovery and environmental remediation.1,26 

1.2 Scope of work 
Herein, a new surfactant delivery platform based on hydrolysable polymeric 

nanoparticles is reported.  The system consists of polymeric nanoparticles, which serve 

as a delivery vehicle as well as a precursor for the surfactant. More specifically, the 

nanoparticles consist of hydrolysable poly(vinyl laurate-co-vinyl acetate), P(VL-co-

VA), core that are either grafted with; (1) a poly(ethylene glycol) (PEG) shell, or (2) a 

poly(glycidyl methacrylate) (PGMA) brush. The PEG serves as a protective shell for a 

controlled, slow-release profile while the PGMA brush is designed to enhance the 

stability and the responsiveness for the system for targeted delivery of surfactant to the 

oil phase in oil-water mixtures.   

The release mechanism involves slow hydrolysis of the pendant ester group to 

generate carboxylic acid, which subsequently reacts with the carbonate surface to 

produce carboxylate salts.  The hydrolysis kinetics and the surfactant release profile at 

varying pH, salinity and temperatures were systematically studied using a base-

catalyzed reaction. The rate of surfactant release measured by an accelerated alkaline-

assisted hydrolysis test using 0.1M and 1M sodium hydroxide (NaOH) demonstrate a 
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slow-release profile. Contact angle measurements were utilized to evaluate the 

surfactancy in altering the wetting state of an oil-saturated calcite substrate. Confocal 

microscopy images demonstrate the effectiveness of the hydrolyzed nanoparticles to 

stabilize oil/water emulsions. Foamability of the NPs to enhance gas flooding operations 

and promotion of conformance control was assessed by dynamic foam analysis. Finally, 

interfacial Tension (IFT) measurements were conducted to isolate the individual 

contributions from the neat, unhydrolyzed P(VL-co-VA) NPs and the hydrolyzed P(VL-

co-VA) NPs.   

The study further explores the potential of PGMA tethering on the surface to 

enhance the stability in high salinity environment and allow the system to be used for 

targeted delivery application. This approach capitalizes on the facile conversion of the 

epoxy groups into functional moieties yielding a polymeric brush with multiple charges 

for electrostatic and steric stabilization.   
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2. CHAPTER 2: BACKGROUND 
2.1 Surfactant Advances and Prospects 

Surfactants are one of the most versatile products in a wide range of technological 

applications.7-19 Their amphiphilic structure consists of a hydrophilic polar group 

attached to a hydrophobic tail with varying lengths, branching and saturation. The 

opposing polarity of the surface-active molecules and preferential segregation at solid-

liquid and liquid-liquid interfaces marks their significance in a diverse range of surface 

and interfacial phenomena, such as wetting, emulsions, foaming, and detergency. 27,28,29 

The following sections discuss surfactants adsorption behavior that controls a variety of 

interfacial processes. 

2.1.1 Wetting Modifications by Surfactants 
Wetting is defined as the ability of a fluid to sustain contact with a solid surface by 

the formation of intermolecular interactions, resisting the displacement by other 

fluids.29,30  The surface and interfacial tension between a solid substrate (adsorbent) 

and the spreading fluid (adsorbate) can be inferred from the contact angle (𝜃), which 

is defined as the mechanical equilibrium of a drop influenced by three interfacial 

tensions; (i) liquid-vapor (γlv), (ii) solid-liquid (γSl), (iii) solid-vapor (γSv), defined by 

Young’s Equation:31 

																																																	𝛾!" cos(𝜃) = 	𝛾#" −	𝛾#!                                                                (1) 

It is of great practical interest to reduce the contact angle and adhesion on 

hydrophobic surfaces, which are widely utilized as glass covers for solar cells, 

microfluidics and automobiles.32 Typically, water does not spontaneously spread 

over hydrophobic surfaces due to the high surface tension  (𝛾!")  of 72 mN/m at 
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25ºC.33 Thus, under certain conditions, the utilization of surfactants is prompted to 

reduce the triad interfacial tensions between the substrate and the aqueous solution 

and alter the wettability. For polar substrates, wettability alteration through 

surfactants can be achieved via different mechanisms depending on the surfactant 

end charge.34 Surfactants of opposite charge to the substrate will tend to adsorb on 

the surface with the hydrophilic-end oriented at the interface and the hydrophobic-

tail in the aqueous solution, reducing	𝛾#!.  The ion-pair formation accelerates oil 

desorption and allow for spontaneous aqueous imbibition into the substrate matrix to 

restore a water-wet state. On the contrary, surfactants with the same charge as the 

adsorbent orient at the solid surface through the hydrophobic tail, while the 

hydrophilic head groups create a water-wet state layer on the surface (Figure 1).35  

 

Figure 1 Surfactant adhesion onto charged, oil-wet substrate (a) electrostatic 
interactions between the opposite charges of surfactants and the substrate, (b) the 
hydrophobic interaction between the hydrophobic tail and the oil in the substrate. 

The presence of electrolytes plays a prominent effect on the performance of the 

surface-active agents and their influence on the interfacial tensions as well as on their 

characteristic critical micelle concentration (CMC).36,37,38 For example, short-

hydrophobic chain length surfactants (C7-C8 carbon chain lengths) demonstrate 

better performance in  solutions with high ionic strengths.29  

(a) 

(b) 
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2.1.2 Emulsification by Surfactants 
Emulsification of two immiscible phases is widely investigated in many 

scientific disciplines related to colloidal systems, polymer science and interfacial 

processes.39 Unlike microemulsions, the typical formation of oil-in-water or water-

in-oil macroemulsions comprise the formation of large droplets that are unstable with 

high excess Gibbs free energy per drop that cannot be counteracted by entropy.40 

Enhancing the thermodynamic stability of emulsions and/or the creation of 

microemulsions facilitates advancements in several technological fields including 

drug delivery systems,41 oil spillage remediation, 42 improving the mobility ratio in 

oil recovery,43 and in chemical synthesis.44 

Surface forces play a prominent effect in the stabilization of emulsions, hence, the 

utilization of surfactants are considered as they adsorb at the liquid-liquid interface 

reducing interfacial tension between the two immiscible phases and minimize the 

energy required for emulsification.45 Surfactants also play a pivotal role in 

electrostatic, mechanical or steric stabilization of droplets, which hinders coalescence 

of the dispersed phase.46 Surfactants can be combined with active solid particles, such 

as silica, carbon and polymer latexes, to create suspoemulsions with synergistic 

enhancement to emulsion stability.47,48In addition to the CMC, surfactant intrinsic 

characteristics must be considered when using them as emulsifying agents.  For 

example, the hydrophilic to the lipophilic balance (HLB) determined their surface 

activity and tendency to assemble at the interface with no preferential solubility in 

either of the two bulk phases.49 
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2.1.3 Foaming and Antifoaming by Surfactants 
Foams, or gas emulsions, are defined as the nonequilibrium dispersion of gas 

bubbles in a  continuous liquid or solid phase separated by thin films (lamellae).50 

The utilization of surfactants as foaming agents is assessed through; (i) foam 

production ability defined as the initial height of foam produced and (ii) foam 

stability defined by the differential foam height after a given amount of time.51 In 

foaming liquids, foam collapse is influenced by gravitational drainage of the liquid 

in the lamellae, coalescence of bubbles with close proximity, and differential osmotic 

and Laplace pressures relating to gas concentration and interfacial tension, 

respectively.52 The difference in gas pressure of two adjacent bubbles is defined as 

the Laplace pressure, ΔP: 

																														∆𝑃 = 𝛾( $
%!
+ $

%"
)                                                                        (2) 

where 𝛾 is the surface tension of the liquid, R1 and R2 are the radii of the gas bubble.  

As described  below surfactant interfacial packing in an essential ingredient in the 

stabilization of liquid foams providing reduced surface tension, increased 

Electrostatic Double Layer (EDL),53 and enhanced Gibbs elasticity and Marangoni 

effect initiating surface tension gradient of the two phases.54 

2.1.3.1 Surface Tension Reduction 

The preferential adsorption of surfactants at the liquid-vapor interface prompts 

favorable energetics that reduce the interfacial energy per unit area.55 This sole 

effect is insufficient in providing foam stability, however, it facilitates less 

mechanical energy needs in creating large interfacial areas in foams.  



 23 

2.1.3.2 Electrostatic Double Layer (EDL) 
To offset film thinning due to attractive van der Waals interactions between 

bubbles, surface-active molecules provide a balancing repulsive force through the 

Electrostatic Double Layer (EDL), which is a representation of the ionic 

environment in the vicinity of a charged surface. The EDL is highly influenced by 

the pH and ionic strength of the liquid. 

