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Abstract 

Magnetic iron oxide and titanium dioxide nanoparticles (NPs) have been synthesised inside 

stable oil-in-water microemulsions in harsh environment of high temperature-high salinity 

(HT-HS). Screening of anionic-nonionic mixture of commercial surfactants was carried out to 

identify the appropriate compositions for production of stable microemulsions in harsh 

environment. The effect of salinity and NPs formation on interfacial tension and rheological 

properties of microemulsions have been evaluated and the results were compared with those 

obtained in other studies. It was found that oil-in-water microemulsions exhibited a non-

Newtonian shear thinning behaviour while the surfactant solutions show the Newtonian 

behaviour. The shear-thinning characteristic of microemulsions was improved and the 

interfacial tension between microemulsions and oil phase was increased after generation of 

NPs. A set of flooding experiments were accomplished using a microfluidic device to assess 

the efficiency of enhanced oil recovery at the pore scale in absence and presence of NPs. The 

flooding tests confirmed the improvement of oil recovery efficiency after the formation of NPs 

inside the microemulsions. The oil displacement of API flooding was equal to 69.8% and the 

maximum oil displacement of 76.9% was observed after the injection of microemulsion 

containing iron oxide NPs.  

 

Keywords: Microemulsion stability, Nanoparticles, Synergistic effect, Harsh environment, 

Rheological behaviour, Interfacial tension.  
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https://www.malvern.com/en/products/measurement-type/rheology-viscosity


2 

 

1. Introduction 

Microemulsions (MEs) are thermodynamically stable colloidal dispersions which are 

generated by mixing of oil and aqueous phase in presence of stabilizers including surfactant 

and/or co-surfactant. The droplets size  of disperse phase are less than 100 nm (wavelength of 

visible light) and this is why the microemulsion are transparent, unlike macroemulsions.1,2 

Comparing to surfactant (micelles) flooding, MEs have distinct advantages including lower 

interfacial tension (IFT) and higher viscosity, which makes them more efficient for enhanced 

oil recovery (EOR) application.3,4 For example, Exxon company successfully applied the MEs 

flooding in pilot scale for oil recovery operation in Loudon Field, Illinois, USA.5  

Typically, a reservoir’s temperature is in the range of 10-120 ºC and the amount of brine salinity 

is between 0.3 and 21 wt%.6 Most of common stabilizers (e.g. sodium dodecyl sulphate) could 

not chemically resist over harsh environment in depth of oil reservoir. As a result, those 

emulsions which were synthesized using conventional stabilizers would be degraded gradually 

in harsh environment such as HT-HS. The majority of research on chemical EOR using 

surfactant flooding have applied conventional stabilizers for synthesis and stabilization of 

emulsions under normal conditions (e.g. ambient temperature). However, the harsh reservoir 

condition could easily deform the stability and rheological behaviour of such MEs, leading to 

poor mobility control. 7 

Incorporation of NPs in the structure of emulsion could reinforce their properties such as 

rheological behaviour and stability. 8-10 Several researches reported that NPs could increase the 

conformance control11, improve the emulsion’s stability in harsh condition 12-14 or reduce the 

surfactant consumption during the core-flooding process.15-17 However, a careful literature 

review showed that this area is still in its infancy with many problems unsolved, ranging from 

the manufacturing of stable NPs-MEs systems, understanding their rheological properties of 

MEs, and mechanisms of NPs-MEs interactions. Highly related to this work, it showed that: 

-All MEs are still suffering stability issues under reservoir conditions. It has reported by Barnes 

et al.18 that the internal olefin sulfonate (IOS) stabilizers category could resist over de-stability 

at high temperature condition even up to 150 °C. On the other hand, non-ionic alkoxylated 

surfactants have good stability at high concentration mono- and di-valent salts.19 The 

synergistic effect between aforementioned stabilizers combination for synthesis of long-term 

stable MEs-NPs at HT-HS condition has not been carefully studied. 
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-All studied have utilized two-steps method for preparation of NPs-emulsion by dispersing 

commercial dry nanopowders into the emulsions. There is still no one-step method reported, 

where NPs are generated inside the required fluid. It is more favourable due to their advantages 

such as reducing the cost of manufacturing and mixing of dry nanopowders.20 Moreover, direct 

synthesis of NPs inside the emulsions could promote the NP’s stability since the emulsion 

environment act as mother liquid for chemical reaction between precursors. Following by 

reaction the primary nuclei is formed and growth of nuclei simultaneously occur. Finally, the 

NPs would appear inside the emulsion that have more compatible surface chemistry with 

mother liquid comparing to commercial dry nanopowders.   

