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Abstract 

Considering low recovery rate and techniques uncertainties faced by traditional 

enhanced oil recovery (EOR) techniques, especially the methods of chemical and 

engineered water flooding,  this thesis develops emerging nanotechnologies for EOR 

applications. Five areas were studied ranging from water flooding, surfactant flooding, 

microemulsion flooding, polymer flooding to nanoparticle mobility studies. 

Firstly, rutile ellipsoid TiO2 nanoparticles (NPs) were synthesised and stabilised by 

tri-sodium citrate dihydrate for brine flooding in water-wet Berea sandstone cores. The 

results showed that the oil recovery depended on NPs concentration and volume 

injected: 10 ppm TiO2 had the highest total oil recovery while 500 ppm had the highest 

increment recovery after the breakthrough. The EOR effects were attributed to the log-

jamming effects and probably wettability change towards water wetting.  

Following this, nanoparticles were proposed as surfactant carrier to address the issue 

of excess adsorption of surfactants during a chemical EOR process. The adsorption of 

surfactants blend of 25% anionic alkylaryl sulfonates (XOF-25S) and 75% alcohol 

ethoxylated was found being reduced by commercial TiO2 nanoparticle in dolomite and 

silica cores. The surfactant concentration was determined by chemical oxidation 

demand (COD) method. Surfactant adsorption in rock grain matrix was found to have 

a direct relationship with the nanoparticle retention.  

To address the problems associated with conventional microemulsion flooding, in-

situ synthesised iron oxide NPs were proposed to stabilize the oil-in-water  

microemulsion texture, prevent surfactant from detaching from the interface and 

forming viscous phase in produced oil, and mobilize more oil as increasing the particle 

concentration. Core flooding experiments showed the promise of the nanoparticle-

engineered microemulsion.  
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To address the polymer degradation issue at high temperature during a traditional 

polymer-flooding, SiO2 NPs were used to improve the salt-tolerance, rheological 

properties and thermal stability of hydrolysed polyacrylamide (HPAM), as well as its 

EOR potential. The EOR experiments at 50 oC showed that the oil recovery was 

increased to 69.6% with 0.5 wt% HPAM seeded with 0.6 wt% SiO2 NPs, compared to 

a plain brine flooding efficiency of 56.2%. 

Finally, the migration properties of nanoparticles were investigated in columns 

packed with glass beads, saturated with brine at various salinities up to API standard. 

The luminescent carbon particles were used and a nearly full breakthrough behaviour 

(100% of C/C0) was observed even in API brine for 5-nm carbon dots. Controversially, 

the breakthrough behaviour was discounted in calcite limestone matrix. The good 

thermal stability and mobility enable the carbon dots act as reservoir sensor in sandstone 

rock, and detection of the saturation degree of hydrocarbon in sandstone core was 

demonstrated. 

The work conducted in the thesis showed the great promise of nanoparticles for EOR 

applications at the laboratorial scale, and  future work shall be planned at large scales.   

 

Keywords:  nanoparticles, enhanced oil recovery,  microemulsion, surfactant, polymer,  

particle migration, nanoparticle sensor 
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Chapter 1  

Introduction 

1.1 Global concerns 

Global energy consumption is set to increase drastically over the coming decades, 

with most of this demand being met by fossil fuels . The U.S. Energy Information 

Administration (EIA) released the <International Energy Outlook Report> in 2017 that 

suggested energy use in all other end-use sectors would group more quickly from 2015 

to 2040 [1]. Even though the report highlights the fastest growing energy resources are 

renewable and nuclear, with consumption increasing by an average 2.3%/year and 

1.5%/year over that period, respectively., Although consumption of nonfossil fuels is 

projected to grow faster than fossil fuels, Fossil fuels (including liquid fuel, natural gas 

and coal) are still predicted to supply around 77% of world energy consumption through 

to 2040. Among them, natural gas will show a strong growing rate at 1.4% /year, while 

petroleum and other liquid fuel will increase by 0.7%/year and still remain the largest 

source of energy, despite of that their share of the world energy consumption slightly 

declining from 33% in 2015 to 31% in 2040 (Figure 1-1).  

However, the era of finding “easy oil” is coming to an end, and future supply will 

become more reliant on fossil fuels produced from non-conventional reservoirs and 

from enhanced oil recovery (EOR) processes. It is estimated that the average oil 

recovery rate from mature oilfields around the world is typically 20%- 40% of the 



 

- 2 - 
 

original oil in place (OOIP) [2]. Therefore, techniques that can improve reservoir 

characterisation and enhance oil recovery are crucial in finding a solution to the 

challenge of meeting the ever-growing energy demand. 

 

Figure 1-1. World energy consumption by energy source predicted by EIA in 2017 , 

1990-2040 (quadrillion British thermal units) [1]. 

1.2 Oil recovery methods 

Primary oil recovery refers to the process of extracting hydrocarbon either via the 

natural rise (such as gas drive, water drive and gravity drainage) to the surface of the 

reservoir or via pump jacks and other artificial lift equipment. The hydrocarbon can be 

derived by a differential pressure flowing toward the well and up to surface, because 

the reservoir pressure is considerably higher than the bottom hole pressure inside the 

wellbore [3]. However, because driving mechanism for primary oil recovery is different 

and the reservoir pressure declines naturally because of production, the oil recovery 

efficiencies through primary method are various and normally not high [4]. 

Water flooding is usually considered as the most commonly used secondary oil 

recovery method, where water is injected into the oil reservoir to support pore pressure 

in the reservoir and thereby stimulate production [4]. This method is typically can 
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mobilize an additional 30% of the oil reserves, though the figure could be more or less 

depending on the oil and of the rock surrounding it. However, water flooding still has 

several limitation, such as compatibility of the planned injected water with the 

reservoir’s connate water, interaction of the injected water with the reservoir rock [5]. 

Especially, it is not efficient for heavy and extra-heavy oil recovery due to the huge 

viscosity difference between water and oils, leading to low sweep efficiency [6]. 

Rather than simply trying to force the oil up to the surface, as did the previous two 

methods, enhanced oil recovery seeks to alter the properties of displacing fluids, 

hydrocarbon, and even the oil reservoir to make it more conducive to extraction [7]. 

1.3 Current enhanced oil recovery processes 

Currently EOR techniques including thermal, gas-injection, chemical methods, 

engineered water flooding and others have been used in physical situations where 

primary and secondary oil recovery method is inefficient (Figure 1-2). 

 

Figure 1-2. Classification of current EOR methods [8, 9]. 

Gas injection, as shown in Figure 1-3, which uses gases such as natural gas, nitrogen, 

or carbon dioxide (CO2), accounts for nearly 60% of EOR production in the United 

https://en.wikipedia.org/wiki/Natural_gas
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Carbon_dioxide
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States [10]. Among them, CO2 is most commonly used for miscible displacement 

because it is less expensive than liquefied petroleum gas and has reliable source from 

the fossil fuel power plant [11]. Gas injection or miscible flooding is presently the most 

commonly-used approach in EOR. Miscible flooding is referring to introduce miscible 

gases into the reservoir, to maintain reservoir pressure and improve oil displacement 

efficiency by reducing the interfacial tension between oil and water. 

 

Figure 1-3. Cross-section illustrating how carbon dioxide and water can be used to flush 

residual oil from a subsurface rock formation between wells [11]. 

Thermal injection accounts for 40% of EOR production in the United States, with 

most of it occurring in California [12]. In this approach, various methods are used to 

heat the crude oil in the formation to reduce its viscosity and/or vaporize part of the oil 

and thus decrease the mobility ratio, including Cyclic steam stimulation (CSS), steam 

flooding, fire flooding (in-situ combustion), and steam assisted gravity drainage (SAGD) 

[13]. Those processes, in most cases, have to be cyclical to ensure success of thermal 

injection (Figure 1-4). Thermal method are applicable for oil reservoir with high oil 

saturation and porosity. For these processes, heat from the fire reduces oil viscosity and 

helps vaporize reservoir water to steam. The steam, hot water, combustion gas and a 

bank of distilled solvent all act to drive oil in front of the fire toward production wells.  
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Figure 1-4. Cross-section illustrating how the hot steam can be used to heat and flush 

residual oil from a subsurface rock formation between wells [14]. 

Chemical methods involve a process that injecting of chemical formulation, such as 

surfactant, polymer, alkaline, foams, emulsion slug, alkaline-surfactant-polymer 

mixture formulation, and emulsion-polymer formulation, to reduce the mobility ratio 

between displacing fluid and hydrocarbon, and/or to increase the capillary number by 

reducing the IFT between oil and water phases [15, 16]. The theory relating to chemical 

EOR can be referred to Section 1.4, while current popular EOR manners practiced 

worldwide in chemical methods are discussed separately below.  