2.1.3.3 Gibbs Elasticity and Marangoni Flows 

Liquid membrane surrounding gas bubbles must possess film elasticity that can 

counterbalance a local thinning/stretching caused by an applied stress. Film 

elasticity can occur only in the presence of surface-active solutes,29 and with the 

increase in surfactant concentration and packing fluctuation, a surface tension (𝜎) 

gradient is induced with area (A), which is quantified by Gibbs Elasticity, E: 

																																										𝐸 = 	 &'
&!()

                                                                           (3) 

The induced surface tension gradient promotes Marangoni flow of the liquid film to the 

direction with higher surface tension, where the fluid movement hinders the coalescence 

of gas bubbles.56  

2.2 Surfactants in Enhanced Oil Recovery (EOR)  

Current recovery factors of oil reserves is capped between 30-35% of the original-

oil-in-place (OOIP) due to the complex interplay of geological, physical and economic 

factors.57 Recovery techniques of oil reserves can be classified as either primary, 

secondary or tertiary (Enhanced Oil Recovery, EOR) (Figure 2). Primary depletion, 

which contributes to up to 20% of recovery, capitalizes on the natural energy of the 

subterranean reservoir in the extraction of oil to the surface or through the utilization of 
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artificial lifting systems.58 Secondary recovery methods rely on an external fluid 

injection to compensate for the depleted reservoir force required for oil extraction, 

which is accomplished through either water flooding or gas flooding resulting in 

incremental recovery factors up to 40%.58 Tertiary, or Enhanced Oil Recovery (EOR), 

methods promote favorable conditions to displace residual oil by enhanced interactions 

between the injected treatment and the oil/rock by thermal and non-thermal methods 

resulting in up to 60% of recovery.59 

 

 

 

 

 

 

 

 

 

 

In petroleum-bearing formations, there is a preferential tendency for the oil phase 

to spread and adhere to the rock surface, effecting the relative permeability, capillary 

pressure and fluid distribution, which restricts residual oil production.60 Thus, the 

deposition of heavy organic matter and polar components alters the wettability of the 

formation from an originally water-wet to a heterogenous strongly oil-wet or mixed-wet 

(a) (b) (c) 

Figure 2 Recovery methods of oil reserves classified into (a) primary, (b) secondary, 
(c) tertiary (Enhanced Oil Recovery, EOR) 
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state.60 Typical waterflooding has been insufficient in naturally fractured, oil-wet 

formations with high contrast of permeability regions.61 During water injection in an 

oil-wet formation, the high interfacial tension (IFT) between water and crude oil as the 

two immiscible phases results in a weak capillary force that is insufficient for oil 

displacement.62  Waterflooding can also bypass residual oil due to the high water-to-oil 

mobility ratio, M:63 

𝑀 =
*#$ +$,
*#% +%,

                                                                     (4) 

where krw and kro is the relative permeability of water and oil, respectively, and µ denotes 

the viscosity of the water or oil phases. 

Thus, in an oil-wet, heterogenous formation matrix, a more involved approach is 

used, where surface-active agents are combined with polymers or alkali mixtures during 

waterflooding. Surfactant-assisted flooding acts as a chemical stimulant to alter 

wettability, lower oil-water interfacial tension (IFT) and create microemulsions/foams 

to increase the capillary force and lower the mobility ratio required to boost oil 

production.3  

Subsurface surfactant delivery to enhance oil recovery in various types of reservoirs 

and more specifically carbonate reservoirs is limited by several technical and economic 

challenges. The heterogenous characteristics of the carbonate rock at different scales 

including pore, grain and texture that originated from the depositional history and 

diagenesis, create a complex pathway for fluid migration in the porous medium.3 The 

following sections describe current surfactant delivery methods in a porous matrix. 
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2.2.1 Batch Neat Surfactant Treatments 
Batch surfactant delivery, comprising of either neat surfactants, alkaline-surfactant 

(AS) mixtures, surfactant-polymer slugs or a combination thereof, are one of the widely 

used techniques in surfactant flooding.64,65 To alleviate surfactant loss due to adsorption 

and increased retention inside the porous media, sacrificial chemicals (e.g. 

polyelectrolytes) have been explored, which lead to high implementation costs and 

associated formation damage in Enhanced Oil Recovery (EOR) applications.23,24 

Operational limitations such as low surfactant slug injecitivty, pumping failures, 

scaling/corrosion tendencies, pore blockage, premature surfactant adsorption and 

degradation of active agents at reservoir conditions have been widely experienced that 

necessitate continuous re-injection. 3,66,67 

2.2.2 Nano-Enabled Delivery: Inorganic Nanocapsules 

One of the proposed methods to overcome the challenges associated with batch-

surfactant flooding is developing a responsive nanoparticle system that can navigate 

through the porous media and is able to protect the surface-active agents against 

premature adsorption or degradation for deep treatment delivery. Inorganic 

nanoparticles have been widely investigated as delivery systems including carbon 

nanotubes (CNT),68,69noble metal NPs,70,71magnetic NPs (Fe3O4), zinc oxide (ZnO) 

NPs,72copper oxide (CuO) NPs,73 titanium dioxide TiO2 NPs,74 and silica NPs.75, Thus 

far, TiO2 NPs,4 carbonaceous nanomaterials,76 clay nanotubes,77 Fe3O4 nanoparticles,78 

and silica nanoparticles79 were investigated as inorganic carriers for efficient surfactant 

delivery in the recovery of oil. Nourafkan et al.4 proposed porous TiO2 as nanocarriers 

to deliver a blend of surfactant mixtures consisting of anionic alkyl aryl sulfonic acid 

(AAS) and nonionic alcohol ethoxylated (EA) surfactants. They reported a reduced 
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surface interaction of the surfactant molecules with the rock surfaces.4 Chen et  al.76 

investigated multi-walled nanotubes (MWNT) and carbon blacks (CB) in the 

encapsulation of alpha olefin sulfonate (AOS) surfactant. Mesoporous silica 

nanocarriers have been considered due to the effect of silanol groups in anchoring and 

immobilizing encapsulated organic compounds.80 de Freitas and co-workers6, for 

example, studied the encapsulation of diethanolamides (DEA) surfactants in SBA-15 

silica nanoparticles and obtained enhanced retention in water and full release at oil/water 

interfaces. However, challenges with low surfactant effectiveness in such nano-

encapsulated systems attributed to the anchoring mechanism within the nanoparticle 

pores through hydrogen bonding or weak van-der Waals interactions still persist.25 

2.2.3 Nano-Enabled Delivery: Organic & Polymeric Nanoparticles 

The facile desorption of surfactant molecules from the host in inorganic 

nanomaterials prompted the need for a delivery system that acts as a carrier and as a 

surfactant precursor. Organic and polymeric nanomaterials offer promising prospects in 

the petroleum field and have been only explored as encapsulating carriers for oil 

recovery applications. De Avila et al. proposed polystyrene nanoparticles (PSNP) in the 

encapsulation of ionic (sodium dodecyl sulfate, SDS) and nonionic (nonyl-phenol 

ethoxylate-10, NF-10EO) surfactants, that can be released by oil uptake-triggered 

swelling. 5 Rosestolato et al. explored the utilization of lipid nanostructures, comprised 

of beeswax (BW), to encapsulate nonylphenol ethoxylate (NPE10) surfactant triggering 

the release at the oil/water interface.81  

To advance the delivery mechanism, a stimuli-responsive, hydrolysable polymeric 

nanoparticle template, which serve as a delivery vehicle as well as a precursor for the 
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surfactant is being investigated in this thesis. The potential of this work spans from 

surfactant delivery for oil recovery applications and oil spill remediation to surfactant 

therapies in drug delivery.82   
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3. CHAPTER 3: HYDROLYSABLE POLY(VINLY 
LAURATE-co-VINYL ACETATE) NANOPARTICLE 
PLATFORM 

3.1 PREABLE 
In this research, a surfactant precursor and a delivery platform based on 

hydrolysable nanoparticles is demonstrated.  The nanoparticles consist of poly(vinyl 

laurate-co-vinyl acetate) core with two different grafting techniques; (i)  polymerizable 

poly(ethylene glycol) (PPEG) protective shell (Figure 3) and (ii) glycidyl methacrylate 

(GMA) polymer brush (Figure 4).  The release mechanism, as illustrated in Figure 5, 

involves slow hydrolysis of the ester group to generate carboxylic acid, which 

subsequently reacts with the carbonate surface to produce carboxylate salts.  The 

hydrolysis kinetics and the surfactant release profile at varying pH, salinity and 

temperatures were systematically studied. The ratio of monomers as well as the PEG 

length or GMA grafting density were optimized to achieve colloidal stability while 

ensuring proper hydrolysis rate of the ester side chain.  The study represents a step 

forward in the ability to manipulate and control oil-water interfaces and might pave the 

way for practical solutions in a number of important applications. 
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(a) 

(b) 

Figure 3 Synthesis scheme of (a) Polymerizable PEG (PPEG) 
precursor, and (b) P(VL-co-VA) NPs 
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(a) 

(b) 

Figure 4 Synthesis scheme of  (a) P(VL-co-VA) NPs core and (b) glycidyl methacrylate 
(GMA) polymer brush. 
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Figure 5 Hydrolysis mechanism of the injected P(VL-co-VA) nanoparticles in 
displacing residual oil from a limestone reservoir matrix. (a) hydrolysis activation to 
generate carboxylic acid, (b) carboxylic acid deprotonation and adhesion of cationic 
components to produce an anionic surfactant. 

