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 6 

Abstract 7 

Nanoparticles (NPs) have been recently proposed to stabilize microemulsions (MEs) to improve 8 

their stability under harsh conditions, i.e. high temperature and high salinity as in hydrocarbon 9 

reservoirs. This work developed a novel method to produce iron oxide nanoparticles (IONPs) in-10 

situ in oil-in-water (o/w) MEs, and examined their performance in improving oil recovery. IONPs 11 

were in-situ synthesized in MEs containing brine, n-hexane, mixture of SDS and Span 80 as the 12 

surfactants, and propyl alcohol as the co-solvent. The enhanced oil recovery (EOR) potentials of 13 

MEs and MEs containing different concentrations of IONPs (MEIN) were investigated in a core 14 

flooding system. The results indicated that the use of MEIN can significantly increase the oil 15 

recovery efficiency, i.e., jumping from 10% for ME without being stabilized NPs to 28.9% at a 16 

NPs concentration of 6400 ppm. Moreover, MEIN achieved much lower and more stable pressure 17 

profile (i.e. nearly one order of magnitude smaller) during the flooding and post-flooding stage, 18 

showing its excellent injection applicability. Four potential EOR mechanisms were examined and 19 

the formation of stable MEs synergistically stabilized by NPs and surfactants was considered as 20 

the main reason, supplemented by less formation of viscous phase, more stable IFT and increased 21 

viscosity for better mobility control. 22 

 23 
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1. Introduction 1 

The global demand of energy is expected to increase as much as 50% in the next 20 years. The 2 

era of finding “easy oil” is coming to an end, and future supply will become more reliant on 3 

hydrocarbons produced from unconventional hydrocarbon sources and enhance oil recovery 4 

(EOR) processes. It is estimated that for every barrel of oil we used today, there are still two barrels 5 

left in the reservoir. EOR techniques such as thermal, gas-injection and chemical methods are used 6 

in physical situations where conventional methods are inefficient or undesirable. Chemical EOR 7 

involve a process for the injection of surfactant, polymer, alkali or emulsion slug to reduce the 8 

interfacial tension (IFT) between oil and water phases, or/and reduce the mobility ratio between 9 

displacing fluid and hydrocarbon which consequently reduces the fluid capillary force and 10 

mobilizes the residual oil [1, 2]. 11 

Comparing to surfactant flooding, oil-in-water (o/w) emulsion flooding has some distinct 12 

advantages that could yield higher recovery rate due to the attainment of ultralow IFT and higher 13 

viscosity [3]. A few pilot tests of ME flooding were conducted [2, 4], and numerous studies have 14 

been done to assess the properties of ME, especially the effects of viscosity, surface tension and 15 

resistivity on EOR [3]. However, the stability of ME still remains as a big challenge. The o/w 16 

emulsions, which are generally stabilized by surfactants or polymers, can be degraded or deformed 17 

gradually inside reservoirs under high temperature and high salinity conditions [5, 6], and the 18 

mobility control by those surfactant-stabilized MEs is usually not satisfactory [6].  19 

Nanoparticles (NPs) have been recently proposed to stabilize ME. Comparing to pure 20 

surfactant-stabilized ME, NPs as a stabilizer have some distinct advantages including high 21 

tolerance to temperature and salinity in reservoirs [7-9], increased conformance control [10] and 22 

reduced surfactant consumption [11, 12]. The surface wettability of nanoparticle can be tuned to 23 

generate ME droplets in desired shapes and sizes [8]. In addition, the nanoparticle can act as sensor 24 



and carry additional functions [13-22], which can interact with the variation of temperature, 1 

pressure and specific chemicals etc. Despite that the most commonly-used particle for ME 2 

stabilization is silica [6, 9, 23-25], only a few other NPs have been reported to stabilize ME for 3 

EOR purpose, including hydrophilic silica NPs [6, 9], partially hydrophobic modified SiO2 NPs 4 

[23], and partially hydrophobic clay particles [9]. However, it is seldom reported that magnetic 5 

NPs, whose behavior can be controlled by an external magnetic field, were applied as 6 

foam/emulsion stabilization agent for EOR applications. While some studies investigated super- 7 