 Surfactants, either in-situ formulated from the original crude oil or carried by 

the injected brine in the process of flooding, can accumulate at the oil/water interface 

and lower the IFT between crude oil and water, and consequently mobilizes the oil 

trapped by capillary force after water flooding process [17-24]. Ideally, the surfactant 

is required to remain water-soluble at elevated temperature and ionic strength, capable 

to generate ultralow IFT and have low adsorption on reservoir rock (better economic 

feasibility). The viscosity for surfactant solution is usually not high enough to reduce 
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the mobility ratio, therefore it has to be used in parallel with polymer flooding, as shown 

in Figure 1-5. 

 Polymer is usually employed in a small quantity to thicken the displacing water. 

The primary purpose of polymer is to control the mobility ratio. Polymer can reduce the 

mobility ratio by increasing the viscosity of displacing phase and by causing 

disproportionate permeability reduction (DPR). The effect of DPR refers to the 

phenomena whereby many water-soluble polymers and polymer gel reduce the 

permeability of water flow to a much greater extent than for oil/ gas flow. Among 

several mechanisms proposed to interpret the DPR effect, pathway segregation and 

polymer absorption are believed as the dominant mechanisms for DPR when polymer 

solution are used [25-29]. However, polymer cannot reduce the IFT efficiently. It is 

usually applied coupled with surfactants. 

 Alkaline flooding refers to adding alkali into the injection fluids. The 

mechanism of alkaline flooding is complex, which contains emulsification with 

entrainment, emulsification with entrapment, emulsification with coalescence, 

wettability reversal, wettability gradients, oil-phase swelling, disruption of rigid films, 

and low IFT [30, 31]. Different mechanisms could be attributed to chemical properties 

of the crude oil and the reservoir rock. However, most of research agree that acidic 

components in the crude oil are the most important factors for alkali flooding.  

 Alkaline-surfactant-polymer (ASP) flooding is a kind of flooding strategy 

combining surfactant flooding, polymer flooding and alkaline flooding [32-34]. It is 

primarily proposed to reduce the amount of surfactant required through the formation 

and sequestering divalent cation and in-situ generation of synergetic surfactant with 

alkaline in oil reservoir [35, 36].  

The synergic effects of those chemicals can recover large amount of water flood 

residual oil by decreasing IFT which contributes to an increased capillary number and 
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consequently a higher microscopic efficiency (as explained in Section 1.4), and 

reducing the water/oil mobility ratio which renders a macroscopic sweep efficiency. 

The reduction in IFT is introduced by a synergistic interaction of added surfactant and 

in-situ generated soaps by alkali reacting with naturally occurring organic acid in the 

crude oil [37-39]; while polymer is used for increasing viscosity. ASP method can 

significantly reduce the amount of surfactant required to recovery oil. Typically ASP 

formulations involves 0.2 PV of 1% surfactant and 0.5% alkali, chased by 0.3 PV or 

more of a solution containing 1000 ppm polymer. It is typically followed by a 

freshwater injection to optimize chemicals recovery and then chasing flood with drive 

water (Figure 1-5). [40] 

 

Figure 1-5. Schematic of polymer/surfactant flooding [40]. 

Engineered water flooding usually refers to tuning the ionic composition of the 

injecting brine, and it is more popularly known as ‘low salinity water flooding’ and in 

different publications it is referred to ‘Designer Water Flood’ by Shell [41], ‘Advanced 

Ion Management (AIMSM)’ by ExxonMobil [42], ‘Low Salinity Water Flood 

(LoSal™)’ by BP [43] and ‘Smart Water Flooding’ by several authors in recently 

published articles [44]. The wettability alteration by ionic activity on the rock surface 

is identified as the main mechanism behind oil recovery improved by low salinity water 
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flooding, which has obtained greater support compared to other possible mechanisms. 

However, other mechanisms such as IFT reduction, electric double layer expansion, and 

rock dissolution are also found to contribute in releasing trapped oil in laboratory 

investigations [45]. Other engineered water flooding includes adding nanoparticle to the 

displacing fluids to mobilize more oil. However, the mechanisms behind nanoparticle 

enhanced oil recovery are still controversial as reviewed in Section 2.3. 

1.4 Theory of enhanced oil recovery 

1.4.1 Overall oil recovery efficiency 

Based on the material balance of oil reservoir, the overall oil recovery efficiency 

(𝐸𝑂𝑅) can be calculated as equation 1-1: 

𝐸𝑂𝑅 =
𝑁𝑐

𝑂𝑂𝐼𝑃
     Equation 1-1 

Where, 𝑁𝑐 is the volume of accumulate oil recovered via flooding processes, OOIP is 

the Original Oil in Place, which usually shows the total oil content of an oil reservoir.  

 

Figure 1-6. Schematic of macroscopic and microscopic efficiency [8, 46]. 
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It is defined that the overall 𝐸𝑂𝑅  (equation 1-2) is affected by macroscopic or 

volumetric sweep efficiency (𝐸𝑚𝑎) which indicates the effectiveness of the displacing 

fluids to sweep the oil zone volumetrically, and the microscopic displacement efficiency 

(𝐸𝑚𝑖) which is a measure of the effectiveness to mobilized the oil trapped in pore space 

by capillary force [29, 47], shown in Figure 1-6.  

𝐸𝑂𝑅 = 𝐸𝑚𝑎𝐸𝑚𝑖 = 𝐸𝑎𝐸𝑣𝐸𝑚𝑖    Equation 1-2 

Where, 𝐸𝑎 is the areal displacement efficiency, 𝐸𝑣 is vertical displacement efficiency.  

1.4.2 Factors controlling macroscopic sweep efficiency 

The macroscopic displacing efficiency (𝐸𝑚𝑎) is principally affected by geological 

heterogeneity in the reservoir, which affects the spatial distribution of porosity and 

permeability. The channels or layers with high permeability (often named as ‘thief 

zones’) allow water flow preferentially through these zones, bypassing the oil contained 

in the portion of reservoir with low permeability (Figure 1-7), resulting in an early water 

breakthrough and reduced 𝐸𝑂𝑅. 

The effect of geological heterogeneity is intensified when injecting a displacing fluid 

with a large viscosity contrast with oil. The effect of heterogeneity on oil recovery can 

be characterized by the mobility ratio, for instance gas is injected instead of water for 

oil recovery [48-51]. The mobility ratio is generally defined as the mobility of the 

displacing phase divided by the mobility of the displaced phase, which can be expressed 

by equation 1-3 [52]: 

𝑀 =
𝑘𝑟𝑤

𝜇𝑤
/

𝑘𝑟𝑜

𝜇𝑜
= (

𝑘𝑟𝑤

𝑘𝑟𝑜
)(

𝜇𝑜

𝜇𝑤
)    Equation 1-3 

where kr usually refers to relative permeability, µ refers to dynamic viscosity, the 

subscript w represents displacing phase (usually water), and the subscript o is for the 

displaced phase (usually oil). The ratio shows the mobility of the injecting fluid to that 
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of the oil phase, and the effect is dependent on the relative permeability and the viscosity 

ratio. 

Unfavourable mobility usually occurs when the value is greater than 1, and water is 

moving forward in a finger-like front. Whereas, a favourable mobility usually happens 

when there is a large viscosity contrast between the displacing fluid and displaced oil 

phase, which more likely to result in a piston-like displacement of oil from the injection 

well to the production well, as shown in Figure 1-7.  

 
Figure 1-7. (a) Flooding with poor mobility control; (b) Flooding with good mobility 

control. 

Viscosity control, like adding polymer to increase the viscosity of displacing phase 

or reducing the viscosity of oil phase by thermal method like steam-assisted gravity 

drainage (SAGD), is regarded as main way to achieve a favourable mobility. Moreover, 

achieving good mobility control in combination with other mechanisms including low 

interfacial tension (IFT) or wettability alteration is also essential for any successful 

EOR.  

1.4.3 Factors controlling microscopic sweep efficiency 

In water-wetting reservoirs, the typical microscopic displacement efficiency (𝐸𝑚𝑖) 

from water flood is 70% or less, this is mainly because the oil is trapped in pore space 

by capillary force, and is also contributed to relative permeability properties of the rock 

a) b) 
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[2]. The latter usually determines the mobility of water and oil when flowing through 

the pore space.  