  

(a) 
(b) 

(a) 
(b) 
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3.2 Surface Modification 
Surface modification of colloids and nanostructures through covalent bonds or 

physical adsorption have been widely considered to enhance their stability,83 

functionality and responsiveness,84 and to advance their utilization in catalysis,85 and 

energy storage applications.86. The following sections describe the prospect of 

polymeric grafts, particularly (i) poly(ethylene glycol) (PEG), and (ii) Poly(glycidyl 

methacrylate) (PGMA) brushes: 

3.2.1 Poly(ethylene glycol) (PEGylation) 

Poly(ethylene glycol) is a hydrophilic polymer that can be covalently,87,88 and 

physically grafted onto surfaces,89 or suspended in solution for colloidal 

stabilization.90,91Highly dense PEG brushes on surfaces provide steric barrier against 

agglomeration and act as a scaffold for structural water to inhibit other molecular 

interaction with the underlying surface.92 In this study, covalent attachment of PEG was 

achieved by producing a polymerizable precursor synthesized through a condensation 

reaction of a PEG oligomer with maleic anhydride.  

3.2.2 Poly(glycidyl Methacrylate) (PGMA) Brush  

Poly(glycidyl methacrylate) (PGMA) brushes are widely deployed in surface 

modification as they contain an epoxy group, which is one of the most versatile 

functional groups and can be crosslinked,93 or readily converted into functional moieties 

using simple chemical reactions.94 For example, Scheme 6 represents a facile 

mechanism to produce a negatively charged GMA chain with the addition of sulfite 

salts, which can be tailored to produce positively charged moieties through alternative 

amine-derivatives.95Tethering PGMA brushes onto colloidal or nanoparticle 
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suspensions can provide steric and electrostatic stabilization, which is desirable in 

extreme pH and ionic conditions. 

 

 
Figure 6 Functionalization of epoxide ring to produce a negatively charged moiety 

 

In this study, the PGMA brush was grafted onto the latex particle that was 

synthesized by emulsion polymerization. A dispersion seeded polymerization was then 

initiated, where the polymeric nanoparticle cores, P(VL-co-VA), are allowed to swell 

with a large amount of GMA monomer, initiator and crosslinker, acting as loci for the 

polymerization process.96,97 In the dispersion seeded polymerization, the solvent (water 

and isopropyl alcohol (IPA), GMA monomer and initiator are miscible whereas the 

formed PGMA chain has low solvency in the reaction medium. The resulting particle 

size and surface morphology is influenced by the polymerization conditions; 

temperature, concentration of GMA monomer/crosslinker, the dropwise monomer 

feeding rate and agitation.98 The formation of negatively charges on the PGMA brush 

was through the addition of sodium sulfite (SS) and sodium bisulfite (SBS) salts in 1:1 

weight ratio. The positive functionalization was performed through a two-step process; 

(i) addition of ethylenediamine (EDA) as a reactive amine,99 (ii) addition of 

glycidyltrimethylammonium chloride (GTMAC). The functionalized PGMA yields a 

polymeric brush with multiple charges contributing to both steric and electrostatic 

stabilization. In addition, the charged polymeric brush can allow the system to be used 

for targeted delivery of surfactants to the oil-phase in oil-water mixtures. 
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3.3 CHEMICALS AND MATERIALS  
Vinyl laurate (>99.0%), vinyl acetate (>99.0%),sodium persulfate reagent 

(>98.0%), 3-Allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt solution (40wt% 

in water), hexadecane (99%), 4,4′-Bis(2-benzoxazolyl) stilbene dye, sodium laurate (99-

100%), glycolic acid ethoxylate oleyl ether anionic surfactant (Mn~700), ethylene glycol 

dimethacrylate (98%),  2,2′-Azobis(2-methylpropionamidine) dihydrochloride (V50) 

initiator (97%), Triton X-100, ethylenediamine (>99%), glycidyltrimethylammonium 

chloride (>90%) and divinyl benzene (80%) were purchased from Sigma-Aldrich. 

Cetyltrimethylamonium Bromide (CTAB) was purchased from AMRESCO. N-

Dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (>98.0%) was obtained from 

Chem-Impex INC. 2-propanol (>99.0%) was purchased from Fisher Chemicals. Maleic 

Anhydride (>99.0%) and polyoxyethylene(-23)-lauryl-ether were obtained from Sigma-

Aldrich. Glycidyl Methacrylate (GMA) (>95.0%) and Sodium Dodecyl Sulfate (SDS) 

were purchased from TCI chemicals. Sodium chloride (NaCl), calcium chloride 

dihydrate (CaCl2.2H2O), magnesium chloride hexahydrate (MgCl2.6H2O), sodium 

sulfate (Na2SO4), sodium bicarbonate (NaHCO3), sodium sulfite (Na2SO3) and sodium 

bisulfite (NaHSO3 and Na2S2O5) were purchased from Sigma-Aldrich. A regenerated 

cellulose dialysis tubing with 10K molecular-weight cut-off (MWCO) was purchased 

from ThermoFisher scientific. All materials were used without further purification. 
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4. CHAPTER 4 : P(VL-co-VA) NANOPARTICLES WITH 
A PROTECTIVE POLY(ETHYLENE GLYCOL) (PEG) 
SHELL 

4.1 EXPERIMENTAL PROCEDURE 

4.1.1 Preparation of Polymerizable PEG-Based Shell 

The synthesis of the polymerizable polyethylene glycol (PPEG) shell precursor 

is illustrated in Scheme 1. The molar ratio of maleic anhydride and polyoxyethylene-

(23)-lauryl ether was 1:1 and the reagents were mixed at 150ºC for 2 hours followed 

by 130ºC for 8 hours under continuous nitrogen gas purge and stirring.  

4.1.2 Nanoparticle Synthesis: Emulsion Polymerization of P(VL-co-VA)  
In a typical synthesis, the poly(vinyl laurate-co-vinyl acetate) P(VL-co-VA) 

nanoparticles were synthesized through a free-radical emulsion copolymerization of 

vinyl-laurate and vinyl acetate in 3:1 molar ratio. 0.08 g of N-dodecyl-N,N-dimethyl-

3-ammonio-1-propanesulfonate zwitterionic surfactant, 0.4 g of allyloxy-2-hydroxy-

1-propanesulfonic acid sodium salt solution comonomer, 0.6 mL of 2-propanol, 

0.04g of sodium bicarbonate (NaHCO3) and 0.2g of PPEG were added in 11 ml 

deionized water and mixed thoroughly. 0.57 g of vinyl-laurate and 0.072 g of vinyl-

acetate were added to the above solution under vigorous stirring to form an emulsion. 

0.02 g of sodium persulfate was then added, and the emulsion was heated to 60ºC 

and polymerized overnight. The obtained nanoparticles were purified via dialysis 

(10K MWCO) for seven days with frequent water replacement.  

4.1.3 Characterization of the PEG-Coated P(VL-co-VA) Nanoparticles  
The nanoparticle size and zeta potential were determined via dynamic light 

scattering (DLS) using a Zeta Nanosizer (Malven Instruments, UK). The size 
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measurement was further confirmed through Scanning Electron Microscopy (SEM) 

and Transmission Electron Microscopy (TEM). 