/para- magnetic NPs transporting in porous media and adsorption at o/w interface [11], the focus 8 

was on the migration and deposition properties of NPs in rock samples, not for stabilizing 9 

emulsions. It is also noteworthy that among all the work published, NPs-stabilized MEs were 10 

produced in a two-step method. In this method, nanoparticles were produced first, and then mixed 11 

with CO2 to form CO2/water emulsions, or o/w, w/o emulsions [26-28]. For the two-step synthesis 12 

method, nanoparticles need to be prepared and stored in advance, which inevitably increased cost 13 

and produced many agglomerations. In-situ synthesis of NPs for emulsification, and in the same 14 

time improving ME stability will have important implications / promise for future chemical EOR 15 

techniques. 16 

For ME-EOR to work, another essential aspect that needs to be considered is the pressure 17 

gradient when ME migrating in rocks matrix [29, 30]. Though extensive work has been conducted 18 

on colloidal transport for environmental considerations [31-34], the transport of ME in porous 19 

media in the presence of oil phase has been scarcely investigated to date, especially when it is 20 

stabilized by NPs. From practical considerations, it is preferable to use the ME with lower injection 21 

pressure to reduce the pump power required to push displacing fluids and hydrocarbon to 22 

production well, and prevent the formation from damaging by high pressure. 23 



This work aims to develop a novel method to produce IONP in-situ in an o/w ME and examine 1 

the composite’s potential for enhanced oil recovery. Three tasks are designed, which include, i) 2 

design and production of appropriate o/w ME at optimum salinity, ii) in-situ production of IONP 3 

inside ME prepared at optimized salinity, where IONPs were firstly demonstrated to stabilize ME 4 

and iii) core-flooding experiments to assess the performance of bare MEs and NPs-stabilized MEs, 5 

in terms of EOR efficiency and pressure drop. The results reveal that MEs stabilized by in-situ 6 

produced IONPs have great potential in increasing oil recovery efficiency while maintaining an 7 

excellent pressure profile. 8 

2. Experimental Procedure 9 

2.1. Materials 10 

Analytical grade materials including n-hexane, sodium chloride, sodium hydroxide, Span 80, 11 

Sodium dodecyl sulphate (SDS) and propyl alcohol were purchased from Sigma Aldrich and used 12 

as received. The iron (III) 2-ethylhexanoate and mineral oil with a measured value of 42.6 mPaǜs 13 

were obtained from Alfa Aesar and Kerax Ltd. (UK), respectively. The standard glass beads with 14 

diameter of 425-600 ȝm were purchased from Sigma Aldrich. Prior to use, the glass beads were 15 

thoroughly cleaned using a sequential acid wash, water rinse, ultrasonication, and oven-drying 16 

procedure [31]. 17 

2.2. Microemulsion preparation and characterization 18 

A set of microemulsion (ME) suspensions were synthesized at various ionic strength ranging 19 

from 0 to 10 wt% NaCl. The other compositions of ME were fixed as 4 wt% n-hexane as the oil 20 

phase, 4 wt% propyl alcohol as the co-solvent, 4 wt% SDS as the surfactant, and 1% Span 80 as 21 

the co-surfactant to achieve an ultra-low interfacial tension between the oil and water phases, ߛ௢Ȁ௪, 22 

where sole SDS is not sufficient to achieve due to its single-hydrocarbon-chain structure. The 23 

http://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0CCwQFjAB&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fp4780&ei=Nis2Veq7AqPjywPiyYH4BA&usg=AFQjCNEgs6Va5vepATHSNMLaVB9lLoYmCg&bvm=bv.91071109,d.bGQ


optimum salinity of ME occurs when the interfacial tension (IFT) between ME and mineral oil 1 

achieves minimum value, which was measured by an optical tensiometer (KSV CAM 200, KSV 2 

instruments Ltd., Finland) under atmospheric environment. One of the advantages of using ME 3 

compared to surfactant solution is that in ME solution, surfactants can distribute at the interface 4 

between oil droplets and water phase, consequently preventing themselves from adsorbing on the 5 

substrate or forming micelles. It is commonly known that at high concentrations, the surfactant 6 