In water-wetting reservoirs, the capillary forces can be overcome by viscous force or 

gravity force. The competition between capillary force and viscous force is governed 

by the dimensionless Capillary Number Ca (equation 1-4): 

𝐶𝑎 =
𝜇𝑖×𝜗

𝜎
      Equation 1-4 

where 𝜇𝑖 is the dynamic viscosity of injected fluid (Pas), ϑ is Darcy’s velocity (m/s), σ 

is the interfacial tension (N/m).  In the circumstance of low capillary number (usually 

in the order of 10-7 - 10-6), flow in porous media is dominated by capillary forces, and 

capillary trapping is likely to happen. Therefore, to increase oil recovery, either the 

viscosity of brine should be increased significantly or the o/w IFT should be brought 

down to ultra-low level (< 10-3 mN/m) [53]. For high capillary number, the trapped oil 

will be mobilized because the capillary forces are negligible compared to the viscous 

forces.  

The relative importance of capillary force and gravity force can be characterized by 

normalized bond number Nb (equation 1-5) [54]: 

𝑁𝑏 =
∆𝜌g𝑘𝑎𝑘𝑟𝑤

𝜎 cos 𝜃
     Equation 1-5 

where ∆𝜌 is the density difference between oil and water, g is gravity acceleration, 𝑘𝑎 

is the absolute permeability, 𝑘𝑟𝑤 is the relative permeability of water phase, θ is the 

contact angle of wetting phase on the rock. Total trapping number 𝑁𝑡 (equation 1-6) is 

derived from the combined effect of capillary and bond number: 

𝑁𝑡 = 𝐶𝑎 + 𝑁𝑏     Equation 1-6 

It should be noticed that the oil recovery affected by capillary forces differs 

fundamentally between non-fractural and fractural reservoirs. In a non-fractured 

reservoir, Lowering the w/o IFT and consequently reducing the capillary fore is 

http://en.wikipedia.org/wiki/Porous_media
http://en.wikipedia.org/wiki/Capillary_force
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necessary to mobilized the large volume of residual oil trapped in pore space after water 

flooding.  While in fractured reservoir, spontaneous imbibition of water due to strong 

capillary force is essential to achieve a high recovery efficiency [55]. 

1.5 Challenge faced by current EOR technologies 

Although thermal method has been commercially used in heavy oil reservoirs in Canada, 

Brazil, China and USA, etc., it is facing big economic and environmental challenges. 

The use of steam for all steam-based injection methods, means an intensive energy 

consumption as well as large CO2 emission ascribed to the steam generation from 

methane, increasing both the economic and environmental costs. The used water brings 

issues such as the handling of large volumes of liquids, and extra dehydration facility 

for oil and water separation [13]. The application of SAGD, specifically, is restricted 

by a series of geological and geometric factors, including sufficient reservoir thickness, 

high horizontal and vertical reservoir homogeneity for the formation of uniform steam 

chamber, and good permeability to enable the efficient flow of the fluids [56, 57].  

While, issues related to gas flooding include segregation, viscous figuring, the 

concern of long-term CO2 sequestration in oil reservoir, and stable source of CO2 gas 

[10, 13].  

Since 1970s, the US department of Energy conducted several pilot trials to evaluate 

the potential of surfactant/polymer flooding for enhanced oil recovery. Unfortunately 

the results are generally disappointing. Most oil recovered are generally less than 5% 

compared with water flooding, regardless of the chemical flooding technologies 

(surfactant/water, surfactant/polymer, surfactant/CO2, foam, and surfactants/thermal 

recovery) [58]. However, some controversary information can be found from the review 

of Olajire et al. [8]:  the earliest field testing of ASP flooding at West Kiehl, Wyoming 

had reached 26% OOIP with an additional price cost of less than $2.00 per incremental 
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barrel, over the next 2.5 years after its start. Another ASP pilot test, a Minnesula field 

located contiguous to the Kiehl field, increased recovery by 28% of OOIP (1,143,000 

bbls) and incremental costs were estimated at 2.42 $/bbl. Other chemical oil recovery 

recordings include 21% OOIP for Cypress, 24% OOIP for Bridgeport, and 17% for 

Tanner filed.  

In China, chemical flooding has been studied and tested for more than 20 years 

though with several pilots of different scales and there have been 13 field cases (pilots 

and commercial scale) reported. Among them, five are from Daqing and most of the 

cases are in small scale operations, and all in sandstone reservoirs. A tertiary pilot 

application of the ASP process initiated in Sept.1994 in the west central area of Daqing 

oilfield has increased the average pilot area oil production rate from 36.7 to 91.5 m3/d, 

and decrease the water cut from 82.7 to 59.7% [8]. 

ASP flooding is still facing some major challenges in produced fluid handling on its 

way to commercial application, such as selecting chemicals, large chemical quantities 

required, scaling of the well bore equipment, and surfactant precipitation, etc.[8] 

With today’s technology, Alkali-Polymer (AP) and Alkali-Surfactant-Polymer 

(ASP) floods are applicable to sandstone reservoirs only. However, surfactant-polymer 

(SP) seems to be a feasible recovery process in both carbonate (e.g., Midland Farm Unit, 

Texas) and sandstone reservoirs. Actually, surfactant injection is the only chemical 

method used recently as a well stimulation and wettability modification of carbonate 

reservoirs. In addition, chemical EOR methods are not expected to make an important 

contribution in oil production from carbonate reservoirs during the next one or two 

decades. However, chemically based gas and water shut-off strategies (e.g., gels and 

foams) will continue to contribute optimizing water, gas or WAG projects in carbonate 

reservoirs in the near future [59]. 
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1.5.1 High cost for developing new surfactant 

In selecting chemicals for an ASP flood, it is necessary to consider availability, 

quantities required, cost, performance, and logistics. All of these factors are critical due 

to the large quantities usually required to flood one field, which can run into the 

hundreds of millions of pounds [8].  

Prior to the filed implementation of this technique, the research and development 

(R&D) of new EOR surfactant is usually expensive and takes long operation cycles, 

because key process parameters need to be optimized through a series of test procedures. 

Extensive screening test methods have been developed to minimize the cost and 

evaluated the potential increment recovery factor of the tested surfactant compositions 

[60-63]. R&D of new surfactants for EOR purposes should consider surfactant 

properties, reservoir rock wettability, brine salinity, and reservoir temperature and 

pressure, adsorption properties under static and dynamic condition and displacement 

studies under reservoir conditions [8, 13]. 

Generally, surfactant is composed of a hydrophobic group (non-polar and oil-soluble) 

and a hydrophilic group (polar and water-soluble). The non-polar group is usually 

hydrocarbon chain with 8-18 carbon atoms, which is may or may not branched, whereas 

the polar group is normally constituted by charged moieties. Based on the type of polar 

group, surfactant can be categorized into four groups: anionic surfactant containing 

negatively charged hydrophilic group (e.g. carboxylate ( COO− ), sulphate ( SO4
2− ), 

sulfonate (SO3
2−), cationic surfactant bearing positive charge (e.g. cetyl ammonium 

bromide (C16H33(CH3)Br), Laurylamine hydrochloride (CH3(CH2)11NH3
+Cl−) ), non-

ionic surfactant whose polar groups in hydrophilic part is soluble in water regardless of 

no obvious charge overall (e.g. Polyoxyethylene alcohol CnH2n+1(OCH2CH2)mOH, 

n=8-18, m=3-15), and zwitterionic surfactant having both positive and negative charge 
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(e.g. RNH2CH2COO− (long chain amino acid), C17H37NSO3 

(alkyldimethylpropanesultaine)) [64].  

R&D of new class of polymer is also technically difficult or economically 

unfavourable due to very limited types of polymer to date. Presently there are two sets 

of polymer for enhancing oil recovery: synthetic polymers and biopolymers [63]. The 

most utilized polymers today are the synthetic and partially HPAM (hydrolysed 

polyacrylamide), the modified natural polymers and the biological polysaccharide, 

xanthan [64,65]. The natural polymers and their derivatives include HEC (hydroxyl 

ethyl cellulose), guar gum and sodium carboxymethyl cellulose, 

carboxyethoxyhydroxyethylcellulose. 

1.5.2 High concentration required 

The economics of surfactant EOR at the oil field site is usually determined by a 

bundle of parameters such as the cost of surface facilities, displacing fluids, and 

requirement of additional well drilling, royalty, taxes, and most significantly the price 

of oil [65]. However, the cost for surfactant, which includes the primary investment to 

purchase surfactant and the cost of tailoring surfactant needed to replace the surfactant 

absorbed in oil reservoir, is usually half or more of the total project cost [66, 67]. 

Therefore, surfactant flooding at lower surfactant concentration can reduce the overall 

cost significantly. 