This study aims to fill the aforementioned gaps by investigating the effect of in-situ formation 

of NPs on the rheological behaviour of MEs. The general framework of current research is as 

follows: 

 

 

 

 

 

 

Stable MEs are formulated via the use of commercial anionic surfactants including IOS and 

alcohol alkoxy sulfate (AAS) with non-ionic ones including ethoxylate alcohol and alkoxylated 

di-nonylphenol at HT-HS. IOS are twin-tailed surfactants which have appropriate 

solubilization as well as resistance over depredation at high temperature. After screening of 

high stable MEs in API brine at 70 °C (HS-HT) the iron oxide (IO) and titanium dioxide (TiO2) 

NPs were synthesized inside the selected MEs. The composition of API brine will be explained 

in part 2.2. Finally, the NPs-ME influence on crude oil displacement was observed visually 

using microfluidic flooding test and evaluated by image processing in compare to MEs alone 

and API brine. 

2. Experimental work  

2.1. Materials and characterization 

Synthesis of MEs with 
API brine (high salinity) 

Screening and selection of MEs 
after keeping them at high 

temperature based on stability 

Rheological and 
Interfacial tension 

analysis 

Formation of NPs 
using selected MEs 

Keeping at high temperature  

-Rheological analysis 

-Phase behaviour analysis 

-Interfacial tension analysis 

-Oil recovery analysis 
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Table 1 and Figure 1 show the commercial surfactants information applied in this study.  

Internal olefin sulfonate 

 

Alcohol alkoxy sulfate 

 

Ethoxylated alcohol 

 

Alkoxylated di-nonylphenol 

 

 

Figure 1. The chemical structure of commercial surfactants 

 

Table 1. The commercial surfactants used in this study. 

Commercial name O332 O342 J071 XOF 320 

Type IOSa IOS AASb 
Alkoxylated di-

nonylphenol 

Number of carbon 

atom in tail structure 
15-18 19-23 12-13 10 

Number of 

ethoxylated group 
0 0 7 Unknown 

Manufacturer Shell Co. Shell Co. Shell Co. Huntsman Co. 

Commercial name N23-7 
Neodol 91-8 

(ND 91-8) 

Neodol 25-12 

(ND 25-12) 

Type 
Ethoxylated 

alcohol 

Ethoxylated 

alcohol 

Ethoxylated 

alcohol 

Number of carbon 

atom in tail structure 
12-13 9-11 12-15 

Number of 

ethoxylated group 
7 8 12 
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Manufacturer 
Mistral 

chemical Co. 
Shell Co. Shell Co. 

a Internal olefin sulfonate, bAlcohol alkoxy sulfate 

Analytical grade materials including n-hexane, n-octane, 2-butanol, sodium hydroxide, 

calcium chloride, magnesium chloride, sodium chloride and sodium hydroxide were purchased 

from Sigma-Aldrich. The iron (III) 2-ethylhexanoate and titanium (IV) 2-ethylhexanoate were 

provided from Alfa Aesar Ltd and crude oil was purchased from Texas raw crude oil Company.  

Rheological Analysis. Physica Anton Paar rheometer (Cone plate CP75-1, model MCR 301) 

was used for measurement of rheological properties of MEs and NPs-MEs including viscosity 

and viscoelastic modulus (Gガ, Gギ). The shear rate (け) was varied between 10 and 1000 s-1 and 

frequencies of 1 -100 rad/s were considered for viscosity and dynamic viscoelastic evolution 

at room temperature, respectively.Interfacial Tension (IFT).  

The pendant drop tests were performed using CAM 2008 Goniometer to investigate the 

interfacial tension on samples at room temperature. A set of standard stainless steel balls 

(0.0625, 0.0937 and 0.1564 inch) were used to perform calibration test of Goniometer system. 

The calibration standard balls covered the sizes range of pendant droplets. 

Hydrodynamic Size and TEM analysis.  

Hydrodynamic size of nanodroplets were measured using Malvern Zetasizer and the 

morphology and size distribution of NPs were evaluated using Transmission electron 

microscope (FEI Tecnai TF20 TEM, LEMAS facilities). Sample preparation is a necessary 

prerequisite for TEM analysis. In order to prepare the TEM samples, the original MEs were 

sonicated after twice dilution with deionized water. Dilution with water reduced the effect of 

surfactants layer on TEM images. Holey carbon support film on copper grids was used to 

prepare TEM samples. A few drops of the diluted suspension were placed over TEM grid and 

then left it to dry at room temperature. As water and n-hexane are volatile, the images included 

nanoparticles with a fraction of stabilizers. 

Phase Behaviour. Glass pipette procedure was carried out for phase behaviour evaluation 

which will be discussed in part 3.5.   