4.1.4 Alkaline Hydrolysis Accelerated Test  

A relatively slow hydrolysis of the ester side chain at neutral or weekly basic 

pHs is preferred for deep reservoir surfactant delivery. An accelerated alkaline 

hydrolysis test of the P(VL-co-VA) NPs was used in 0.1M sodium hydroxide 

(NaOH) in both deionized water and salinity water to shorten the release time. The 

saline solution composition is illustrated in Table 1.100  

Table 1 Salt composition to formulate the seawater mixture used in the accelerated 
hydrolysis.100 

Salt NaCl CaCl2.2H2O MgCl2.6H2O Na2SO4 NaHCO3 

Concentration (g/L) 41.04 2.385 17.64 6.343 0.165 

 

To study the effect of temperature on the hydrolysis rate, the alkaline mixture was 

mixed with the nanoparticle sample in 1:1 weight ratio and stirred at 320 rpm at 

80ºC and 25 ºC. Periodic aliquots were collected from the nanoparticle dispersions 

at pre-determined intervals after the addition of 0.1M NaOH and titrated with 0.01M 

hydrochloric acid (HCl). The hydrolysis kinetics were estimated using Equation 5: 

Hydrolyzed Fraction = 
-.!&'()*	/-.!),-	'../.	/-.!0,(()	(23#4)

-.!&'()*
                (5) 

where mol12345	is the initial number of moles of sodium hydroxide in the medium, 

mol467	28898 is the number of moles of hydrochloric acid added during the titration 
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to neutralize the solution, and mol/6334	(;<=>) is the number of moles of the 

carboxylic acid contribution from the PEG shell. 

4.1.5 Conductivity Measurements 
Conductivity measurements were used to estimate the CMC for the released 

surfactant and the concentration of surfactant released. The conductivity of the 

hydrolyzing mixture was benchmarked to the profile of sodium laurate (SL) 

surfactant, which represents the surfactant produced after hydrolysis. After titrating 

the hydrolyzing mixture with HCl, sodium chloride (NaCl) salt is formed and has 

prominent effect on the measured conductivities. Hence, conductivity measurements 

were collected using EXTECH meter in deionized water and in 0.2% sodium chloride 

(NaCl) to simulate a similar salt condition formed in the hydrolyzing mixtures. The 

critical micelle concentration (CMC) was calculated as it provides a significant 

understanding on the degree of aggregation of amphiphilic surfactant molecules. The 

conductivity values for hydrolyzing mixtures were measured and correlated to 

sodium laurate in similar salt conditions. 

4.1.6 CMC calculation.  
The CMC is an inherent characteristic property of surfactants that is critical to 

determine the threshold concentration below which optimal surfactant efficacy is 

achieved. CMC was determined using the intersection of conductivity profiles above 

and below the critical value.101  

4.1.7 Contact Angle Measurements 
The surfactant ability to alter a substrate wettability was investigated using static 

contact angle measurements.  0.5g of calcite pellets (13mm in diameter ) were 
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prepared and submerged in model oil under vacuum to generate a carboxyl-

functionalized oil-wet surface. Model oil was prepared by mixing 0.01M stearic acid 

with 50 ml hexadecane at 50ºC overnight.34A drop of the unhydrolyzed and 

hydrolyzed nanoparticle mixture was placed on the substrate and contact angle 

measurements were collected over time and compared to neat-sodium laurate 

surfactant in DI water (Figure 5.a-b ) and saline water ( Figure 5.c-d ).  

4.1.8 Laser Confocal Scanning Microscopy (LCSM) 
Confocal microscopy images were conducted using a Zeiss LSM 710 confocal 

laser scanning microscope with a Plan-Apochromat ×25, 1.40 water-immersion 

objective. Emulsions were prepared by vortexing equivolumetric amounts of the 

nanoparticles with; (i) model oil and (ii) auto-fluorescent crude oil. 4mg of 4,4′-

Bis(2-benzoxazolyl) stilbene fluorescent dye was added to the model oil to allow 

imaging by confocal miscroscopy. To conduct the confocal experiments, few 

milliliter aliquots of the emulsion were placed between two coverslips on the 

microscope for imaging. 

4.1.9 Dynamic Foam Assessment 
Dynamic foamability was evaluated using KRUSS Dynamic Foam Analyzer 

(DFA100) that detects the foaming height and stability over time as well as capturing 

the foam structure. 50ml of the respective surfactant and control solutions were 

placed in the glass column and nitrogen bubbling was initiated at 0.3L/min for 20 

seconds while recording the foam height and structure overtime.  



 40 

4.1.10 Interfacial Tension Measurements (IFT) 
Interfacial tension measurement between the nanoparticle suspension and 

different types of oil (hexadecane, model oil and crude oil) were performed using a 

KRUSS Spinning Drop Tensiometer (SDT). The heavy phase (DI water, seawater or 

nanoparticle suspensions at different hydrolysis stages) was placed in the capillary 

tube and the light phase of the respective oil type were loaded on either the white cap 

for automatic drop launch or loaded manually into the capillary tube using a syringe 

for solutions of high IFT. The measurements were conducted under 8000 rpm speed 

and the IFT was calculated by fitting the Laplace equation to the drop shape.  

4.2 RESULTS AND DISCUSSION 

4.2.1 Nanoparticle Characterization. 

The successful formation of the unsaturated PPEG was determined using 

Fourier-Transform-Infrared-Spectroscopy (FTIR) transmission and compared with 

the reagents’ spectra as depicted in Figure 7. The spectrum in Figure 1.a for the 

synthesized PPEG confirm the formation of carbonyl (C=O) vibration at 1715 cm -1 

and the ether (C-O-C) stretch at 1102 cm -1. The peak at 1780 cm-1contributing to the 

asymmetric stretch of C=O disappear after the reaction, confirming the conversion 

of maleic anhydride.102  
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Figure 7 Transmission Fourier-Transform Infrared Spectra for the PEG-based shell. (a) 
Synthesized polymerizable maleic anhydride/ polyoxyethylene-(23)-lauryl ether in 1:1 
mole ratio through a polycondensation reaction , (b) mixture of maleic anhydride and 
polyoxyethylene-(23)-lauryl ether (1:1) at ambient conditions, (c) maleic anhydride, (d) 
polyoxyethylene-(23)-lauryl ether. 

 

The PPEG was then copolymerized with the vinyl monomers (vinyl laurate/vinyl 

acetate) to stabilize the hydrophobic latex core with dual-responsive properties to 

temperature and pH.103 The process of PEGylation or polymer coating is a widely 

investigated technique to stabilize colloidal systems in saline mixtures, which enables a 

diverse range of industrial and biological applications.88,104  Zhang and co-workers 

found that ultrahigh colloidal stability is achieved in high ionic strengths and extreme 

pH conditions, when loading thiolated-DNA on gold nanoparticle (AuNP) in PEG 

mixtures.90 The incorporation of the hydrophilic comonomer, allyloxy-2-hydroxy-1-

propanesulfonic acid sodium salt solution, can further enhance the stability and the size 

distribution of the polymeric latex.105,106 2.5wt% and 5wt% of monomer concentrations 
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were evaluated for stability in saline water and size distribution as demonstrated in 

Figure 8. 

 

 

Figure 8 Nanoparticle size measurements for different monomer concentrations in 
saline and DI water 

Since there was no significant change in the nanoparticle at different monomer 

concentrations, 5wt% monomer concentration was selected and a scaled-up 400ml batch 

was synthesized and characterized by DLS, TEM and SEM (Figure 9).  They all 

confirmed the formation of spherical P(VL-co-VA) NPs that are 55.0 ± 8 nm in size 

with zeta potential of -54 mV. 
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4.2.2 Hydrolysis Kinetics.  
Owing to our interest in the slow release of surfactants in both oil spill 

remediation as well as enhanced oil recovery, we began by studying the hydrolysis 

kinetics at different temperatures and salinities.  To that end, sodium hydroxide was 

used for accelerated hydrolysis to evaluate the release at a shorter time. The bare p-

(VL-co-VA) NP core exhibits a fast hydrolysis profile in 0.1M NaOH at 80ºC (Figure 

10), resulting in ~66% hydrolysis after one day. The fast release prompted the need 

to incorporate a PEG shell to inhibit the accessibility of hydroxyl groups for a more 

controlled, slow-release profile. The following sections describe the hydrolysis 

behavior in varying temperatures, and salinity conditions. Although the primary 

objective was to design a nanoparticle platform with slow-release profile in neutral 
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Figure 9 (a) DLS measurement of P(VL-co-VA) NPs (b) and (c) TEM images of PEG-
coated, unhydrolyzed, P(VL-co-VA) nanoparticles. Scale bar: 50 nm for (b) and 200 nm 
for (c). (d) and (e) SEM images of unhydrolyzed, P(VL-co-VA) nanoparticles. Scale 
bar: 1 µm for (d) and 500 nm for (e). 
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reservoir conditions of pH 7.5, an accelerated hydrolysis test allows the evaluation 

of the interplay of external stimuli in complex reservoir dynamics.  The performance 

of the released surfactant was also benchmarked against sodium laurate. 