molecules tend to self-assemble and form micelles, which could precipitate on the substrate and 7 

reduce the availability of surfactant in the solution. 8 

2.3. In-situ synthesis of Iron Oxide NPs in microemulsion 9 

The procedures from Okoli et al. [35] and Sanchez-Dominguez et al. [36, 37] were referred 10 

and modified for the synthesis of iron oxide nanoparticle (IONP) in o/w MEs. Generally, one type 11 

of ME containing the metallic precursor and another one the precipitating agent of reaction are 12 

mixed together. Upon mixing, the collision and coalescence of droplets could allow the originally-13 

separated reactants contacting with each other, thus chemical reaction is triggered. The surfactant-14 

covered water droplets actually act as nanoreactor for the formation of nanoparticles. Chemical 15 

reaction in emerged droplet experiences subsequently the process of nuclei, growth and finally 16 

formation of nanoparticles, after exchanging of precursors [36]. 17 

The concentration of reactants was pre-determined so that the concentration of final IONP in 18 

ME could reach approximately 800, 1600 and 6400 ppm after the reaction. Briefly, Iron (III) 2-19 

ethylhexanoate was firstly dissolved in oil phase and then used to formulate 20 mL ME at different 20 

salinities of 0, 5 (optimum salinity as determined in section 3.1) and 8 wt% NaCl. Sodium 21 

hydroxide with a stoichiometry value was dissolved in brine with a similar salinity so that the 22 

amount of brine for NaOH solution was considered tenth of ME. NaOH solution as a precursor 23 

was added dropwise via a syringe pump (KDS-410-CE, kdScientific, USA) to synthesize IONP in 24 



ME, as shown in Figure 1. An ultrasound probe (Fisher scientific Ltd.) operating with an amplitude 1 

of 25 out of 100 was used for mixing and performing the proposed reaction below. 2 

 3 

 4 

 5 

Figure 1. Experimental ultrasound sensor set-up for production iron oxide nanoparticles. 6 

2.4. Porous medium preparation and Core-flooding Setup 7 

The cleaned glass beads were packed into glass column via a series of strictly wet-packing 8 

procedures to make sure the geometries and hydrodynamic parameters such as porosity and 9 

permeability are relatively constant for different packing. Parameters relating to the column are 10 

listed in Table 1.  11 

Table 1. Parameters in average value for packed glass beads column from over 20 times practice 12 

for packing. 13 

Porous media properties Value 

Syringe Pump 

Ultrasonic Probe 



Bulk volume (mL) 33.7േ1.4 

Pore volume (mL) 12.8േ0.5 

Porosity (%) 38.01േ1.57 

Absolute permeability (mD) 98.0േ17.3 

Mass of wet glass beads (g) 63.60േ3.18 

Mass of dry glass beads (g) 50.80േ2.65 

Liquid in the pore space (g) 12.8 േ0.5 

 1 

A core-flooding system was set up to reveal the EOR potential for ME with in-situ synthesized 2 

IONP. Figure 2 shows the integrated experimental instruments and schematic view of the core-3 

flooding setup. A HPLC pump (Series I, Cole-Parmer Instrument Co. Ltd.) was used for injecting 4 

brine during core flooding. A syringe pump (KDS 410, KD Scientific Inc. USA) was applied to 5 

inject mineral oil and different solutions with separate syringes in order to avoid overlap 6 

contamination. The concentration of IONPs in suspension was measured by UV-Vis 7 

spectrophotometer (UV-1800 Shimadzu). A pressure transducer (150 psi, Omega Engineering 8 

Ltd.) was used to measure the pressure drop along the packed column. The effluent liquid was 9 

collected in a 50 mL graduated cylinder marked in 0.1 mL divisions in order to determine the 10 

accumulate oil recover. The procedures of core-flooding experiments were accomplished as below: 11 