Microfluidic Chip. Recent developments in optical microscopy provide techniques for direct 

visualization of oil recovery in microchips as model porous media.24,25 Figure 2a shows the 

microfluid flooding experimental rig and utilized microchip. The cuvette slide chip (cyclo-

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
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olefin copolymer, ThinXXs Ltd, Germany) consisting of five rectangular and spherical 

chambers was used as sample pore during flooding tests (Figure 2b). Three different syringes 

(500 µl, Hamilton) were used for injection of crude oil, API brine and ME which were 

connected to the microchip through PTFE tubing (outside diameter: 1/16" (1.6mm)-inside 

diameter: 0.8mm). The displacement pattern was monitored through direct visualization by 

taking images with an Olympus SZX16 microscope. A light is set just under micromodel to 

help taking high resolution images. The images were taken by a digital camera during fluiding 

test through micromodel. FlyCapture 2.5.3.4 software was used to program digital camera to 

take scheduled shots up to end of flooding test. The fluid flooding was performed with a syringe 

pump (Nexus 6000, Chemyx Ltd.) at ambient temperature according to the following 

procedure: 

-The crude oil was injected to fill both the oil-wet microchannels and then chambers between 

the microchannels. The outlet crude oil was collected in a waste storage vessel at atmosphere 

pressure. 

-The API brine as well as microemulsion (before and after NPs generation), were then injected 

into the microchannel. A 3D valve was used to prevent the formation of air bubble during the 

change of syringe (injection fluid). In order to evaluate the oil recovery and compare the oil 

displacement efficiency, the crude oil fraction of each image was estimated using image 

processing (Figure 2c).26,27 The rate of fluid injection inside the microchannel was considered 

17 たl/hour which is equivalent to 1 m/day in real industrial condition. 

  

(a)   
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(b)  

(c)  

 

 

Figure 2. (a) Microfluidic flooding rig set up, (b) Cuvette slide chip, and (c) Image 

processing to estimate of crude oil displacement after flooding tests.  

 

2.2. Microemulsion screening 

The API brine was prepared by solving sodium chloride (8 wt.%), CaCl2 and MgCl2 (both 2 

wt.%) in dionized water. A set of oil-in-water (O/W) MEs were synthesized at API brine 

andkept at high temperature (70 °C) for 48 hours to screen the stable samples in HT-HS. The 

composition of MEs was fixed as 97 wt.% API brine, 0.8 wt.% n-hexane (oil phase), 0.75 wt.% 

n-butanol (co-solvent) and 1.45 wt.% surfactant blends (equal amount of anionic and non-ionic 

types). The mixtures were mixed for 4 h to complete reaction and reach the equilibrium, then, 

each solution was divided into two parts. One part of samples was retained at room temperature 

while the other sample was kept immobile at 70 ºC inside an oven for 48 hours. Screening of 

surfactants blend was performed based on observing the instability of samples by naked eyes. 

Stable MEs were selected for further analysis and NPs formation in next parts of experiments. 

 

2.3. Synthesis of nanoparticles inside microemulsion 



8 

 

The procedure of NPs formation inside the O/W MEs was described in our previous study in 

detail.12 Herein, iron (III) and titanium (IV) 2-ethylhexanoate were used as precursor for 

formation of IO and TiO2 NPs, respectively. 0.18 g/(ml of oil) of iron (III) 2-ethylhexanoate 

precursor and 0.23 g/(ml of oil) of titanium (IV) 2-ethylhexanoate were added to MEs based 

on the stoichiometry of reaction (i.e., 500 ppm NPs in final samples). Mechanism of NPs 

formation at the O/W interface of nanodroplet has been represented schematically in Figure 3a. 

The surfactant-covered oil droplets acted as a nano-reactor for the generation of NPs. Briefly, 

the reducing agent ions (OH-) diffuse to the surface of nanodroplets and chemical reaction 

happens at the interface after collision of OH- ions with the precursor ions. As a consequence 

of chemical reaction, the primary nuclei is formed which followed by growth mechanism. 

Finally the NPs were appeared inside the MEs which have been functionalized by stabilizer 

molecules. 

 

 

 

 

 

 

 

 

 

 

a)  

 

Diffusion of reducing ions (OH-) to the 
O/W interface 

Chemical reaction 

Primary nuclei formation followed by 
growth mechanism 

OH- 

OH- 
OH- 

OH- 

OH- 

API brine 

Surfactant 

OH- 

OH- 

OH- 

A 

A 

A Oil nanodroplets 

A A 

A 

A 

A 

A 

A 

A 

OH- 

OH- 

A: precursor agent 

OH- : hydroxide ion 
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b)   

Figure 3. (a) Schematic of NPs formation inside the O/W ME, A represent the Iron (III) 2-

ethylhexanoate or titanium (IV) 2-ethylhexanoate, and (b) Experimental set-up for synthesis 

of NPs. 