 

 

 

 

 

 

4.2.2.1 Effect of Temperature. 
 Alkaline-assisted hydrolysis of the ester side chain of vinyl-laurate using sodium 

hydroxide is a convenient approach to produce lauric acid that reacts with sodium ions 

to yield the desired surfactant [R-COO-Na+].  Figure 11 shows the release profile in 

0.1M sodium hydroxide at and 25ºC and 80ºC, respectively.  
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Figure 10 Calculated % of hydrolysis using titration with 0.01M HCl for 
bare, un-PEGylated P(VL-co-VA) NP cores with 0.1M NaOH solution. 
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The release profile in alkaline conditions shows a slow release with only 31 and 

11% of surfactant release at 80ºC and 25ºC, respectively, within around 45 days 

followed by a plateau stage with a much slower release rate.  This behavior can be 

explained by the initial consumption of the carboxylic acid product by the basic ions 

[OH-] in solutions, driving the reaction forward. After neutralizing the hydroxyl ions in 

solution, the produced acid becomes less soluble driving the reaction to equilibrium. 

Although the initial abrupt increase in hydrolysis is observed at high and low 

temperatures, the temperature-dependence of the hydrolysis rate is confirmed at longer 

time intervals.  Several parameters can influence the slow hydrolysis rate. In base-

catalyzed hydrolysis, the structural configuration and the chain length of the aliphatic 

ester groups have prominent effect on the reaction rate.107 As the chain length increases, 

such as in vinyl laurate, the reaction rate decreases, which is desirable in applications 
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Figure 11 Calculated hydrolysis (%) of P(VL-co-VA) NPs in deionized 
water with buffer concentration of 0.1M NaOH at 80ºC and 25ºC. 
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where slow-release is favorable. TEM images of the hydrolyzed P(VL-co-VA) NPs 

presented in Figure 12 further demonstrate low-contrast bright patches that are 

attributed to the released surfactant molecules. The morphology of the hydrolyzed 

nanoparticles was partially altered to an extended polymer chain after the hydroxyl 

group attack on the ester side chain. The TEM images further reveal the presence of 

nanoparticle clusters that retained the spherical structure as the hydrolysis did not go to 

completion. 

 

 

 

 

 

4.2.2.2 Effect of Water Salinity.  
To evaluate the effect of salinity on the surfactant delivery, P(VL-co-VA) NPs 

were suspended in synthetic saline water. 100 Figure 13.a demonstrates the release 

profile in high salinity water using 0.1M NaOH. Solutions of high ionic strengths 

trigger a faster release profile in comparison to the hydrolysis in deionized water 

observed in Figure 11. Hydrolysis in saline water resulted in 76% and 22% of 

surfactant release after 54 days at 80 and 25 ºC, respectively.  
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Figure 12 TEM images of hydrolyzed P(VL-co-VA) in deionized water 
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Salt-catalyzed hydrolysis, particularly metal chlorides (e.g NaCl), has been 

extensively studied in enhancing the generation of acidic products, most notably in 

the depolymerization of cellulose to generate acid-derived precursors (e.g. levulinic 

acid) for the production of biofuels.108 The formation of water-anion hydrogen-

bonded networks in highly concentrated chloride salt solutions plays a significant 

role in disrupting the ester-water coordinated clusters and allows hydroxyl (-OH-) 

accessibility to the carbonyl groups as depicted in Figure 13.b.109,110 Furthermore, in 

low salt concentrations, the hydrophilic components in PEG form strong hydrogen 
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Figure 13 (a) Release profile of  P(VL-co-VA) NPs in high salinity water in 0.1M 
NaOH at 80ºC and 25ºC, (b) Effect of Salt-catalyzed hydrolysis and disruption of 
H-bonding 
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bonding with the surrounding water molecules, which allows for a uniformly 

dispersed protective shell.111 In salt solutions, cations are immobilized in PEG due 

to the ion complexation with crown ethers disrupting the structured shell,112 which 

allows for more accessible hydroxyl (-OH-) nucleophilic attack and which results in 

faster hydrolysis. Furthermore, salts dissociate into their constituent cations/anions 

and alter the acidity/basicity of the solution depending on their conjugate acids and 

bases.113 Additionally, molecular interactions of metal ions with carboxylic acids 

have been vastly studied in wastewater treatments as absorbents.114 Most notably, 

carboxylates (R-COO-) tend to exhibit high-affinity in forming ion-pairs with 

monovalent cations in solution.115,116At the hydrolyzing pH conditions (~13), the (-

COOH) groups in lauric acid are deprotonated and metal ion uptake occurs driving 

the hydrolysis reaction forward. 

4.2.2.3 Effect of pH 
To assess the kinetics profile in strongly basic solutions, a 2 M NaOH sodium 

hydroxide hydrolyzing mixture was prepared in DI and mixed with the P(VL-co-

VA) NPs in 1:1 weight ratio yielding a 1M NaOH alkaline concentration. The 

percent hydrolysis was calculated and shown in Figure 14. 
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It can be noted from the hydrolysis comparison between the 1M and 

0.1M NaOH, that the periodic titration calculation fails to approximate the 

release in highly concentrated alkaline mixtures. The nanoparticle mixture could 

be fully hydrolyzed by a very small amount of the 1 M NaOH mixture leaving 

excess hydroxyl ions that require larger volumes of HCl to be neutralized, which 

underestimate the hydrolysis percentage as per Equation 5. Conductivity 

measurements were applied as an alternative method in the surfactant release 

assessment for the hydrolyzing mixture in 1 M NaOH by correlation to sodium 

laurate (SL) commercial surfactant. After titrating the hydrolyzing mixture with 
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Figure 14 Calculated hydrolysis (%) of P(VL-co-VA) NPs in deionized 
water with buffer concentration of 1M NaOH at 80ºC and 25ºC. 
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HCl, sodium chloride (NaCl) salt is formed and has prominent effect on the 

measured conductivities. Hence, conductivity measurements were collected in 

deionized water and in 0.2% sodium chloride (NaCl) to simulate a similar salt 

condition formed in the hydrolyzing mixtures (Figure 15). The measured CMC 

values for sodium laurate in DI and 0.2% NaCl were 0.026 M and 0.0166 M, 

respectively, as inferred from Figure 15. The estimated value for the CMC in DI 

water agrees with the values reported by Campbell and co-workers.93 The 

conductivity values for hydrolyzing mixtures were measured and correlated to 

sodium laurate in similar salt conditions to obtain an estimate of the hydrolysis 

profile in Figure 16. 
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Figure 15 (a) Schematic representation of the produced surfactant, (b) Sodium 
laurate conductivity measurements in deionized water and 0.2% sodium chloride 
(NaCl) concentration. 
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Figure 16 Estimated sodium laurate concentration released after hydrolysis in 1M 
NaOH at 80ºC and 25ºC using conductivity measurements. 

 

4.2.3 Wettability Alteration: Static Contact Angle Assessment  
A sessile drop contact angle analysis was conducted on an oil-wet calcite 

substrate at ambient conditions to investigate the hydrolyzed mixture ability in 

altering the wetting state. To achieve maximum surfactancy in deionized water, a 

highly concentrated 1M NaOH buffer was utilized to hydrolyze the NP mixture. 

4.2.3.1 Effect of Nanoparticle Concentration 
To determine the optimum nanoparticle concentration required to alter 

wettability, 10, 100 and 1000 ppm of the nanoparticle mixture were suspended in DI 

and contact angle measurements were collected as depicted in Figure 17. 1000 ppm 

P(VL-co-VA) NPs suspension, below the CMC, was selected to assess the surfactant 

efficacy in altering the wettability of an oil-wet calcite substrate. 
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Figure 17 Contact angle measurements of P(VL-co-VA) NPs suspended in DI water at 
varying concentrations and hydrolysis conditions. 

 

 Deionized water on oil wet calcite shows the highest IFT with a contact angle 

of 118º.  A slow gradual decrease of the contact angle observed with time is due to the 

spontaneous imbibition within the calcite pores. When a sodium laurate surfactant is 

used a lower initial contact angle of 100º is seen with a longer period required to alter 

the wetting state. The P(VL-co-VA) unhydrolyzed NP system exhibits a similar onset 

contact angle (113º) compared to deionized water but with an accelerated drop that 

crosses with the profile of sodium laurate after 25 minutes. The unhydrolyzed P(VL-co-

VA) NPs trend can be explained by the surfactancy on the nanoparticle surface and the 

PEG surrounding layer. The hydrolyzed P(VL-co-VA) NPs collected at different time 

intervals demonstrate the maximum spreading tendency on the hydrophobic surface 

compared to the previous solutions combining the effect of NPs and released surfactant.  

The relatively faster hydrolysis profile in salt conditions discussed earlier is further 
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confirmed with the contact angle measurements as demonstrated in Figures 18.c and d. 