 Brine saturation by injecting at less 20 PV of brine at optimum salinity (5 wt%) into the 12 

glass column at 2 mL /min in order to make sure the column is fully saturated by brine and 13 

allow enough time for grains depositing. 14 

 Oil saturation by injecting mineral oil at flow rate of 0.5 mL/min until desired irreducible 15 

water saturation (Swi =25%) was achieved, and the original oil in place (OOIP) is 16 

determined by the volume of water collected. 17 



 Brine flooding as secondary oil recover stage was performed with a fixed flow rate of 0.5 1 

mL/min for 3 PV, and followed by 20 mL (1.6 PV) displacing sample injection at a flow 2 

rate of 0.5 m/min to simulate tertiary EOR. 3 

 Chase water injection at a flow rate of 0.5 mL/min for 20 mL. 4 

 5 

Figure 2. Experimental core flooding set-up. 6 

3. Results and discussion 7 

3.1 IFT, droplet size and optimum salinity for microemulsion 8 

As explained in section 2.2, the ME was fabricated under different salinities. The transparency 9 

of ME samples containing NaCl at 5 and 7 wt% show the formation of oil core inside ME, whereas 10 

when the amount of NaCl was lower or higher than 5 wt%, the ME was not fully formed. The 11 

oil/water phase of ME even experienced segregation with presence of 10 wt% NaCl (Figure 3). 12 

The reason behind this phenomenon is because the surfactant distribution at o/w interface can be 13 

affected by the electrolyte present in aqueous phase, which will be further explained in Figure 5. 14 

Corresponding to the macroscopic image of transparence shown in Figure 3a, the IFT results in 15 

Figure 4 consistently show that with the presence of 5 wt% of NaCl, the IFT between ME and 16 



mineral oil was reduced most effectively to the relative low region (<0.01 mN/m) with a tiny drop 1 

hanging on the syringe tip, due to the sufficient formation of ME. By decreasing or increasing the 2 

salinity from 5 wt%, the IFT increased for both directions. Similarly, the size determined by DLS 3 

method in Figure 3b also shows the same trend with transparence and IFT. Therefore, the 5 wt% 4 

NaCl was determined as optimum salinity for ME and IONPs fabrication. 5 

 

 

Figure 3. (a) Visualization of o/w ME samples containing NaCl from 3 wt% to 10 wt%; (b) 6 

Hydrodynamic size of ME samples with different NaCl concentrations. 7 

 8 



Figure 4. The IFT between ME suspension and mineral oil. Insets are images of ME suspension 1 

hanging on needle tip. The volume of ME sample capable to hang on needle tip is changing as 2 

the trend of IFT. 3 

Increasing salinity could decrease the mutual solubility between water and surfactant. At lower 4 

salinities (e.g. <3 wt %), more surfactant molecules were dispersed in water phase. Therefore, the 5 

steric and electrostatic repulsion between oil droplets is too weak to overcome the hydrogen bonds 6 

of water molecules. As salinity increased, the solubility of surfactant in water phase is increasingly 7 

reduced and most surfactants tend to distribute at the oil/water interface, which leads to the 8 

decrease of interfacial tension and formation of oil nanodroplets. At very high salinity values (e.g. 9 

10 wt%), the screening impact of the extra electrolytes compress the electrical double layers 10 

around droplets and the O/W phases would be separated (Figure 5). 11 
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Figure 5. Schematic of surfactant distribution at the o/w interface as the increasing of ionic 1 

strength. (a) More surfactants are dispersed in water phase at low salinity water; (b) most 2 

surfactants distribute at the interface at proper salinity; (c) at high concentration of salt, the 3 

electro double layer is compressed. 4 

3.2 Stability and morphology of composite ME 5 

Figure 6a shows that the IONPs are successfully synthesized in ME, and they can be drawn 6 

towards a magnet (neodymium-samarium cobalt magnet with 18 kg pull force). The long-term 7 

stability was checked by unaided eye observation after synthesis of IONPs, and results in Figure 8 

6b show that ME suspension with 5 wt% NaCl had the best macroscopic stability after 24 h. The 9 

morphologies of the synthesized IONPs were examined using a transmission electron microscope 10 

(TEM, FEI Tecnai TF20). As shown in Figure 7, the observed IONPs mainly consist of globular 11 

morphologies in the order of 5 to 20 nm.  12 
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Figure 6. IONPs fabricated in O/W ME a) nanoparticle moving towards one side of bottle with 1 

presence of magnet, b) composite ME under different salinity after 24 h. 2 

 3 

  