Sodium hydroxide as reducing agent in brine (5wt% NaCl concentration) was injected into ME 

at a rate of 1 ml/min using a KDS-410-CE syringe pump. The volume ratio of NaOH solution 

(with a stoichiometry value):ME was considered equal to 1:30. The end of syringe pump’s tube 

was connected to a hook needle just below the head of Ultrasound probe (Fisher scientific Ltd., 

Figure 3b). The droplet of NaOH solution was then spread into the ME with the amplitude of 

25 out of 100 as soon as coming out from the hook needle. The ultrasonic waves also supplied 

the mixing energy during the reaction inside the ME media. 

 

3. Results and discussion 

3.1. Screening of microemulsions 

Figure 4 illustrates the different MEs right after synthesis and after keeping them immobile for 

48 hours at room temperature and 70 °C. As evident from the Figure 4, combination of J071-

ND 25-12, J071-XOF 320 and O332-ND 25-12, O332-XOF 320 are more stable at HT-HS 

condition, which implies a synergistic effect between these groups of stabilizers. In other word, 

IOS and AAS have stronger synergic effect with non-ionic surfactants containing longer 

hydrocarbon tail. Therefore, combination of J071 and O332 with ND 25-12 and XOF 320 were 

selected as stable samples for further analysis (red square around them in Figure 4).  

 

Probe 

Hook needle which is connected 
to syringe pump pipe 

Spreading of NaOH 
solution inside the ME 
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(a)  

Room temperature 70 °C temperature 

(b)  

(a)  

Room temperature 70 °C temperature 

  

 J071-ND 91-8     J071-N 23-7    J071-ND 25-12    J071-XOF 320                  J071-ND 91-8        J071-N 23-7      J071-ND 25-12    J071-XOF 320                

  O332-ND 91-8    O332-N 23-7   O332-ND 25-12   O332-XOF 320                O332-ND 91-8    O332-N 23-7   O332-ND 25-12  O332-XOF 320                

 J071-ND 91-8     J071-N 23-7    J071-ND 25-12    J071-XOF 320         

  O332-ND 91-8    O332-N 23-7   O332-ND 25-12   O332-XOF  
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(a)  

Room temperature 70 °C temperature 

 

Figure 4. MEs (a) right after synthesis and (b) after 48 hours immobility (at room 

temperature and 70 °C). 

 

3.2. TEM analysis of nanoparticles 

The size and morphology of selected IO and TiO2 NPs were evaluated using TEM analysis 

after generation inside MEs. As can be seen in Figure 5, the generated NPs consist of elongated 

rod-shape morphology. Probably, the stabilizers molecules would adsorb to the some specific 

facets of primary nuclei and changed the surface growth rate of these crystal faces. The growth 

rate of crystal facets depend upon their surface energy and higher surface energy leads to faster 

growth of facet. Different growth rate of crystal facets is reason of diverse morphologes and 

converting of spherical primary nuclei to rod-shape NPs. The selected are electron diffraction 

(SAED) for the IO inside J071-XOF 320 ME and TiO2 NPs inside O332-ND25-12 ME are 

shown in Figure 5e, f. Diffraction rings in Figure 5e are corresponded to the d-spacing of 

1.4235 Å (hkl, 221), which is in agreement with 01-072-4815 XRD reference code for 

tetragonal rutile morphology of TiO2. Moreover, lattice spacing (nm) of 0.2967 (220), 0.2532 

  O342-ND 91-8    O342-N 23-7   O342-ND 25-12   O342-XOF 320                      O342-ND 91-8    O342-N 23-7    O342-ND 25-12   O342-XOF 320            

  O342-ND 91-8    O342-N 23-7   O342-ND 25-12   O342-XOF 320          
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(311), 0.2099 (400), 0.1616 (511) and 0.1485 (440) are observed for the IO NPs (Figure 5f), 

which are in agreement with the XRD data of cubic inverse spinel magnetite.   

(a) 

 

 

 

b)
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c)

 

 

 

d)
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e)  f)   

Figure 5. TEM images of IO NPs inside MEs containing (a) J071-XOF 320, (b) O332-

XOF 320, and TiO2 NPs inside MEs containing, (c) O332-ND25-12, (d) J071-ND25-12, (e) 

SAED of TiO2 NPs in J071-ND25-12 ME, and (f) SAED of IO NPs in J071-XOF 320 ME.  