However, it is reported that the ionic surfactant should be implemented at the 

concentration above critical micelle concentration (CMC), and even for non-ionic 

molecular the surfactant should be used at the concentration around CMC [68]. At CMC 

concentration, surfactants tend to form micelles and all additional-added surfactants 

also form micelles. Considering the large scale of oil reservoir, large amount of 

surfactant is needed to formulate displacing fluid. 
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Surfactant flooding usually carried out in three forms: micellar, microemulsion and 

ASP, but many of them are used at concentration, as seen from the literature review 

below. For example of surfactant flooding in micellar, Bourrel et al. [69] reported that 

the O/W micellar contain 4-12% surfactant (also has 1-6% alcohol, 2-50% hydrocarbon, 

and 40-90% water), and the W/O micelles consist of 5-12% surfactant (also composed 

of 1-4% alcohol, 35-80% hydrocarbon, and 10-55% water).  

Microemulsion is another type of surfactant flooding, which is also not commercially 

possible, because it usually constitutes of 2-6% surfactant and 1-5% cosolvent (alcohol) 

[70-72]. Flaaten et al. [73] used 2 wt% total surfactant concentration including 0.5 to 2 

wt% co-solvent. Bera et al.[74] prepared the microemulsion with non-ionic surfactants 

(Tergitol 15-S-5, Tergitol 15-S-7 and Tergitol 15-S-9) at concentration of 0.4 wt% 

which is around their CMC. Even for ASP flooding, which is proposed to reduce the 

amount of surfactant required through the formation and sequestering of divalent 

cations and in-situ generation of synergetic surfactant with alkali in oil reservoir [35, 

36], the concentration of surfactants used in pilot tests is usually 0.1-0.5% [75, 76], 

which is still higher considering the large amount of fluids required. 

Research indicates that surfactant mixtures are more efficient to reduce IFT than  a 

single surfactant. For example, Rosen [53] believed that surfactant with branched/multi 

hydrophobic chain, or a surfactant mixture can generate ultra-low IFT. The mixture of 

Aerosol TR and Aerosol OT at ratio of 1:8 can reach ultralow IFT value in all decane, 

dodecane, and tetra-decane, even at surfactant concentration lower than 0.06 wt%. 

1.5.3 Retention in porous media 

Retention of surfactant/polymer in the porous media (i.e. reservoir rock) is the main 

contribution to surfactant loss in chemical EOR processes. Retention is a term that 
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covers all the mechanisms inducing the concentration of surfactant/polymer in the bulk 

fluids when they propagate in the porous media.  

1.5.3.1 Theory for surfactant/polymer adsorption 

Investigation of surfactant adsorption is an old subject that usually based on the 

difference of surfactant concentration in solution before and after flowing through the 

rock. In general the adsorption of surfactant onto a solid surface is attributed to several 

forces including: electrostatic force, chemical interaction (covalent bonding), non-polar 

lateral interactions, hydrophobic interaction between the hydrocarbon chains and 

hydrophobic sites on the solid, hydrogen bonding, solvation, and desolvation energy 

[77]. The total adsorption is usually the integrated result of some or all of the forces 

above [78].  

An adsorption isotherm is usually applied to indicate the depletion of surfactant due 

to adsorption. The adsorption isotherm for ionic surfactant absorbing onto a opposite 

charged surface, which is called ‘Somasundaran–Fuerstenau’ isotherm [78], can be 

subdivided into four regions when plotted on a log-log scale, as shown in Figure 1-8, 

which shows an example that the adsorption of sodium dodecyl sulfate on alumina [79]. 

The region I happens at low surfactant concentration and is due to the electrostatic 

interaction between the individual isolated charged surfactant species and solid surface. 

The adsorption isotherm is governed by Gouy–Chapman equation with a unity slope 

when the ionic strength is constant. In Region II, surfactant began to aggregate upon 

reaching a threshold concentration, and form solloids because of the lateral interactions 

between  the adsorbed species. Under the accumulating results of lateral interaction and 

the still-active electrostatic interaction, the adsorption density soars up sharply. As 

increasing the surfactant concentration in Region III, the solid surface will be 

electrically neutralized by the surfactant ions. Thus lateral interaction is only the driving 
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force for surfactant adsorption, leading to a reduced slope. In Region IV, the surfactant 

concentration approaching CMC, any further increase in the concentration just give rise 

to the micellization in bulk solution, instead of changing the adsorption density. 

 

Figure 1-8. Isotherm for ionic surfactant adsorption on the opposite charged solid 

surface [71]. 

 
Figure 1-9. Non-ionic surfactant adsorption on solid surface [80]. 
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While the for the non-ionic surfactant, the adsorption is usually reversible with little 

hysteresis (Figure 1-9). As the electrostatic attraction is not operative, the adsorption 

density is several orders of magnitude lower than that for ionic surfactant. 

For the anionic-nonionic surfactant mixture, they usually synergistically absorb on 

the solid surface, which is attributed to the hydrophobic interaction between the two 

surfactants as well as the reduction of electrostatic repulsion between the anionic head 

groups which are shielded from each other by the nonionic surfactant molecules [81]. 

The initial electrostatic interaction provides sufficient hydrophobic site for 

hemimicellar type adsorption of nonionic species. 

1.5.3.2 Review of surfactant retention 

Many researchers have investigated the effects of different physico-chemical 

properties of solution, such as pH [18, 68], temperature and ionic strength on the 

retention of surfactant [22].  

Higher salinity can compress the electrical double layer of the hydrophilic group of 

a surfactant that decreases the functional group’s electrostatic repulsion in the adsorbed 

layer of rock. As a result, the adsorption of ionic surfactant typically increases with an 

increase of salt concentration [27]. Considering the phase behaviour of microemulsion, 

the Winsor III microemulsion at optimum salinity is favourable because the oil-

microemulsion and water-microemulsion interfaces have equal and low IFT. When the 

salinity is higher than the optimum value, the surfactant can be trapped in the residual 

microemulsion in Type II conditions because the greater water-microemulsion IFT 

reducing oil mobilization. In contrast, salinity less than the optimal lower water-

microemulsion IFT which can keep surfactant trapped in a lower phase microemulsion 

and increasing oil-microemulsion IFT [73]. Therefore, design stable surfactant system 

in saline aqueous environment and reducing surfactant retention are very important in 
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any chemical flood, since the soft water may be unavailable and soften the very hard, 

high salinity formation brine in the reservoir can be experience [73]. Fortunately, 

research in this area has achieved a lot by using surfactant mixture, and selecting high-

performance surfactant. 

Liu et al. [82] has shown that surfactant mixtures are aqueous stable at higher 

electrolytes and divalent cation concentrations.  Flaaten et al. [73] conducted phase 

behaviour experiments for the microemulsion mixed by two high-performance 

surfactants: Petrostep®S1 (C16-17- 7PO- SO4
2−) and Petrostep®S2 (C15-18IOS). Even in 

high salinity, the emulsion showed a good performance. Through core flooding and high 

performance liquid chromatography (HPLC) analysis, the surfactant mixture showed 

high oil recovery and low surfactant retention in a hard, saline environment without the 

need for a pre-flooding.  

Bo et al. [83] showed the potential of utilizing Gemini surfactants in harsh reservoir 

conditions for EOR applications. Gemini surfactant molecules have excellent aqueous 

stability even in high salinity and properties that can lower maximum adsorption 

densities more than the conventional single chain surfactants.  

Through phase behaviour, Ko et al. [83] found that D-type (branched) surfactant 

requires lower concentration to reach CMC, and both surfactants broke the emulsion 

phase at a salinity of 5 wt% NaCl.  

Temperature and pressure also influences the adsorption of surfactant on reservoir 

rock surface. Bera et al. [22] illustrated that the adsorption capacity of surfactant 

decreases with the increase of temperature, which was due to the viscosity reduction 

that increased the rate of diffusion of the adsorbed surfactants molecule inside pores. 

Moreover temperature would change the adsorption capacity of the rock surface, 

depending on whether the adsorption process is exothermic or endothermic. 
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1.5.3.3 Review of polymer retention 

The amount of polymer absorbed depends on the nature of the polymer and the rock 

surface. Retention of polymer mostly consists of polymer adsorption. Sometimes it may 

involve mechanical entrapment of polymer macromolecules in porous media, and to 

some extent hydrodynamically trapped polymer molecules in stagnant zones [8]. Zitha 

et al. [84] examined the influence of polymer concentration and permeability on the 

retention of high molecular weight non-ionic polyacrylamide (PAAm) during flow in 

granular porous media. Park et al. [85] found that concentration-induced polymer 

adsorption caused non-proportionally enhanced oil recovery with increase in polymer 

concentration below 1000 ppm, and decrease above 1000 ppm.  