The unhydrolyzed P(VL-co-VA) NPs in high salinity water revealed a better 

performance in altering the wetting state compared to the commercial sodium laurate 

surfactant at similar ionic strengths. The hydrolyzed P(VL-co-VA) NPs in salt solutions 

demonstrate the maximum efficacy of the system in altering the wetting state from 75º 

to complete spreading in only 17 minutes even at lower concentrations.  

  



 54 

 

 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.2.4 Emulsification: Laser Confocal Scanning Microscopy (LCSM).  
Emulsions are of great practical interest in many industrial and scientific 

applications.117,118 To evaluate the potential use of P(VL-co-VA) NPs in emulsifying 
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Figure 18 Contact angle profile and images on a calcite pellet saturated with 
model oil (0.01M stearic acid in hexadecane). Measurements were conducted: (a) 
& (b) in deionized water and (c) & (d) in high salinity water. Data was collected 
for the water medium, 1000 ppm sodium laurate surfactant, 1000 ppm 
unhydrolyzed P(VL-co-VA) nanoparticles and the titrated hydrolyzed P(VL-co-
VA) in a respective alkaline mixture at 80ºC. 
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two immiscible phases, suspensions of the hydrolyzed and unhydrolyzed NPs were 

mixed with model oil (Figure 19) and crude oil (Figure 20) samples. LCSM 

micrographs for model oil illustrated in Figure 19.a and b and DI water in the absence 

of surfactants show formation of thermodynamically unstable globules that undergo 

Oswald ripening resulting in larger droplet sizes. The hydrolyzed nanoparticles in 

1M NaOH captured in Figure 19.c, confirm the ability of the released surfactant to 

stabilize microemulsions with improved solubilization and entrapment of both 

hydrophilic and lipophilic phases. Similar results were obtained for crude oil-water 

mixtures (Figure 20).  Figures 20.b and 20.c emphasize the difference in behavior 

between the unhydrolyzed and hydrolyzed p-(VL-co-VA) NPs.  As before, the 

presence of surfactant from the addition of the already hydrolyzed NPs to the oil-

water mixture stabilizes the emulsion and produces smaller droplets. 
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(a) 
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(c) 

Figure 19 Confocal Micrographs of (a) model oil in deionized water, (b) 
unhydrolyzed P(VL-co-VA) NPs in model/DI, (c) hydrolyzed P(VL-co-VA) 
NPs in model oil/DI. 

200 µm 200 µm 50 µm 

200 µm 100 µm 50 µm 

50 µm 50 µm 20 µm 



 57 

 

 

 

 

 

 

 

 

 

 

 

4.2.5 Foamability: Dynamic Foam Analyzer 

The foamability of aqueous solutions is of great practical interest in EOR 

applications. Typical gas injection, through CO2 or N2, yields low volumetric sweep 

due to the low density of gases compared to crude oil or water in the reservoir.119 The 

unfavorable mobility ratio of gas flooding resulting in gas channeling, early gas-

(a) 

(c) 

(b) 

Figure 20 Confocal Micrographs of (a) crude oil in deionized water, (b) 
unhydrolyzed P(VL-co-VA) NPs in Crude oil/DI, (c) hydrolyzed P(VL-co-
VA) NPs in Crude oil/DI. 
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breakthrough, viscous fingering and gravity segregation, can be addressed by 

foaming of the injected gases (Figure 21).120  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assess the foamability of the hydrolysable nanoparticle system, solutions 

containing 100 ppm hydrolyzed/unhydrolyzed P(VL-co-VA) NPs and sodium laurate 

surfactant in DI and saline water were bubbled with nitrogen for 20s and the foam 

height and structure were recorded as depicted in Figures 22 and 23. Significant foam 

generation is detected in hydrolyzed P(VL-co-VA) NPs solutions in DI water 

compared to saline water. However, the foam half-life time in the hydrolyzed system 

(a) 

(b) 

Figure 21 (a) Gas flooding exhibiting channeling, breakthrough, and gravity 
segregation, (b) foam injection yielding uniform sweep 
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is short (52s in DI and 25s in saline water). The low stability can be attributed to the 

coalescence and fusion of bubbles after rupturing of the liquid film as detected in the 

images of the foam structure. The rupturing of the liquid film is controlled by the 

surface elasticity and the ability of the surfactants to redistribute from the bulk of the 

film to the interface, which is hindered in low surfactant concentrations.121 In 

surfactants containing carboxylic acids, the maximum stability can be achieved at 

conditions, where pH ~ PKa. This is due to the fact that only ~50% of the carboxylic 

acid groups are ionized, prompting the formation of acid-soap H-bonding.122 In 

neutral conditions where the pH is higher than the pKa of lauric acid (~5.3), ionic 

repulsion is initiated between the anionic surfactant head groups inducing film 

thinning (Figure 24). At high salt concentrations (Figure 23.a and b), complexation 

of the negatively-charged head group with cations result in a screening effect yielding 

a thinner and less stable film. 123 
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Figure 23 (a) Foam height profiles of 100 ppm solutions of sodium laurate, 
hydrolyzed P(VL-co-VA) NPs, and unhydrolyzed P(VL-co-VA) NPs in seawater, 
(b) foam structure of surfactant solutions captured after 20, and 30s of foaming. 
(The different color overlays in foam structure represent the respective bubble area size 
range) 
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4.2.6 Interfacial Tension (IFT) Measurements 

IFT measurements of unhydrolyzed / hydrolyzed P(VL-co-VA) NPs 

suspensions at different hydrolysis intervals and oil (hexadecane in Figure 25, model 

oil Figure 26, and crude oil Figure 27) were carried out.  The IFT for DI water and 

hexadecane is 36 mN/m and 27 mN/m for DI water and model oil or crude oil. The 

addition of salts reduces the IFT, which is more prominent in model oil and crude oil 

(~ 6 mN/m). The recorded IFT values for the oil water mixtures falls within the range 

of values reported in the literature.124 To distinguish the effect of 0.2% NaCl present 

after the titration, a solution of 0.2% NaCl in DI water was prepared and the IFT was 

~ 21 mN/m (Figure 27.a). This indicates that the majority of IFT reduction originates 

from the presence of the neat P(VL-co-VA) NPs, irrespective of the hydrolysis or 

any salt present. After hydrolysis of the NPs, little to marginal IFT reduction is 

recorded suggesting that the IFT measurement is less sensitive to the surfactant 

release compared to other interfacial measurements such as the contact angle 

measurement. It has been also reported that the IFT change alone is not responsible 

for a drop in contact angle, and solutions with high IFT still demonstrate a reduction 

in contact angle.125 

(a) (b) 

Figure 24 Effect of ionization state of carboxylate group on the film thickness and foam 
stability, (a) at pH ~ pKa, the presence of protonated and deprotonated states leads to the 
formation of intermolecular H-bonding, (b) at pH > pKa, the deprotonated state dominates 
and electrostatic repulsion induces film thinning. Adopted from Stubenruach et al. 122 
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Figure 25 (a) IFT measurements of hexadecane in DI water or seawater at 8000rpm in 
comparison to the unhydrolyzed and hydrolyzed NPs at different hydrolysis, (b) 
hexadecane droplet image. 
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Figure 26 (a) IFT measurements of model oil in DI water or seawater at 8000rpm in 
comparison to the unhydrolyzed and hydrolyzed NPs at different hydrolysis, (b) 
model oil droplet image. 
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Figure 27 (a) IFT measurements of crude oil in DI water or seawater at 8000rpm in 
comparison to the unhydrolyzed and hydrolyzed NPs at different hydrolysis , (b) crude 
oil droplet image. 
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4.3 SUMMARY 
In summary, hydrolysable p-(VL-co-VA, 3:1 molar ratio) NPs were synthesized 

and their efficacy for slow and controlled release of surfactant generated via hydrolysis 

of the ester side chain was demonstrated. The hydrolysable NPs with a size of ~ 55 nm 

and a zeta potential of -54 mV consist of a poly(vinyl laurate-co-vinyl acetate) core 

stabilized by a PEG shell.   Hydrolysis kinetics in an accelerated, base-catalyzed 

reaction show release of about 11 and 30% of available surfactant at 25 and 80°C, 

respectively.  The corresponding values in seawater are 22 and 76%, respectively.  In 

addition, the effectiveness of the NPs in altering the wettability of a hydrophobic, oil-

wet substrate was evaluated and compared to that of neat, commercially available 

sodium laureate.  Finally, confocal microscopy demonstrated the ability of the NPs to 

produce surfactant molecules in-situ and to stabilize oil-water emulsions supporting 

their potential applications in diverse fields including hydrocarbon recovery and oil spill 

remediation. 
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5. CHAPTER 5 : P(VL-co-VA) NANOPARTICLES WITH 
A POLY GLYCIDYL METHACRLATE (PGMA) 
BURSH  

5.1 EXPERIMENTAL PROCEDURE 

5.1.1 Synthesis of Hydrolysable Nanoparticle Seed 

The hydrolysable P(VL-co-VA) NP core was fabricated through a free-radical 

emulsion copolymerization of vinyl-laurate and vinyl acetate in 3:1 molar ratio. 