 

3.3. Effect of temperature on nanoparticles formation and stability  

Size distribution and aspect ratio of NPs was estimated using image processing of TEM 

micrographs which has been explained in our previous study (Figure 6).28 Figure 6a and Table 

2 shows the NPs size distribution synthesized at the room temperature and 70 °C. The 

maximum average size belongs to the formed IO NPs inside the O332-XOF 320 ME. The 

reason is that the larger nanodroplet’s volume of O332-XOF 320 ME (Figure 6b) which 

provides more precursor ions during the growth step of primary nuclei. 
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a)  

b)  

c)  
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d)                          

 

Figure 6. (a) The estimated NPs size distribution after formation at room temperature and 

70 °C from the TEM images analysing for at least 100 NPs; (b) Hydrodynamic size 

distribution of nanodroplets for selected MEs; (c) Effect of temperature on the morphology of 

metal oxide NPs; and (d) stability of IO NPs inside MEs right after NPs formation (I) and 

after 48 hours immobility at 70 °C (II). 

 

Table 2. Average size and aspect ratio of metal oxide NPs after formation in various MEs. 

  IO NPs TiO2 NPs 

Sample 

Temperature 

 J071-XOF 320 O332-XOF 320 O332-ND25-12 J071-ND25-12 

Room temperature 
Average size  5 18 13 14 

Aspect ratio 4.96±1.5 6.12±2.3 5.09±0.8 5.36±1.3 

70 °C 
Average size 8 24 17 19 

Aspect ratio 6.03±0.7 7.22±2.1 6.61±0.5 6.53±2.0 

 

Increasing the temperature promoted the aspect ratio and average size of rod-shaped NPs. The 

reaction rate for NPs generation is higher at elevated temperature, which promote the growth 

of crystalline structure of NPs compare to room temperature. The higher temperature also 

increase the vibration and separation of surfactant molecules at the O/W interface which reduce 

the rigidity of interface and facilitate deformation of nanodroplets in shear direction (Figure 

6c). The transient deformation of droplets in specific direction would has a positive effect on 

growth of elongated particles in same direction.28 Similar to the nanodroplets, functionalizing 

I.    J071-N 23-7   J071-XOF 320       II.    J071-N 23-7    J071-XOF 
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of NPs with surfactants blend would improve their stability in harsh environment. The stability 

of NPs inside the MEs was evaluated visually after formation of NPs inside MEs. IO NPs-MEs 

including J071-N 23-7 and J071-XOF 320 blends have been selected as representative for 

stable and unstable formulation in harsh environment. Figure 7d shows the samples right after 

NPs formation and after keeping them immobile for 48 hours at 70 °C.  

 

3.4. Effect of salt and nanoparticles on interfacial tension  

The transient surface tension of surfactant solutions containing individual or surfactants blend 

(equal amount of anionic and nonionic type) is shown in Figure 7. Generally, presence of salt 

in surfactant solution reduce the surface tension. The degree of surface tension reducing 

depends on type and concentration of both surfactant and salt.29 The main reason for such an 

observation is attributed to the effect of electrolytes on electrical double layer (EDL) around 

the hydrophilic head of surfactant molecule. Electrolytes could reduce the thickness of the ionic 

atmosphere around hydrophilic head of surfactant molecules, which promote the aggregation 

of surfactant molecules. As another consequence, the rate of surface adsorption for surfactant 

molecules at the air-water is increased with the addition of salt.30,31 According to Figure 7a, the 

effect of salinity on surface tension reduction is higher for anionic surfactant in comparison to 

nonionic one (ND25-12 and XOF 320) due to higher degree of EDL compression.  

a) b) 

Figure 7. Surface tension of a) individual surfactant and b) surfactants blend in (札solid line): 

deionized water and (dashed line) API brine (total surfactant concentration of 0.01 g/ml). 

The IFT between surfactant solutions containing individual or surfactants blend (equal amount 

of anionic and nonionic type) and oil phase is represented in Figure 8. Similar results can be 
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observed for decreasing of IFT in the presence of salt. Sodium chloride, as a lyotropic salt, 

reduce the solubility of surfactant molecules inside water and force them to move from 

inorganic phase to the organic phase. 32 As a result of surfactant movement, the number of 

molecules at O/W interface is increased and IFT is decreased. 

a) b) 

Figure 8. IFT of a) individual surfactant and b) surfactants blend in ( 札 ): deionized water 

and (--) API brine (total surfactant concentration of 0.01 g/ml). 

The effect of NPs on IFT value of emulsions depends on behaviour of NPs in ternary system 

of surfactant-brine-oil which is not predictable. According to the literature, many parameters 

including hydrophilic/hydrophobic tendency, concentration and surface charge of NPs, 

surfactant polarity could influence the O/W IFT in presence of surfactant/NPs. There is a 

controversy between researchers about the effects of NPs on O/W IFT. A group of researcher 

reported that the presence of NPs reduce the IFT, while the other group observed the increasing 

of IFT value. The results of some outstanding research form both sides are briefly reviewed 

here. Vatanparast et al.33 reported that the reducing of IFT for ternary system of n-heptane-

water-anionic surfactant (sodium dodecyl sulfate or dodecyl benzene sulfonic acid) in the 

presence of hydrophilic silica NPs. According to the results, the diffusion of molecules through 

the bulk to the interface is quicker at higher concentration of NPs. Therefore, a shorter time 

taken for the surface tension to reach an equilibrium in presence of NPs. Saien and Bahrami34 

observed a similar conclusion for the impact of silica NPs on IFT of water-normal hexane-

sodium dodecyl sulphate (SDS) system. They also investigated the effect of NPs size (11-14, 