Figure 7. TEM photos of iron oxide nanoparticles which synthesized in ME at the optimum 4 

salinity. 5 

3.3 Fluids viscosities 6 

The dynamic viscosities of ME suspension, and ME containing in-situ synthesized IONPs 7 

(MEIN) are shown in Figure 8. Through the formation of IONPs in ME, the viscosity of the ME 8 

          0 %                               5 %                            8 % 



is markedly influenced by the presence of both nanoparticle and surfactant. The increase in 1 

viscosity is due to that the adsorbed nanoparticle may slow down the diffusion of surfactant near 2 

o/w interface [38], and the particle-surfactant network proposed in Figure 11b also prevents the 3 

destruction and coalescence of ME when shear forces applied. Similar reports in terms of 4 

emulsion/foam viscosity increased by NPs were reported by several authors. Adsorbed 5 

nanoparticles may increase the interfacial viscosity [24, 38, 39], which may further slow lamella 6 

drainage and stabilize foam [40, 41]. It is also interesting to see that ME with 6400 ppm Fe2O3 7 

NPs experienced a dramatic increase in viscosity. This suggests that when optimal amount of 8 

nanoparticles and surfactant are employed, they can favor the formation of a strong high-quality 9 

emulsion/foam, as found by Prigiobbe et al. [42] 10 

 11 

Figure 8. Viscosity of displacing samples 12 

3.4 Oil displacement experiments 13 

3.4.1 Oil recovery efficiency 14 

In order to clarify the effects of nanoparticles, four tertiary flooding experiments were 15 

conducted with sole ME, and ME with in-situ formed IONPs at concentrations varying from 800 16 



to 6400 ppm. As described in the coreflooding procedures, all the effluent materials, including oil, 1 

brine and ME suspension, were collected by using a long slim graduated tube marked in 0.1 mL 2 

divisions. Due to the density difference, the oil/water phase can be separated instantly and 3 

automatically. The cumulative oil recovery efficiency (ܧ஼ைோ) is calculated by using the amount of 4 

cumulative oil production divided by the OOIP (Original Oil in Place) at the residual water 5 

saturation (Swi) of  25%. The EOR efficiency (ܧாைோ) is calculated by using the amount of oil 6 

produced in the process of ME/chase-water flooding divided by the oil left at end of brine/ME 7 

flooding.  8 

It can be seen that the cumulative oil recovery efficiencies of brine floodings for different cases 9 

are quite close to each other (at around 45%), which means that the tertiary flooding started from 10 

the similar residual oil saturation. With an overall oil recovery efficiency of 59.1 % OOIP by the 11 

end of tertiary flooding, ME can mobilize 10% more trapped oil (EOR efficiency relative to OOIP) 12 

after brine flooding, while the presence of nanoparticles in ME further improved the efficiency, 13 

depending on the amount of IONPs contained (Figure 9). With the increase of IONPs 14 

concentration, the cumulative oil recovery efficiency was increased from 59.1% to 85.2%, and 15 

EOR efficiency was correspondingly increased from 10% to 28.9% (Table 2). In addition to a 16 

higher oil recovery ability, the pressure drop for MEIN flooding is more stable and lower than that 17 

of ME flooding, which is beneficial for the flow assurance in oil reservoir (Figure 10). 18 

Table 2. The amount of oil recovered at different stages, for flooding experiments with different 19 

displacing fluids 20 

Displacing 
fluid 

 ஼ைோ afterܧ
brine flooding, 

% OOIP 

 ஼ைோ afterܧ
ME flooding, 

% OOIP 

Ultimate oil 
recovery 

efficiency % 
OOIP 

 ாைோ byܧ
ME, % OOIP 

ாைோܧ  by Chasing-
water, % 

ME 42.4 52.4 59.1 10.0 6.7 



ME+ 800 
Fe2O3 

48.5 61.9 70.5 13.4 8.7 

ME+1600 
Fe2O3 

45.9 61.6 73.1 15.7 11.5 

ME+6400 
Fe2O3 

43.4 72.3 85.2 28.9 12.9 

 1 

 