Cetyltrimethylammonium bromide, sodium dodecyl sulfate or glycolic acid 

ethoxylate oleyl ether (GAEOE) and Triton X-100 were incorporated in the synthesis 

as either the cationic, anionic and nonionic surfactants, respectively, to obtain the 

most stable P(VL-co-VA) NP core that can be used in the grafting process. 0.08 g of 

N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate zwitterionic surfactant, 

0.4 g of allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt solution 

comonomer, 0.6 mL of 2-propanol, 0.04g of sodium bicarbonate (NaHCO3) and the 

designed percentage amount of respective surfactant (specified in Table 3) were 

added to 11-ml deionized-water and mixed thoroughly. 0.8mg of Nile red dye, 1.228 

g of vinyl-laurate and 0.153 g of vinyl-acetate were added to the above solution under 

vigorous stirring to form an emulsion. 0.02 g of sodium persulfate was then added, 

and the emulsion was heated to 60ºC and polymerized overnight. The obtained 

nanoparticles were purified via dialysis (10K MWCO) for seven days with frequent 

water replacement yielding ~ 8wt% nanoparticle concentration. 
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5.1.2 Swelling Seeded Polymerization of P(VL-co-VA) NP core with 
Poly(Glycidyl Methacrylate) (PGMA) Brush (P(VL-co-VA)-PGMA) 

The hydrolysable P(VL-co-VA) NP seed (25g) was dispersed in 25g DI. A 

monomer solution containing GMA, and DVB as a crosslinker were mixed 

thoroughly and 0.5ml of this solution were added to the seed mixture. 2,2′-azobis(2-

methylpropionamidine) dihydrochloride (V50) used as the initiator (weight ratio 

V50/GMA=0.0189) was dissolved in 3ml DI and added to the seed dispersion.  The 

mixture was kept at 60°C with mechanical stirring at 220 rpm overnight to initiate 

swelling. The remaining monomer solution was then added in a slow, continuous, 

dropwise fashion at 0.5ml/hr using a syringe pump with continuous stirring at 220 

rpm at 60°C to initiate the brush polymerization.  

5.1.3 P(VL-co-VA)-PGMA Functionalization 

After the formation of P(VL-co-VA)-PGMA NPs, functionalization was 

attempted through sulfonation and amination of the epoxide ring. For sulfonation, 

sodium sulfite (SS) and sodium bisulfite (SBS) in 1:1 weight ratio were added in 

excess to the nanoparticles (four times the amount of GMA) and the mixture was 

stirred at 220 rpm at 80ºC. For amination, 1.68 g of ethylenediamine in 4 g of DI 

water were added to 11 g of P(VL-co-VA)-PGMA NPs and stirred at 50ºC for 24 

hours. Next, 5ml of glycidyltrimethylammonium chloride in 5ml DI water was added 

to the mixture and stirred at 50ºC for another 24 hours. All functionalized 

nanoparticles were dialyzed for two days with frequent water replacement. 

 

5.1.4 Characterization of the P(VL-co-VA)-PGMA Brush Nanoparticles  
The nanoparticle size and zeta potential in deionized water at 25ºC were determined 

via dynamic light scattering (DLS) using a Zeta Nanosizer (Malven Instruments, 
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UK). Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 

(TEM) were obrtaineed on a Tescan Mira3 FESEM and Zeiss Gemini 500 SEM and  

FEI Tecnai 12 BioTwin TEM, respectively. 

5.1.5 Assessment Of P(VL-Co-VA)-PGMA Nps Stability in High Salinity Water 
(HSW) at High Temperature 

To evaluate the nanoparticle stability in high salinity water, 1% from the 

nanoparticle suspension was dispersed in HSW (composition in Table 2) and kept at 

80ºC with daily size measurements.  

Table 2 Salt composition to formulate High Salinity Water (HSW) used in the NPs 
stability test 

Salt NaCl CaCl2.2H2O MgCl2.6H2O Na2SO4 BaCl2 NaHCO3 

Concentration 
(g/L) 74.59 49.79 13.17 0.6 0.01 0.51 

 

5.1.6 Assessment Of Targeted Delivery Using Laser Confocal Scanning 
Microscopy (LCSM) 

For confocal microscopy imaging, the patterned nanoparticle suspension was 

mixed with model oil (0.01M stearic acid in hexadecane) in equivolumetric amounts. 

Few millimeters of the mixture were placed on a glass slide on the microscope 

objective for imaging.   

 

5.2 RESULTS AND DISCUSSION 

5.2.1 Nanoparticle Characterization. 

5.2.1.1 P(VL-co-VA) Nanoparticle Core  

N-2 (10wt% P(VL-co-VA) NPs + 2%GAEOE) (Table 3) was selected as the 

core particle in all following experiments as the alternative surfactants either 

exhibited instant aggregation or phase separation overtime. The P(VL-co-VA) NP 
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core was scaled-up to prepare a 400ml batch and characterized by DLS, TEM and 

SEM (Figure 28) all of which confirm the formation of spherical P(VL-co-VA) NPs 

that are 30 ± 2.7 nm in size (PDI =0.135) with zeta potential of -15 mV.  

Table 3 Nanoparticle composition, size and zeta potential synthesized with different 
cationic, anionic, and nonionic surfactants and varying monomer concentrations. 

NP Composition * Size (nm) Zeta Potential (mV) 

N-1: 5wt% P(VL-co-VA) + 2% GAEOE 18 -10 

N-2: 10wt% P(VL-co-VA) + 2% GAEOE 30 -15 

N-3: 5wt% P(VL-co-VA) + 2% CTAB Aggregation 

N-4: 5wt% P(VL-co-VA) + 3% CTAB Aggregation 

N-5: 10wt% P(VL-co-VA) + 6% CTAB 35 11 

N-6: 5wt% P(VL-co-VA) + 1.5% SDS + 

1.5% TX-100 
20 -22 

N-7: 5wt% P(VL-co-VA) + 1.5% CTAB + 

1.5% TX-100 
15 14 
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5.2.1.2 P(VL-co-VA) Nanoparticle Core with PGMA Brush 

At the initial screening stage, the amount of GMA monomer and DVB 

crosslinker were varied (Table 4) and nanoparticle size distribution was recorded to 

establish a baseline criterion for selecting the optimized system with enhanced NPs 

stability. As observed from Table 4, when increasing the ratio of GMA to NP (S-4, 

S-6, S-7) nanoparticle aggregation is observed. On the contrary, for the lowest 

GMA/NP ratio (S-5), minimal alteration to the core was observed.  Hence, S-1, S-3 

and S-9 were selected for electron microscope imaging to examine the NPs surface 

morphology. 
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Figure 28 (a) Size distribution from DLS measurement of P(VL-co-VA) NP core, (b) 
size distribution from TEM analysis of P(VL-co-VA) NP core. (c) and (d) SEM 
images of P(VL-co-VA) NP core . Scale bar: 200 nm for (c) and (d). (e) and (f) TEM 
images of P(VL-co-VA) NP core. Scale bar: 50nm for (d) and 100nm for (e). 
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Table 4 Size measurements of P(VL-co-VA) NPs grafted with PGMA at varying 
monomer and crosslinker ratios. 

Sample GMA/NP wt. 
ratio 

DVB/NP (%) Size (nm) PDI 

S-1 0.825 0.56 50 0.132 
S-2 1.03 1 68 0.063 
S-3 1.2 1.8 80 0.059 
S-4 1.32 0.25 - - 
S-5 0.625 1.8 40 0.34 

S-6 2.40 1.8 
 

- 

S-7* 1.2 1.8 

 

- 

S-8* 1.2 2.5 132 0.073 
S-9 1.625 2.5 125 0.034 

 
 

*0.02g of initiator added during the dropwise feeding of the monomer solution 
 

Electron microscopy images (Figure 30) show that the growth of PGMA on the 

P(VL-co-VA) core is asymmetric due to the phase separation and leads to the 

formation of either “peanut” or aggregates of multiple cores morphologies. 