20-30 and 60-70 nm) on IFT values of ternary system. According to their results, the IFT 

reduction increased once the smaller silica NPs were mixed in solution. The reason is attributed 

to higher chance of the smaller particles to displace at the O/W interface. 
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Biswal and Singh35 studied the effects of several types of NPs (different surface charge) and 

oil phase on the O/W IFT in presence of nonionic Tween 20 surfactant. They concluded that 

presence of NPs in emulsion, irrespective of type of particles, had adverse impact on ability of 

surfactant molecules in reducing of IFT. They stated that the affinity of surfactant to the surface 

of NPs was the main reason for such observation. Adhering of surfactant unto the surface of 

NPs would disrupt the movement of molecules from the bulk of solution to the W/O interface. 

Therefore, the number of molecules at the interface is reduced that means reduction of IFT. In 

another study, Whitby et al.36 investigated the effect of hydrophilic silica NPs (1 wt%) on IFT 

of octadecyl amine-hexane-water system. According to their results, the IFT of emulsion could 

increase in presence of NPs which considerably depends on concentration of surfactant. At low 

concentration of surfactant, any significant change was not observed for IFT, while much 

higher IFT values were measured by increasing the concentration. They proposed that a packed 

surfactant layer would be formed at the O/W interface at high concentration of surfactant. In 

presence of NPs, a fraction of functionalized particles attached to the interface and altered the 

saturated surfactant layer. Therefore, higher IFT was observed in presence of NPs due to 

replacing of surfactant molecules with NPs.36 The equilibrium IFT data of surfactants mixture 

in the API brine (micelles form) and MEs (before and after NPs generation) is presented in 

Figure 9a. Obviously, the IFT is increased for NPs-MEs in compare to MEs. Presumably, as 

suggested by Biswal and Singh 35, the number of surfactant molecules at the O/W interface will 

be reduced after adsorption on surface of NPs (move by Brownian motion inside the ME). 

Therefore, staying a major fraction of surfactant molecules in the bulk of solution reduce the 

availability of stabilizer molecules to move to the O/W interface (Figure 9b). 

(a)  
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 (b)   

Figure 9. (a) IFT of API brine and microemulsion (before and after NPs generation) (b) 

available number of surfactant molecules to transport to the interface in absence and presence 

of NPs. 

 

3.5. Effect of nanoparticles on rheological behaviour  

Figure 11 represents the viscosity of surfactant solution in deionized water and API brine as a 

function of shear rate (du/dy).  

 

Figure 10. Viscosity curve of surfactants blend dispersion in deionized water (DW) and API 

brine (total surfactant concentration of 0.015 g/ml). 

Surfactants blend increased the viscosity of solution relative to pure water by formation of 

micelles, which act as a disperse phase in aqueous solution. Moreover, the viscosity of 

Oil 

Water 
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surfactants blend in API brine is higher than de-ionized water. Previous researchers proposed 

two main reasons for increasing of viscosity in the presence of salt: Brownian motion and 

Debye-Huckel effect of ions in water.37,38 Monovalent and divalent ions could treat as particles, 

which carry momentum across the liquid. Moreover, according to Debye-Huckel theory, there 

is a certain resistance to shear due to the presence of ionic interactions which leads to increment 

of viscosity. Another important reason for the increasing of viscosity might be due to growth 

of micelles size in API brine which resist against shear forces. The ions in API brine rise the 

aggregation number of micelles via diminishing the effective polar head area of surfactant 

molecules in a micelle.39 

Figure 12 represents the viscosity of MEs and surfactant solution in API brine. As evident from 

the figure, the surfactant solution shows a Newtonian plateau behaviour in the total range of 

shear rate. 

Cheng et al.40 assessed the dynamic viscosities of Triton X-100 and SDS solutions at three 

different temperatures and showed that both surfactants solution have Newtonian fluidic 

behaviour. Their rheology analysis confirmed the Newtonian behaviour of surfactant solution 

even at the surfactant concentration much higher than critical micelle concentration (e.g. 1203 

ppm for Triton X-100). Other studies have also reported that there is no significant change in 

the Newtonian behaviour of surfactant solutions before formation of micellar structure (dilute 

concentration).41,42 However, formation of micellar structures has a considerable effect on 

rheological behaviour of surfactant solution.43 Pal et al.44 studied the viscosity of non-ionic 

gemini surfactants and observed shear thinning behaviour (pseudoplastic) for surfactant 

solution particularly at low shear rate (150 s-1).They justify the observation by helping of order-

disorder transition (ODT) theory. In this way, the viscosity reduce by increasing the shear rates 

due to micelles structural change upon transition from an ordered to disordered state.  
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Figure 11. Viscosity curve of MEs and surfactants solution in API brine (total surfactant 

concentration of 0.015 g/ml).  