The retention mechanism for several common polymers, hydrolyzed polyacrylamide 

(HPAM) and polyacrylamide (PAM), in porous media have been known to some extent 

[86-88]. However, even though the viscosity and flooding properties of hydrophobically 

associating polyacrylamide (HAPAM) has been reported in several recent studies [86, 

89], there is still insufficient study regarding their behaviour of retention in porous 

media. There could be large difference retention behaviour between HAPAM and PAM, 

due to the existence of hydrophobic associative groups on HAPAM backbone [90]. The 

research by Lu et al. [90] shows that the dynamic and static retention of PAM was 

smaller than that of HAPAM correspondingly. For both the HAPAM and PAM, the 

static retention was higher than dynamic retention. 

1.5.4 Chemical degradation 

1.5.4.1 surfactant degradation 

Another type of chemical loss could be the degradation of surfactant/polymer in 

reservoir. Karnanda et al.[91] explained that most of the surfactant solutions have a 

cloud point temperature beyond which the surfactant becomes ineffective and drops out 
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of the aqueous solution, and the solution becomes cloudy and measuring the IFT or 

other parameters become almost impossible. Surfactant phase separation at high 

temperature could lead to the reduction of surfactant concentration in aqueous phase, 

thus exhibiting poor performance to reduce IFT. Most of the experiments in the 

literature indicate that temperatures above 120 °C results in either degradation or 

precipitation of most of the surfactant.[92]  

1.5.4.2 Polymer degradation 

Many of polymers typically also suffer from degradation in reservoir environment, 

resulting in precipitation and chemical degradation at high salinities and temperature . 

For instance, weak polyelectrolytes, poly (acrylic acid) (PAA), is water-soluble with 

the presence of 1 M NaCl at relatively high temperatures but tend to precipitate when 

divalent cation Ca2+
 is introduced at room temperature [93-95].   

Partially hydrolyzed polyacrylamides (HPAM) is widely used as a polymer additive 

for mobility control in oil reservoirs, and it has been tested at the field scale [86, 96, 

97]. However, it has been found that there are a few problems hindering the successful 

application of HPAM for EOR applications, notably the polymer degradation issue 

under high temperature and high salinity conditions [98].  

As most of the reservoirs that requires EOR have high temperatures, for example the 

temperature in Shengli oilfield in china is above 85 °C [99], and there are thousands of 

oil and gas well with temperature up to 120 °C [100], HAPM would experience a serious 

viscosity reduction under such temperatures, which would be caused by the impairment 

of hydrophobic effects due to the increased mobility of the polymer chains and the 

resultant loss of inter-chain liaisons and increased copolymer solubility [101-103].  

Another problem is the poor salt resistance of HPAM in hot oil reservoirs. The 

salinity in a real oil field are usually high, for example, the API brine contains 8 wt% 
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NaCl and 2 wt% CaCl2 (i.e., 1.8 M total ionic strength) [104], and the salinity of Shengli 

oilfield in China is usually higher than 30,000 mg∙L−1 in which the total amount of Ca2+ 

and Mg2+ exceeds 800 mg∙L−1. For temperature above 60 °C, the acrylamide groups 

within the HPAM polymer would experience a hydrolysis process to form acrylate [98] 

or carboxylic [105] groups. The final hydrolysed anionic polyelectrolytes are sensitive 

to the presence of inorganic salt (especially divalent cations such as Ca2+ and Mg2+), 

which is commonly present in oil reservoirs. If the degree of hydrolysis become too 

high, HPAM polymer tends to precipitate due to the complexes formed between the 

polymer and divalent cations [106]. In addition, the shielding of the mutual repulsions 

between carboxylic groups along the HPAM skeleton leads to the decrease of 

hydrodynamic volume, resulting in a viscosity reduction [107-109]. It has been shown 

that the higher salt concentration always corresponds to a lower temperature limit for 

the applicability of HPAM for EOR applications [110]. 

1.6 Research Motivation 

Nanotechnology is a science regarding the manipulation of matter in an atomic, 

molecular, or supramolecular scale, involving very small structures in the 1 nm to 100 

nm range. Nanoparticles are therefore of great interest to the oil and gas sector at the 

moment for a variety of reasons, mainly due to their small size, large surface/volume 

ratio, modifiable surface, transportation abilities for other materials, and customizable 

migration properties. 

Recently, nanoparticles (NPs) has been proposed as a potential material to improve 

reservoir characterization and to increase oil production [111-113]. Compared to 

conventional chemicals applied in oil/gas reservoirs, nanoparticles (NPs) possesses 

several advantages. It is thought that the small size of particles (< 100 nm) would allow 

them to pass through pore throats of a reservoir rock and be delivered to the parts of the 
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pore network where they can make an active and significant difference in some way. 

The addition or deposition of different nanoparticles could modify the displacing fluid 

effective properties such as viscosity [114-116], IFT [117, 118], and dielectric 

properties [119], change the permeability of the rock matrix [120], or alter the rock 

surface wettability [118, 121]. In addition, the size-dependent properties (i.e., optical, 

magnetic, electrical, thermo-physical and interfacial properties) of NPs can be used as 

sensitive down-hole sensors to target locations that are inaccessible by conventional 

methods [113, 122, 123]. 

Because of low EOR efficiency and techniques uncertainties faced by chemical EOR 

and engineered water flooding, as reviewed in Section 1.5, particular attention is given 

to engineered water flooding and chemical EOR in my serial studies in this thesis. The 

main motivations are included below: 

 Waterflooding is not usually regarded as EOR process unless it is combined with 

some other flooding methods. Here we will use nanoparticle to modify the water 

flooding as EOR process, in the meantime explore the possible mechanism 

associated with NPs-assisted water flooding. 

 

Figure 1-10. Enhanced surfactant delivery for improving the efficiency of surfactant 

flooding process. Picture is adapted from Ref. [124] 
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 Reduce the retention of surfactant in porous matrixes. Instead of inventing novel 

surfactant, the usage of present surfactant can be improved to reduce the adsorption, 

precipitation and phase changes in reservoir rock (Figure 1-10). 

 Add nanoparticle in emulsion to stabilize the structure and increase its viscosity; 

 Investigate whether the nanoparticle can improve the polymer’s thermal and salinity 

tolerance in the reservoir environment; 

 Nanoparticle transport behavior in reservoir environment is related to its majority 

of the applications, thus investigating the particle transport behavior in reservoir 

environment is necessary. 

1.7 Thesis outline 

The layout of this thesis is shown in Figure 1-11.  

Chapter One: Introduce the industry-related background information and basic 

theories of enhanced oil recovery . A comprehensive review of the challenges associated 

with current EOR is done is this chapter. 

Chapter Two: Literature review of nanoparticles for enhanced oil recovery application 

and the proposed mechanisms found in current literatures. Two main common issues 

related to EOR, namely nanoparticle stability and mobility in reservoir, are also clarified 

in this chapter  

Chapter Three: This chapter studies the EOR potential through core flooding 

experiment by using TiO2 nanoparticle and examines the current mechanisms proposed 

in literature to explain the observed EOR effects. As nanoparticle is stabilized by 

surfactant which would also contribute to the oil recovery, this chapter is also to identify 

the contributions from the stabilizer and the nanoparticles, and discuss the possible oil 

recovery mechanisms applicable in the nanoparticle-assisted recovery process.  
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Chapter four: This chapter is to demonstrate the concept of using engineered 

nanoparticle as carrier to reduce the surface retention in porous media and thus as an 

alternative way to improve surfactant flooding efficiency instead of inventing new 

category of surfactant. The retention property of surfactant coupling with TiO2 NPs was 

investigated in five different types of reservoir rock, to evaluate the influence of 

substrate on surfactant retention.  

Chapter Five: in this chapter the iron oxide NPs were synthesized in the oil-in-water 

(o/w) microemulsion by an in-situ method which is distinguished to the pre-fabricated 

method. The joint network composed of nanoparticle and surfactant are thought to 

strengthen the texture of o/w emulsion shell, to improve the viscosity of microemulsion, 

and to prevent the surfactant from detaching with the interface, thus improve 

microemulsion’s core flooding performance. 

Chapter Six: In this chapter, HPAM solution seeded by SiO2 nanoparticle as 

crosslinker were prepared, and the rheological properties of hybrids were investigated 

under high temperature. The impact of various nanoparticle loadings, temperatures, 

aging time and electrolyte concentrations on the rheological behaviour were 

investigated. The dynamic viscosity and viscoelastic properties were also checked to 

clarify the contribution of NPs on the improvement of polymer rheological properties. 