Figure 9. Tertiary oil recovery by ME and ME stabilized by in-situ synthesized Fe2O3 NPs. 2 

3.4.2 Pressure files during injection 3 

Pressure drop is necessary consideration for the design of core flooding. A 3.28 psi/m pressure 4 

gradient is common for field-scale water flooding, at the frontal velocity generally around 1 ft/day 5 

[29]. Therefore, a similar pressure gradient is necessary for the design of chemical flooding at 6 

given flow rate in laboratory. Figure 10a shows the differential pressures for the core flooding 7 

experiments, by ME and MEIN (with 800 ppm NPs) formulated with the same surfactant 8 

concentration. For ME flooding, the pressure at tertiary stage started slightly higher than that in 9 

brine flooding stage, but experienced a rapidly increase approximately from 3.5 PV, soaring up 10 

over 20 psi by the end of tertiary flooding. This might be attributed to the surfactant release trigged 11 



by ME destruction and its retention in porous media. However, after stabilized by IONP the 1 

pressure profile for ME kept lower than 6 psi, which is even much lower than brine flooding stage 2 

and without tendency to increase, as shown in Figure 10b. The reason is because stabilized by 3 

nanoparticles, the ME structure is much more stable and there is a persistent existence of particle 4 

and surfactant molecules at the interface.  5 

Considering the chasing-water injection processes, the pressure for MEIN was still lower than 6 

4.5 psi and gradually declined, while the pressure for ME saw a heavy fluctuation at around 40 7 

psi. It means that during the chasing-water injection process, ME kept destruction and released the 8 

surfactant previously distributed at the o/w interface, while the MEIN could still keep its texture 9 

synergistically stabilized by NPs and surfactant, and prevent pressure gradient from fluctuating 10 

caused by surfactant retention in porous media. The synergistic effect will be explained in detail 11 

in Section 3.4. In addition, because of the electrostatic and steric effect jointly introduced by NPs 12 

and surfactant, the ME did not tend to adsorb on the surface of glass beads, or breakup due to the 13 

collapse of interface texture (Figure 11c). 14 

To evaluate the pressure drop and surfactant retention in glass beads matrix, we did the dynamic 15 

surfactant adsorption test by injecting surfactant and ME into the column packed with glass beads. 16 

The pressure profiles are carefully monitored and the amount of surfactant retarded in porous 17 

media was determined by sand washing method. Actually, we have injected surfactant solution 18 

and ME suspension through the column packed with both crushed sandstone and calcite limestone 19 

and without present of oil phase. Similar to Figure 10, the pressure for surfactant fluctuated more 20 

heavily than that for ME when flowing through the packed porous media without oil phase, caused 21 

by more surfactant adsorbed in porous media, which is one of the main challenges encountered by 22 

surfactant flooding.  23 



 

 

Figure 10. The differential pressure for oil displacement (a) ME, (b) MEIN with 800 ppm IONP 1 

3.5 The mechanism for enhanced oil recovery 2 

3.5.1 Enhanced stability by in-situ formed NPs 3 

Although the nucleation, growth and solubility stages of nanoparticle formation may be 4 

dependent on transient dimers, collisions, and coalescence of droplets [43], the reaction itself is 5 

believed to happen at the interface since the precursor is dissolved in continuous aqueous phase 6 

[35, 44]. Moreover, particles tend to stay at o/w interface after the synthesis due to the high energy 7 

(a) 

(b) 



(οܩ) required to detach the particle from the interface as calculated by the equation below (Figure 1 

11 a). In our case, surfactant has not such complex network to trap the nanoparticle, but to form 2 

particle-surfactant joint arrangement at the interface and synergistically stabilize the ME texture 3 

(Figure 11b). 4 

There are two main mechanisms that support the synergistic stabilization effect by NPs and 5 

surfactant: lamella drainage and hole formation [24]. We now provide a molecular-level discussion 6 

about how the in-situ synthesized NPs and surfactant synergistically stabilize the ME.  7 

In o/w ME, aqueous lamellae separate oil droplets and prevent the droplet from coalescing, also 8 

separate the oil droplet with glass beads surface. The lamellae depends on a disjoining pressure 9 