There are several well conducted studies on the rheological behaviour of MEs particularly for 

EOR applications.10,45,46 According to Figure 11, the Newtonian behaviour of surfactants 

solution changes to non-Newtonian shear thinning behaviour for MEs which is in a good 

agreement with observation of other reserachers.47 The oil nanodroplets are obstacles against 

the shear force which improve the viscosity of MEs in compare to surfactants blend at similar 

type and concentration of surfactants. However, at higher shear rate, the droplets arranged 

along with flow stream line and shear thinning behaviour is observed.48 Figure 12 shows the 

viscosity for MEs before and after formation of NPs. Formation of NPs significantly improve 

the shear-thinning pseudoplastic behaviour of MEs. The NPs would form a network across the 

ME and improve the shear-thinning behaviour. Moreover, NPs could adsorb at the interface of 

oil nanodroplets and reinforce their stability. By increasing the shear rate, viscosity started to 

upturn quickly due to separation of NPs from interface and destroying the network across the 

ME. Maurya and Mandal10 reported the similar shear thinning trend for silica NPs inside 

emulsion of SDS. However, a shear thickening behaviour was observed across the entire range 

of higher shear rates. They concluded the droplets packed closer together at higher shear rates 

that leads to formation of a new thickening microstructure.10  
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Figure 12. Viscosity curve of microemulsions before and after nanoparticles formation. 

 

Figure 13 represents the storage modulus (Gガ) and loss modulus (Gギ) of MEs before and after 

formation of NPs in log-log scale, separately. Water is a Newtonian fluid at 25 °C with Gガ=0 

Pa and Gギ=たの which was specified in Figure 13 by black line. Generally, both Gガ and Gギ 

increase with frequency in the whole range, with a certain slope depending on the type of 

suspension. Increasing of the solid-like behaviour of MEs can be clearly observed in Figure 13 

after formation NPs. The stronger solid-like behaviour for ME samples including IO NPs 

confirms higher physical interaction between IO NPs and oil nanodroplets. The information 

about viscoelastic properties of micro- and nano-emulsions are very limited in the literature for 

comparison. Our results showed similar characteristics to that of Kumar and Mandal, who 

reported an increase of Gガ (storage modulus) and Gギ (loss modulus) values with increasing 

angular frequency (rad/s).45 
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a)  

b)  

 

Figure 13. (a) Storage modulus (Gガ) and (b) loss modulus (Gギ) of different samples. 

Both storage modulus (Gガ) and loss modulus (Gギ) of MEs and IO NPs MEs are illustrated in 

Figure 14. The Gガ values of the MEs in absence of NPs are smaller than Gギ values at whole 

frequency range, suggesting the liquid-like behaviour (viscous nature) of MEs. After formation 

of NPs, the Gガ values are initially greater than Gギ indicating viscoelastic behaviour of IO NPs 

ME solutions. However, Gギ values became higher than Gガ for frequencies after crossover point 
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implying the domination of liquid like properties of the suspension. In this sense, the transient 

form viscoelastic to viscous nature probably is due to separation of NPs from surface of 

nanodroplets at high frequency. Similar results were observed by other researchers for the 

effect of NPs on the rheological behaviour of polymeric solutions and emulsions.14,49 The 

authors think that there is a remarkable interaction between IO NPs with alcohol alkoxy sulfate 

surfactant for improvement of viscoelastic behaviour of MEs. The interaction between NPs and 

surfactants could be investigated by molecular dynamics (MD) simulation, which is beyond 

the scope of current study. 

 

 

Figure 14. Storage modulus, Gガ (solid line), and loss modulus, Gギ (dashed line), of MEs 

and MEs containing IO NPs. 

 

3.6. Phase behaviour of surfactant mixture  

Phase behaviour analysis was performed to determine the type and quality of ME formation 

after contacting with oil bank. Glass pipette method was used to evaluate the phase behaviour 
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of whole selected MEs.50,51 One ml of ME and one ml of crude oil were put in a long glass 

pipette with 3mm internal diameter, then sealed and mixed end-to-end in a rotary mixer, at 

room temperature for 1 hour. All pipettes were kept at 70 °C in an oven for 3 weeks to reach 

to equilibrium (Figure 15a). The pipettes were removed periodically from the oven a few times 

during the experiment period and were briefly mixed end-to-end manually. According to Figure 

15a, Winsor type III (bicontinuous oil/water phase) was formed for O332-ND25-12 ME and 

J071-XOF 320 ME while Winsor type I was formed for J071-ND25-12 ME. On the other hand, 

the viscous emulsion phase was appeared for O332-XOF 320 ME. Formation of viscous phase 

can be easily detected by rotating glass end-to-end and remaining stationary. Formation of 

viscous phase inside the glass tube prevented mixing of water and oil phases (Figure 15b). 