Chapter Seven: carbon dots (CDs) was found in this chapter to have a good transport 

ability in glass column packed with micro glass beads, regardless of the influence of 

nanoparticle concentration and ionic strength. As the CDs are strongly hydrophilic, their 

good mobility were applied to detect the oil saturation. 

Chapter Eight: Main conclusions and suggestions for future work are 

provided here. 
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Figure 1-11. Layout of the thesis
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Chapter 2  

Literature review 

2.1  Nanoparticle for upstream hydrocarbon exploration 

The use of NPs for upstream industry has received intensive attention since 2008, 

when an internationally recognized research organization, Advanced Energy 

Consortium (AEC), was founded by the University of Texas at Austin’s Bureau of 

Economic Geology, to achieve transformational understanding of subsurface oil and 

natural gas reservoir through the deployment of unique micro- and nano- sensor [125]. 

Since then, much work has been conducted and can be generally categorized as (see 

Table 2-1), (i) the development of ‘contrast-agent’ type of NPs to improve the detection 

limitation of seismic and electromagnetic (EM) techniques and to provide better 

reservoir characterization [122, 123, 126]; (ii) the use of NPs as property modifiers, i.e., 

to alter rock wettability and IFT at the oil/water interface in order to increase oil 

recovery rate [117, 118, 121, 127]; (iii) the use of NPs for conformance control such as 

nanoparticle-stabilized emulsions, and gelation materials to block easy flow paths [128, 

129]; (iv) the use of NPs as additive to develop smart drilling fluids by optimizing its 

properties like yield stress, viscosity, gel strength, fluids loss, and filter cake surface 

morphology [130-133]. Nanoparticle for EOR application will be described specifically 

in Section 2.2.  
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Table 2-1. Challenges faced by the oil and gas industry and solutions that 

nanotechnology offers 

Industry Challenge 
Nanotechnology 

Resolution 

Reduced downtime 

and better component 

lifetime 

Drilling bit lifetime Anti-wear coatings 

Pipe and tanker 

corrosion 
Anti-corrosion coatings 

Gas hydrate formation Dendrimers 

Marine fouling Anti-fouling coatings 

Fines migration 
Nanoparticle adsorption 

of and removal of fines 

Filtration and 

separation of oil 

emulsions before 

downstream 

Gas separation 

Nanoporous 

membranes 

Toxic metal removal 

Oil water separation 

Improvement of 

catalysts lifespans and 

operating efficiencies 

Nanocatalysts 

Heavy oil 

displacement and 

recovery 

In-situ nanocatalysts 

Recovery of vast 

amount of residual oil 

left in reservoirs 

Nanoparticles-modified drilling muds 

Nanosensors for reservoir characterisation 

Nanoparticles dispersions in surfactant flooding 

2.2  Nanoparticles for enhanced oil recovery application 

Following an explosion of hype and speculation, use of nanoparticles for chemical 

EOR is beginning to see some advances. However, it has to be admitted that the research 

in this field is just at the beginning. Most of the studies are at the laboratory scale [134] 

and many contradictory results have been reported, especially regarding the effect of 

nanoparticles on EOR. For instance, Hendraningrat et al. [135] showed that the 
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maximum oil recovery was increased by 14.29% of OOIP by using SiO2 nanoparticles, 

whereas Bayat et al. [112] observed only a 2% increase over OOIP for enhanced oil 

recovery using SiO2 nanoparticles.  

2.2.1 Nanoparticles-assisted water flooding 

In the past few years, there had been extensive research about using naked 

nanoparticles or  functionalized nanoparticle for enhanced oil recovery. However, the 

investigations, ranging from what type of particle is good for EOR, what concentration 

is beneficial, through to the mechanism of nano EOR and to what extent the 

nanoparticles can increase the oil recovery, are far from conclusive and definite. Some 

conflicting results are review below. 

Bayat et al. [112] applied Al2O3 (40 nm, 60 m2/g), TiO2 (10- 30 nm, 50-100 m2/g), 

SiO2 (20 nm, 160 m2/g) at low concentration of 0.005 wt% as the agent for enhanced 

oil recovery in intermediate limestone at various temperature. They found that Al2O3 

had the better ability to reduce capillary force and the lowest tendency to be adsorped 

in porous media, which is followed by TiO2. Core flooding experiments show that both 

Al2O3 and TiO2 showed better results in EOR compared to SiO2 at all temperatures. 

Similar to Bayat et al’s research, Ehtesabi et al. [136] found the 0.01% anatase TiO2 

NPs solution could recover 80% of the oil after injecting two pore volumes at optimum 

conditions at optimum conditions, while water recovered only 49%. The mechanism is 

attributed to wettability change towards water wet.  

However, silica NPs is the most widely used nanoparticle in the literature for EOR 

applications. Counter to Bayat’s research, Safari et al. [137] aged the carbonate core in 

the lipophobic-hydrophilic polysilicon nanoparticles with concentration ranging from 0 

to 0.5 wt% for 20 days. The experiments show that increasing nanoparticle 

concentration caused a reduction in the contact angle, for oil depositing on carbonate 
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cores, from initial contact angle of 87°. There were no oil recovery experiments in this 

study. Roustaei et al. [117] used the partially hydrophobic fumed silica (AEROSIL R 

816) in water-wet sandstone for flooding experiments, yielding up to 25.43% oil 

recovery. The research carried out by Li et al. [118] showed that hydrophilic silica NPs 

can reduce the IFT between the oil and water phase, thus releasing the oil trapped by 

capillary force, and resulting in an increase in recovery of about 4-5% compared to brine 

flooding. Maghzi et al. [138] found that the ultimate efficiency for silica nanofluid (0.1 

wt%) flooding increased by a factor of 8.7% in comparison to distilled water flooding. 

Hendraningrat et al. [135] employed hydrophilic silica at three concentrations of 0.01, 

0.05 and 0.1 wt%, and observed that IFT decreases as nanofluid concentration increases 

and that indicates a potential for EOR. The displacement efficiency was as high as 

14.29%. Similar work conducted by Li et al. [118] in glass micromodel flooding system, 

showed that injecting hydrophilic silica NPs (0.01, 0.05 and 0.1 wt%) at 7 nm into 

sandstone (300 -400 mD) after brine flooding can increase the oil recovery about 4-5% 

compared with brine flooding. The mechanism is attributed to the reduced IFT and 

tailoring of the wettability of solid surface towards more water wet. Maghzi et al. [138] 

found that the ultimate efficiency for silica nanofluid (0.1 wt%) flooding increased by 

a factor of 8.7% in comparison to distilled water flooding. This increment in oil 

recovery was raised to 26% by increasing silica NPs weight percent from 0.1 wt% to 

3.0 wt%.  

With the advancement in nanosciences, some researchers have investigated the use 

of other metal oxides NPs and proven their ability as EOR agents and their advantages 

over SiO2 NPs. Ehtesabi et al. [127, 136] found that anatase TiO2 NPs in low 

concentration (0.01%) could recover ultimate 80% of the OOIP after injecting two pore 

volumes at optimum conditions on a laboratory scale, while water flood only recovered 

49% of oil. Meanwhile, Haroun et al. [139] proposed a new EOR method, called 
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electrokinetics (EK)-assisted nanofluid flooding. They compared the ultimate oil 

recovery performances of several NPs (Fe2O3, CuO and NiO) flooding, immediately 

after the waterflooding stage with or without the assisstance of EK (direct current 

voltage of about 2 V/cm) in the carbonate cores from Abu Dhabi reservoirs, and found 

that CuO produced better results than Fe2O3 and NiO due to exhibiting both higher 

density and electrical conductivity. 

Luo et al. [140] are the first to present the tertiary oil recovery experiments by using 

graphene-based Janus amphiphilic nanosheets at a low concentration at 0.005 wt% and 

0.01 wt%. The result from core flooding measurements showed that the oil 

enhancement efficiency is 15.2%. The enhanced oil recovery is attributed to several 

mechanisms (Figure 2-1): (i) the accumulation of nanosheets at the oil–water interface, 

(ii) the appearance of climbing films, and (iii) the generation of elastic interfacial films 

may be responsible for the high oil recovery efficiency. 

 

Figure 2-1. Schematic illustration of oil displacement mechanisms. (A) Climbing film 

encapsulation mechanism for water-wet surface. (B) Slug-like displacement mechanism. 

The figure is taken from [140]. 