(ȫௗ) originated from electrostatic, steric, structural, and additional short range repulsive forces, 10 

which counteract the van der Waals attraction between the two film surfaces [24, 45, 46]. In our 11 

case, the anionic surfactants (SDS) and the formed NPs will contribute electrostatic repulsion to 12 ȫୢ  (Figure 11c), and the NPs may also attribute to ȫୢ  via structural effects that increase the 13 

osmotic pressure due to organization of particles in the lamella [47, 48], and contribute steric 14 

repulsion due to nonionic surfactant Span 80 and nanoparticle flocs ‘bridging’ the lamellae [49], 15 

as shown in Figure 11d. 16 

ME may be destabilized by coalescence due to hole formation in the aqueous lamellae which 17 

separates the oil droplets. Holes appear because of thermal fluctuations that produce spatial and 18 

density variations in the film. Lamellae drainage acts to thin the aqueous lamellae, which reduces 19 

the work required to open a hole and increases the probability of hole formation [50, 51]. The 20 

nanoparticles in the present study are expected to resist bending of the interface to allow oil hole 21 

to form in lamellae. The attachment energy required to move the particle from the equilibrium 22 



interface can be calculated by the equation below [52], in the case of pure solid particle absorbing 1 

at the interface. 2 οܩ ൌ ௢Ȁ௪ሺͳߛଶܴߨ േ  ሻଶ 3ߠݏ݋ܿ

Where, R is the particle radius. In our case, the 5-20 nm particle at the oil-water interface with 4 

surfactant lowering IFT of microscopic droplets ɀ୭Ȁ୵ to 23-27 mN/m [53], would have an E equals 5 

103 to 104 kT, depending on ߠ. It can be expected that with surfactant functionalization, particle 6 

would be unlikely detached from the interface driven by the Brownian motion. This high-level 7 

detachment energy indicates the ME system stabilized by nanoparticle is more thermodynamically 8 

stable than ME without particle. The organization of nanoparticle at the interface would provide a 9 

barrier to resist interface bending to avoid coalescence (Figure 11e). Quantitatively, bending of the 10 

interface to expose more nanoparticle to either aqueous or oil phase would be unfavorable.  11 
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Figure 11. (a) Chemical reaction for IONP synthesis at the oil-water interface˗ (b) Schematic 1 

illustration of particle-surfactant joint arrangement at the interface; (c) electrostatic repulsion 2 

between ME thin film (due to the negatively-charged IONPs and anionic surfactant SDS) and 3 

negatively- charged glass beads surface, and steric effect introduced by nonionic surfactant Span 4 

80; (d) electrostatic repulsion and steric effect between MEs thin film to counteract the van der 5 

Waals attraction to prevent them from coalescing; (e) Bending the interface to form ‘oil hole’ is 6 

energy unfavorable because the organization of nanoparticle at the interface would provide a 7 

barrier to resist interface bending to avoid coalescence 8 

3.5.2 Preventing the formation of viscous Phase  9 

Several past experimental works have shown that formation of viscous phases such as liquid 10 

crystals and viscous macroemulsions in o/w interface is a challenge for oil recovery using 11 

surfactant flooding. Viscous phase is formed when interfacial adsorption of the surfactant 12 

molecules is hindered [54]. Screening surfactants blend is a common way that is usually used for 13 

inhibiting the formation of viscous phase. For instance, branched surfactants such as twin-tailed 14 

structures are effective to minimize ordering at the o/w interface and prevent the formation of 15 

viscous phases [55, 56]. 16 

(c) (d) (e) 