Generally, the viscous structure do not transport well in porous media under low pressure 

gradients, and often result in high surfactant retention and low oil recovery.51,52 Evidences such 

as larger average droplets size and formation of viscous phase imply a weak synergistic effect 

for O332-XOF blend in compare to other ones. To sum up, identification and screening of 

synergic effect between surfactants blend is a vital step before utilizing of blend for chemical 

flooding process including surfactant solution, ME and ME-NPs for EOR application.   

 
a)
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b)  
 

 

 

Figure 15. (a) Phase behaviour results of MEs with crude oil at 70 ºC after 3 weeks (b) 

rotating glass tube end to end and remaining stationary. 

 

3.7. Enhanced oil recovery  

Figure 16 illustrate the nanofluidic chip during the injection of different slugs. The proper slugs 

were selected according to the above analysis results. The oil displacement was estimated equal 

to 69.8, 71.6, 73.5 and 76.9% after injection of API brine, O332-ND 25-12 ME, O332-ND 25- 

12 ME-TiO2 NPs, and O332-ND 25-12 ME-IO NPs slugs, respectively. According to 

observation, the formation IO NP increase the oil displacement about 5.3 and 7.1 in compare 

to the API brine and ME injection. 

 (a) API brine flooding 

  Viscous phase formation          
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(b) O332-ND 25-12 ME flooding 

 
 

   

 (c) O332-ND 25-12 ME-TiO2 NPs flooding 

  

  

(d) O332-XOF320 ME-IO NPs flooding 
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Figure 16. Optical micrographs of crude oil displacement after injection of (a) API brine, (b) 

O332-ND 25-12 ME solution, (c) O332-ND 25-12 ME-TiO2 NPs flooding, and (d) O332-ND 

25-12 ME-IO NPs flooding. 

 

NPs could assist EOR via several proposed mechanisms including IFT reduction, increasing 

the mobility ratio, wettability alteration and log jamming inside the porous media.53 The 

cycloolefin copolymer microchip was selected in this study to minimize the effect of wettability 

alternation during the flooding test. The selected microchip is highly hydrophobic (oiliphilic) 

and any sensible change was not observed for contact angle of oil droplet on top of microchip 

in API or NPs in ME environment. The effect of NPs formation on IFT has been fully described 

in Section 3.4, which showed an increase of IFT after NPs formation inside ME. Therefore, the 

wettability modification and reduction of IFT are not the possible mechanisms for 

improvement of oil displacement in the presence of NPs. It seems that the effect of NPs on 

rheological behaviour is the main mechanism, which modify the mobility ratio between 

aqueous and crude oil bank, leading to improved oil recovery efficiency. 

 

4. Conclusions  

This work develops a new method of forming nanoparticles in microemulsions to improve their 

stability under harsh conditions. The screening of synergistic effect between commercial 

surfactants was firstly performed for synthesis of stable MEs in a harsh environment. The iron 

t=20 t=40 

t=120 
t=60 
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oxide and titania oxide NPs were then synthesized inside the selected stable MEs. More specific 

points can be drawn as follows: 

-Metal oxide NPs with elongated rod morphology were formed inside the MEs media in high 

salinity-high temperature. The appearance of rod morphology is attributed to different growth 

rate of crystal facets after adsorption of surfactant molecules on surface of facets. 

-After formation of NPs inside MEs, the IFT between MEs and oil phases was increased. The 

reason is due to the adsorption of a fraction of surfactants molecules on NP’s surface. The NPs 

move by Brownian motion inside the MEs and therefore the number of surfactant molecules at 

O/W interface is reduced. 

-Unlike to the effect of NPs on IFT, the viscosity and viscoelastic properties of MEs were 

improved after the formation of NPs in MEs. Newtonian behaviour of pure surfactant solution 

was converted to non-Newtonian shear thinning behaviour in form of ME. Moreover, the 

formation of NPs improved the shear-thinning behaviour of MEs and boosted the solid-like 

behaviour. 

-The results of microfluidic flooding showed the increase of oil displacement after the 

formation of NPs inside MEs. The main reason for increasing of oil recovery efficiency was 

the improvement of the rheological behaviour of ME, which could have a great potential for 

EOR applications. 
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