In conclusion, research using non-functionalized nanoparticles for EOR is 

sometimes controversary in terms of the parameters such as nanoparticle type, 
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concentration, EOR effects and mechanisms. The reason behind this could be due to 

conflicting EOR mechanism, and nanoparticle dispersibility/mobility problems in harsh 

reservoir environments (high temperature, high pressure, high salinity, existence of oil 

phase and porous media), and most experiments were done in the lab, as would be 

reviewed in Section 2.4. One approch to improve the dispersibility of nanoparticles and 

tailor their properties for EOR application is to covalently attach surfactant or polymers 

to the nanoparticle surface, which is regarded as nanoparticle-assisted surfactant or 

polymer flooding in the lieterature review below. 

2.2.2 NPs as surfactant carrier 

One of the critical issues in  enhanced oil recovery is the loss of surfactants due to 

their adsorption on reservoir rocks [20, 141]. Adsorption of surfactant in reservoir rock 

would increase the quantity of surfactant needed, resulting in a lower economic 

viability. Moreover, surfactant loss by adsorption impairs the reduction of oil/water IFT, 

leading to decrease of EOR efficiency [9].  

In the oil reservoir, the adsorption isotherm depends, to a large extent, on the type of 

surfactant used, and the morphology and mineralogy of reservoir rock. It is also 

determined by the presence of other surfactants/polymers/alcohols [142], pH, the type 

and strength of electrolytes in formation water[143]. For example, the adsorption of an 

anionic surfactant system blended by nonylphenyl-6-ethoxy-sulfonate (6EOS) and 

dodecyl-benzene-sulfonate (DDBS) was studied by Fjelde et al. [68] using static (in 

kaolinite) and long-term dynamic adsorption (in North Sea reservoir core). Both cases 

showed that a selective adsorption takes place from the dual system until the most stable 

micelles was obtained and the adsorption of DDBS is remarkable higher than that for 

6EOS. Alhassawi et al. [67] studied the adsorption of Sodium dodecyl sulfate (SDS) in 

free- and complex- state on solid surface mixed by sandstone, oil shale, and kaolinite. 
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The results show that without complexing with 𝛽-cyclodextrin, the adsorption of SDS 

was 64–76% higher when inclusion in a complex case. Curbelo et al. [142] investigated 

the adsorption of two non-ionic surfactants in sandstone cores with different 

ethoxylation degrees. The results show that ENP95 with a smaller ethoxylation degree 

of 9.5 has a higher adsorption than ENP150 with a higher ethoxylation degree of 15. 

ShamsiJazeyi et al. [20] examined the competition adsorption between anionic 

surfactant blend (constituting Neodol-67 and IOS15-18) and sodium polyacrylate on 

dolomite, and found that sodium polyacrylate with molecular weight above a critical 

value can reduce the surfactant adsorption significantly, while the adsorption of sodium 

polyacrylate was not influenced. According to Bera et al.’s research [22], the anionic 

(SDS) and non-ionic surfactant (Tergitol 15-S-7) showed higher adsorption efficiency 

on clean sand particle at low pH, but the cationic surfactant (CTAB) show the opposite 

trend. Increasing salinity facilitates the adsorption of SDS on the clean sand particle.  

Nanoparticles (NPs) have been widely used for controlled drug delivery in the 

nanomedcine field [144-149]. Due to tailoring or potentially-better mobility of 

nanoparticle in porous media, the ability of nanoparticles as a carrier for 

surfactants/polymers in porous media is one of the emerging implementations of 

nanotechnology for enhanced oil recovery processes [19, 20, 150]. 

However, research in this concept, taking nanoparticle as surfactant/polymer carrier 

for controlled delivery, is just at the emerging phase. Zargartalebi et al. [19] showed 

that the adsorption of surfactant on rock surface was generally reduced in the presence 

of nanoparticles. Liborio De Avila et al. [150] also evaluated the usage of polystyrene 

nanoparticles as surfactant carriers able to pass through the porous media to deliver 

surfactant at the water/oil interface. They concluded that nanoparticles coated with 

nonylphenol ethoxylate were successful to reduce the water/oil interfacial tension and 

had potential to be used as surfactant carriers for EOR. Yu et al. [151] found that 
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particles stabilized by polystyrene sulfonate-alt-maleic acid show a good adsorption 

tendency at the oil/water interface but low adsorption at the rock surface (~0.02 mg/m2), 

which could contribute to less surfactant adsorption at the solid surface. In summary, 

due to the small number publications in this field, studying the nanoparticle as surfactant 

carrier and reducing surfactant adsorption on rock surface is far from conclusive and 

sufficient to justify the concept, due to the limitations now described below: 

Previous research lack investigation of the effects of different type of reservoir rock 

on nanoparticle as a carrier for controlled surfactant delivery. It has been long 

recognized that the rock surface energy and surface chemistry could significantly affect 

the behaviour of surfactant adsorption and NPs retention [152-154]. Careful 

characterization of the rock surface is fundamental to understand the particles effects 

on the wettability, the adhesion force and the behaviour of pore-scale flow [133, 155]. 

Consequently, it is still unclear if NPs can work as an effective surfactant carrier for 

enhance oil recovery applications in all types of reservoir rock. 

In addition, there is not any information or discussion about retention of NPs inside 

porous media and its effect on surfactant delivery in porous media. Conversely, most 

research to date is emphasising how the presence of surfactant affects the transport 

behaviour of NPs in porous media [156-160], instead of focusing on the concept of 

using nanoparticles to facilitate surfactant delivery in porous media. 

2.2.3 NPs-assisted microemulsion flooding 

Surfactant flooding has being commercially used at pilot scale for enhanced oil 

recovery after primary and secondary recovery particularly in USA and China [161]. In 

surfactant flooding, adsorption of amphiphilic surfactant at the oil/water interface 

reduces the IFT and consequently reduces the fluids capillary force and mobilizes the 

oil trapped after waterflood process. However, surfactant is usually not sufficient to 
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increase the viscosity of displacing fluids, hence polymers are usually needed in 

surfactant slug to increase the viscosity of the injected fluids. The efficiency of 

surfactant EOR also drops due to the impairment of IFT reduction between residual 

water and crude oil caused by elevated temperature, unfavourable salinity and surfactant 

adsorption in oil reservoir [20], which would ultimately reduce the economic 

availability of this technic.  

2.2.3.1  Microemulsion for enhanced oil recovery 

Compared to surfactant flooding, microemulsions have been used as potential 

candidates for chemical EOR, because of its higher ability to generate ultra-low IFT 

[161] and higher viscosity than general surfactant solutions [16]. As a consequence, the 

additional recovery in the case of microemulsion flooding is higher than surfactant 

flooding [16]. A successful microemulsion flood pilot test has been completed by Exxon 

in a watered-out portion of the Weiler sand, Loudon Field, Fayette County, Illinois, 

USA [161]. In 1963 Marathon Oil Company also used microemulsion flooding, known 

as the Maraflood process, to displace petroleum from reservoir rocks for the first time 

[9]. Afterwards numerous studies have been under taken to assess the properties of 

microemulsions, especially viscosity, surface tension and resistivity in EOR [16]. 

However,  the oil-in-water emulsion stabilized by traditional surfactant, or polymer, 

can be degraded or deformed gradually in the oil reservoir by the surrounding high 

temperature and high salinity [129, 162], and the mobility control by this surfactant-

stabilized emulsion is usually not sufficient to some extent [129].  

2.2.3.2  Phase behaviour of microemulsion 

Phase behavior screening helps robust evaluation of favorable microemulsion 

formulations. Winsor [163] first described the phase behavior of microemulsions, which 

include four general types of phase equilibria: 
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 Winsor I: the surfactant is preferentially soluble in water and oil-in-water (o/w) 

microemulsions form. The surfactant-rich water phase coexists with the oil phase 

where surfactant is only present as monomers at small concentration. 

 Winsor II: the surfactant is mainly in the oil phase and water-in-oil (w/o) 

microemulsions form. The surfactant-rich oil phase coexists with the surfactant-poor 

aqueous phase (Winsor II). 

 Winsor III: a three-phase system where a surfactant-rich middle-phase 

(microemulsion) coexists with both excess water and oil surfactant-poor phases. It 

contains almost all of the surfactants in the system. Therefore, it has ultra-low 

interfacial tension. Middle-phase microemulsion is also called type III, or Winsor 

type III. This microemulsion is crucial in enhanced oil recovery. Therefore, the 

favourite composition of a microemulsion for enhanced oil recovery is Winsor type 

III [16]. 

 Type IV: a single-phase (isotropic) micellar solution, that forms upon addition of a 

sufficient quantity of amphiphile (surfactant plus alcohol). 