Oil hole 



Synthesis of IONP at the interface by local chemical reaction facilitates the uniform distribution 1 

of nanoparticles, thus facilitating the attachment of surfactant molecules at the interface. Figure 12 2 

shows that the presence of nanoparticles would prevent the formation of viscous phase at o/w 3 

interface. Therefore, a likely reason of EOR in the presence of nanoparticles in ME is the 4 

improvement of distribution of surfactant molecules at the o/w interface, so as to maintain a very 5 

low interfacial tension. 6 

 7 

Figure 12. The oil recovered at the stage of tertiary flooding displaced by (a) ME, (b) MEIN 8 

with 800 ppm IONPs;(c) MEIN with 1600 ppm IONPs; (d) MEIN with 6400 ppm IONPs. The 9 

viscous phase formed for ME flooding, whereas the oil remained transparent state for case b to d 10 

where ME was synergistic stabilized by NPs. 11 

3.5.3 Enhancing IFT stability 12 

In terms of the IFT between bulk ME suspension (referring to macroscopic sample in 13 

distinguish with the IFT of microscopic emulsion droplet) and oil phase, it has been reported that 14 

the surfactant surrounding the ME would raise the chance of chromatographic separation, i.e., 15 



adsorption on pore surface or preferentially partitioning into the sole water or oil phase, which 1 

could cause IFT variations with possible adverse effects on oil recovery [55]. However, 2 

composition with particle allows surfactant to be more persistent at the o/w interface, thus 3 

preventing them from partitioning into water or oil phase and avoid IFT fluctuation. As shown by 4 

the dynamic IFT in the range of 0 s to 1000 s in Figure 13, it experienced significant fluctuation 5 

from around 580 s to 830 s compared to ME stabilized by NPs. Actually, the persistence of 6 

molecules at the interface has been shown to be important for emulsification and dispersion [57, 7 

58]. 8 

 9 

Figure 13. Dynamic viscosities between bulk ME suspension and mineral from 0 s to 1000 s for 10 

the samples applied for enhanced oil recovery, the inset is dynamic amlifying view for the 11 

dynamic viscosity changing from 600 s to 800 s. 12 

3.5.4 Increased viscosity for mobility control 13 

Joint arrangements of particle and surfactant at the interface could change the interfacial 14 

rheology properties. It is hypothesized here that particle-surfactant mixture could increase 15 



interfacial elasticity and cohesiveness over particles or surfactants alone. In effect, interlocking 1 

surfactant chains between particles may act as elastic ‘springs’ in the layer. Also, combined effects 2 

could impart significant changes the interfacial viscosities (essentially the intrinsic hydrodynamic 3 

resistance to flow of the layer), much like increases to the bulk viscosity. Given in Figure 11b, it 4 

is a possible ‘elastic’ arrangement of particles and surfactant at an interface [59]. From the 5 

viscosity measurement, the formation of IONP increase the viscosity of the ME (Figure 8), which 6 

is consistent with the report by Prigiobbe et al. [42]. A synergic effect was observed between 7 

surfactant and nanoparticles on the gas viscosity, which doubled in the presence of nanoparticles. 8 

This relatively high viscosity is beneficial for the mobility control [60, 61]. 9 

4. Conclusion 10 

This work developed a novel method to produce iron oxide nanoparticles (IONPs) in-situ in oil-11 

in-water (o/w) MEs to increase their performance in improving oil recovery. The magnetic IONPs 12 

were synthesized in o/w ME at the optimum salinity. Core flooding experiments were carried out 13 

to evaluate oil recovery ability for MEs containing IONP at different concentrations, and possible 14 

reasons for enhanced oil recovery were analyzed. The main conclusions of the research can be 15 

summarized in the following points: 16 

 Composite ME synergistically stabilized by surfactant and in-situ fabricated IONPs were 17 

successfully synthesized at the optimal salinity. 18 

 Coagulating with IONPs allows the surfactant to be more persistently absorbed at the o/w 19 

interface, consequently eliminating the variation of IFT and increasing the ME viscosity. 20 

 The synergistic stabilization effect between nanoparticle and surfactant can significantly 21 

reduce the pressure gradient and fluctuations during the flooding and post-flooding stages, 22 

due to the formation of more stable ME textures. 23 



 Producing IONP can improve the EOR efficiency significantly. With the IONP 1 

concentration increasing from 0 to 6400 ppm, the tertiary oil recovery efficiency is boosted 2 

from 10% to 28.5% relative to OOIP, and the total oil recovery is improved remarkably 3 

from 59.1% to 85.2%.  4 

 The oil recovery mechanism is believed mainly due to more stable ME texture 5 

synergistically stabilized by NPs and surfactants, avoiding viscous phase formation in 6 

flooding process. 7 
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