Compared to other “living” radical polymerization methods, free-radical seeded 

polymerization provided little control of the PGMA growth behavior on the  P(VL-

co-VA) NP core.126,127 It is worth noting that increasing the crosslink density (S-3 

to S-9), leads to the formation of head-tail structures, where PGMA continues to 

grow away from the NP core.  Hence, the subsequent functionalization of the NPs 

(via amination or sulfonation) leads to non-uniform distribution of charge and 

localizing the charge on the PGMA side, which may adversely impact the 
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nanoparticle stability (Figure 29). The asymmetric PGMA coverage, which acts as 

a surfactant when functionalized, leads to nanoparticle agglomeration. Such 

behavior was observed by Xu et al.128, when low amount of Gemini surfactant is 

used in the stabilization of AuNPs. S-3, with zeta potential of -58mV, was selected 

for further functionalization due to the smaller size, highly-negative zeta potential 

and less asymmetric growth.128 

  

(a) 

(b) 

Figure 29 Schematic of various nanoparticle assemblies of (a) aminated P(VL-co-
VA)-PGMA NPs, (b) sulfonated P(VL-co-VA)-PGMA NPs (Adopted from Xu et al. 
125). 
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(S-3) 

(S-9) 

Figure 30 SEM and TEM images of S-1, S-3 and S-9 P(VL-co-VA) NPs grafted 
with PGMA 

200 nm 200 nm 100 nm 

200 nm 1 um 500 nm 

500 nm 500 nm 1 um 

200 nm 100 nm 50 nm 

200 nm 200 nm 200 nm 
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Day 1 Day 2 

Figure 31 Unfunctionalized P(VL-co-VA)-PGMA NPs in HSW at 80ºC 

5.2.2 Assessment of P(VL-co-VA)-PGMA NPs Stability in High Salinity Water 
Untreated, unfunctionalized S-3 was tested for stability in HSW and the results 

are summarized in Table 5. Despite the high negative charge without sulfonation, the 

nanoparticles experience aggregation when placed in HSW (from 80nm in DI water 

to 253nm in HSW at 80ºC) after one day as seen in Figure 31. Further aggregation is 

observed visually after day one.  

Table 5 Size measurements of unfunctionalized P(VL-co-VA)-PGMA NPs in DI and 
HSW 

Recipe Size (nm) 
DI 

Zeta Potential (mV) 
DI 

Size (nm), 
HSW 80ºC Day (1) 

P(VL-co-VA)-
PGMA NPs  

(S-3) 
80 -58 253 

 
 
 
 
 
  
 
 

The subsequent functionalization through sulfonation did not yield a stable colloidal 

system, which is attributed to the charge localization on one side as discussed earlier. 

Aminating the NPs reduced the zeta potential from -58 to a neutral value (Table 6), 

which induces the aggregation even in DI water (Figure 32). 

Table 6 Size measurements and zeta potential values for functionalized P(VL-co-
VA)-PGMA NPs 

Recipe Size (nm) 
DI 

Zeta Potential (mV) 
DI 

Size (nm), 
HSW 80ºC Day (1) 

(-) S-3 166 -35 839 

(+) S-3 95 ~0 - 
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5.2.3 Assessment of P(VL-co-VA)-PGMA NPs for Targeted Delivery of 
Surfactants 

As observed from the morphology of P(VL-co-VA)-PGMA NPs, the doublet 

structure suggests the formation of “Janus” particles with a hydrophobic nanoparticle 

core and a more hydrophilic PGMA side. Confocal microscopy imaging was 

conducted to assess the potential of using P(VL-co-VA)-PGMA NPs for targeted 

delivery applications in oil-water mixtures. The proposed targeted delivery method 

for the untreated P(VL-co-VA)-PGMA NPs is through the hydrophobic nanoparticle 

core assembly in the oil phase and the hydrophilic PGMA assembly in the aqueous 

phase. The proposed targeted delivery mechanism for the aminated P(VL-co-VA)-

PGMA NPs capitalizes on the electrostatic interaction between the aminated PGMA 

side and the negatively charged, carboxylate-terminated oil phase (Figure 33). 

  

Day 1 Day 2 

Day 1 Day 2 

(a) 

(b) 

Figure 32 (a) Sulfonated P(VL-co-VA)-PGMA NPs in HSW at 80ºC, (b) 
Aminated P(VL-co-VA)-PGMA NPs as synthesized in DI water 
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5.2.3.1 Untreated P(VL-co-VA)-PGMA NPs 

Preliminary confocal microscopy images  for P(VL-co-VA) NP core dispersion 

in the presence of model oil prior to PGMA grafting are shown in Figure 34.a. There 

is no preferential adsorption of the NPs at the oil-water interface, where they appear 

dispersed mainly in the aqueous phase. On the contrary, for the P(VL-co-VA)-

PGMA NPs (Figure 34.b), there is an increased tendency of the NPs to be dispersed 

in the oil phase.  

  

Oil Phase Aqueous Media 

Oil Phase Aqueous Media 

(a) 

(b) 

Figure 33 Schematic of the delivery mechanism of P(VL-co-VA) NPs grafted 
with PGMA, (a) untreated P(VL-co-VA)-PGMA NPs amphiphilic assembly, (b) 
aminated P(VL-co-VA)-PGMA NPs assembly via electrostatic interactions. 
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(a) 

(b) 

Figure 34 Confocal microscopy images of emulsions prepared by vortexing 
equivolumetric amounts of model oil and (a) P(VL-co-VA) NP core 
suspension, (b) P(VL-co-VA)-PGMA NP suspension 
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5.2.3.2 Aminated P(VL-co-VA)-PGMA NPs 
Confocal micrographs for the aminated P(VL-co-VA)-PGMA NPs (Figure 35) 

demonstrate the nanoparticles assembly at the oil-water interface. This assembly is 

facilitated by the electrostatic interactions of the carboxylic group present in model oil 

and the ammonium groups present in PGMA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

5.3 SUMMARY 

In summary, P(VL-co-VA) NP core was synthesized using glycolic acid 

ethoxylate oleyl ether (GAEOE) as the surfactant yielding NPs that are ~30 nm in size 

with a zeta potential of -15mV. PGMA was grafted using seeded free-radical emulsion 

polymerization with 1.2 GMA/NP wt. ratio and 1.2% DVB/NP as a crosslinker. The 

grafted P(VL-co-VA)-PGMA NPs show an increase in size to 80 nm and zeta potential 

of -58. Electron microscopy images demonstrate either an asymmetric growth of PGMA 

Figure 35 Confocal micrographs of emulsions prepared by vortexing equivolumetric 
amounts of model oil and aminated P(VL-co-VA)-PGMA NPs 



 80 

on the P(VL-co-VA) NPs on one side or P(VL-co-VA) NPs aggregates glued together 

by PGMA. Subsequent functionalization through sulfonation or amination result in 

increased size to 166 nm and 95 nm with zeta potential of -35 and ~0 mV, respectively. 

The system requires further optimization to enhance the stability in high-salinity water 

(HSW). The P(VL-co-VA)-PGMA NPs were tested for targeted delivery in oil-water 

emulsions. The untreated P(VL-co-VA)-PGMA NPs show increased tendency to 

disperse in the oil phase whereas the aminated P(VL-co-VA)-PGMA NPs assemble at 

the oil-water interface due to the weak electrostatic interactions between the carboxylic 

groups in model oil and ammonium groups in PGMA as well as H-bonding. 
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6. CHAPTER 6: CONCLUSIONS AND FUTURE 
DIRECTION 
In conclusion, this study demonstrated the synthesis of a stimuli-responsive, 

hydrolysable poly(vinyl laurate-co-vinyl acetate), P(VL-co-VA), nanoparticle platform 

for the slow and controlled-release of surfactants. The system comprises a nanoparticle 

core synthesized by the free-radical emulsion copolymerization of vinyl laurate and 

vinyl acetate core grafted with either a poly(ethylene-glycol), PEG, or poly(glycidyl 

methacrylate), PGMA, on the surface. The slow and controlled release behavior of the 

PEGylated system in an accelerated, base-catalyzed reaction was demonstrated. The 

study further demonstrated the surfactancy of the platform and its ability to be utilized 

in various interfacial applications including wettability alteration, stabilization of 

emulsions, generation of foam and lowering the interfacial tension (IFT). This thesis 

also explored the potential of enhancing the system’s stability in high salinity conditions 

by the PGMA graft yielding polymeric brushes with multiple charges and allowing for 

both electrostatic and steric stabilization. Future work can be invested in controlling the 

anchoring behavior of PGMA on P(VL-co-VA) NPs for a uniform brush distribution. 

Surface-initiated, controlled radical polymerization methods (SI-CRP)129 can be 

considered to hinder the asymmetric PGMA growth observed in the seeded 

polymerization. The subsequent functionalization of the epoxy groups in PGMA can 

allow the system to be utilized in the targeted delivery of the nanoparticles to the oil 

phase in oil-water mixtures. The targeted delivery of surfactants is advantageous 

considering the expensive implementation of neat, systemic surfactant flooding 

operations that are normally expended at regions close to the injection site with limited 

availability in deep reservoir zones.  
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