Depending on surfactant type and sample environment, types I, II, III or IV form 

preferentially, the dominant type being related to the molecular arrangement at the 

interface. As illustrated in Figure 2-2, phase transitions are brought about by increasing 

either electrolyte concentration (in the case of ionic surfactants) or temperature (for non-

ionics). Table 2-2 summarizes the qualitative changes in phase behaviour of anionic 

surfactants when formulation variables are modified [22]. 
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Figure 2-2. Winsor classification and phase sequence of microemulsions encountered 

as temperature or salinity is scanned for non-ionic and ionic surfactant respectively. 

Most of the surfactant resides in the shaded area. In the three-phase system the middle-

phase microemulsion (M) is in equilibrium with both excess oil (O) and water (W). 

 

Table 2-2. Qualitative effect of several variables on the observed phase behaviour of 

anionic surfactants. Taken from Ref. [164]. 

Scanned variables (increase) Ternary diagram transition 

Salinity I ⌫III ⌫II 

Oil: Alkane carbon number II ⌫III ⌫I 

Alcohol: low molecular weight I ⌫III ⌫II 

Alcohol: high molecular weight I ⌫III ⌫II 

Surfactant: lipophilic chain length I ⌫III ⌫II 

Temperature II ⌫III ⌫I 

2.2.3.3  Nanoparticle-assisted microemulsion for flooding 

Nanoparticles are very active and energetic materials with a high tendency to form 

nanotextured surfaces in combination with surfactants, resulting in a significant change 

in the interfacial properties of the system . Nanoparticles can also be used to stabilize 

emulsion and beyond that NPs-stabilized or co-stabilized emulsion has several 

advantages over sole surfactant(s)-stabilized emulsion.  
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Firstly, nanoparticles can stabilize microemulsion at a low concentration. Zhang et 

al. [165] found that stable toluene-in-water emulsions can be formed both at 24 °C and 

55 °C, with nanoparticle silica concentration only higher than 0.2 wt%. Pei et al. [129] 

presented that emulsion stabilized by 0.1 wt% CTAB and various concentration of silica 

NPs (NP20) ranging from 0.01 wt% to 0.50 wt% remain stable over the tested period 

of 60 days, and even the smallest concentration of 0.01 wt% gave the best equilibrium 

stability.  

Secondly, microemulsions stabilized by nanoparticles have better temperature 

tolerance, higher viscoelastic properties and enhanced surface viscoelasticity. Sun et al. 

[166] found that the half-life time of SiO2/SDS foam was increased significantly 

compared to SDS foam. The long-standing shape of SiO2/SDS foam revealed the 

increased viscoelasticity due to the adsorption of SiO2 at the interface preventing the 

foam interfacial layer from deforming. Zhang et al.[167] also presented that NPs can 

induce highly stable emulsion by being irreversibly attached at the o/w interface and 

forming a nanoparticle monolayer. Their experiments show that extremely stable 

toluene/water and water/toluene emulsions, as well as stable CO2-in-water[167], can be 

made when silica NPs’ concentration is 0.5 wt% or higher. Zaid et al. [168] found that 

the emulsion which is created by adsorption of surfactant coated NPs at the O/W 

interface had a higher viscosity than its original components, thus adding another 

mechanism to oil recovery by controlling the W/O mobility ratio.  

Thirdly, addition of nanoparticle can facilitate the mobility control for heavy oil 

recovery. Through phase behaviour and rheology tests, Pei at al. [129] found that adding 

nanoparticles in the system of surfactant-stabilized emulsion can not only improve the 

emulsion stability, but also the bulk viscosity. The coreflooding experiments further 

confirmed that, co-stabilized by NPs and surfactants, emulsion showed a remarkably 

higher oil recovery efficiency than that without nanoparticles, because NPs thicken the 
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mobility of emulsion thus improve the sweep efficiency which is observed in the 

microchannel. Esmaeilzadeh et al. [169] found that adding negatively charged ZrO2 NPs 

considerably increased the surface activities for all of the investigated surfactant: SDS, 

CTAB and LA7 and decrease the IFT, which is beneficial for mobilizing oil at the 

microscale.  

Last, but not the least, nanoparticles can improve the economic viability by reducing 

surfactant usage and retention in reservoir rocks [19, 170, 171]. According to Zaid et 

al. [168], introducing particles led to in-situ emulsification even when the surfactant 

concentration was lower than the CMC. which led to the conclusion that reducing IFT 

is not necessary for higher oil recovery efficiency. Yang et al. [172] explained that an 

increase of surface tension or IFT between surfactant coated nanoparticles and air/oil 

phase may be caused by the decrease in the free surfacnt molecules present in the 

solution due to the surfactant adsorption on the surface of the nanoparticles.  

2.2.4 NP-assisted polymer flooding 

The most utilized polymers today are synthetic and partially hydrolysed 

polyacrylamide (HPAM), the modified natural polymers and the biological 

polysaccharide, xanthan [173, 174]. HPAM has attracted a great deal of attention in the 

petroleum industry over the last a few decades, ranging from the treatment of waste 

water produced from oil extraction [175], low-grade oil sand ore processing [176] to 

EOR [177, 178].  

To alleviate the problems mentioned above in Section 1.5.4, a few strategies have 

been applied to improve the performance of HPAM during flooding, which can be 

categorised as: mobility control, copolymerization, and forming organic /inorganic 

nanocomposites. For example, research [179, 180] showed that by forming polymers 

with low-enough mobility, the freshwater polymer bank could displace the oil and brine 
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ahead of it with the minimum mixing in high salinity reservoirs. Various functional 

groups such as the sulfoacid group, annular material, and hydrophobic monomers have 

been introduced into PAM for copolymerization [181, 182]. The copolymerized 

acrylamide with a monomer group 2-acrylamide-2-methylpropane sulphonic acid 

(AMPS) showed similar properties to that for HPAM [98]. 

However, as reviewed in Section1.5, polymer flooding is usually hindered by 

material retention and thermal and salt degradation in oil reservoir, and the cost to 

develop and test novel polymers is usually high. Adding properly-selected inorganic 

nanoparticles into polymer solutions can reinforce the intermolecular hydrophobic 

associations by forming polymer/inorganic nanocomposite hydrogels, and improve the 

rheological behaviour of polymer solutions. It is expected that the hybridization of 

appropriate nanoparticles with a polymer could improve its bulk mechanical, and the 

thermal properties by strengthening the network structure of polymers. To date, main 

inorganic constituents that have drawn attention including clay minerals [183-185], 

layered double hydroxides (LDHs) [186-188], CNTs [189] and graphene oxide (GO) 

[190, 191] and metal oxide nanoparticles [192], etc.  

Parizad et al. [193] added SnO2 NPs into xanthan gum in order to improve the water-

based drilling fluids’ performance. It was found that electrical conductivity and thermal 

conductivity were increased by 30% and 15%, respectively. Research by Kennedy et al. 

[194] showed that adding 10% NPs in xanthan gum gave rise to enhanced viscosity and 

viscoelastic moduli. Moreover, ramping temperature from 25 °C to 85 °C, the complex 

modulus for solution of Xanthan gum containing 10% SiO2 was relatively constant, 

indicating that nanoparticles counteracted the effect of temperature on the material 

properties.  

The dispersion of SiO2 nanoparticles into a HPAM to form HPAM/silica 

nanocomposite hydrogel has been recently investigated. Bhardwaj et al. [192] reported 
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that synthesised PAM-SiO2 nanocomposites showed improved thermo-resistance and 

high thermal stability behaviours. Maghzi et al. [195] showed that the viscosity of PAM 

was increased by introducing SiO2 nanoparticles and the oil recovery efficiency was 

also 10% higher during a polymer flooding process. 

It shall be noted that most of these studies were either focused on the temperature 

effect or the salinity effect, and experiments were performed in a limited range with 

insufficient understanding of NPs loading on the variation of NPs/polymer hybrids, and 

how the polymer entanglement structure is changed with adding nanoparticles. The long 

term behaviour of the formed nanocomposites (i.e., up to a few weeks) under reservoir-

like conditions is also little understood. 

2.2.5 NPs for reservoir characterization 

2.2.5.1  The limitation of traditional reservoir probing methods 

One overriding problem for successful water flooding or tertiary exploration is 

related to the probing and mapping subsurface reservoirs that cannot be seen. However, 

in practice there are many assumptions, involving a bench of parameters like reservoir 

geometry, fluid properties, reservoir depth, lithology and rock properties, hydrocarbon 

saturation, etc., made by reservoir engineer in the modelling of a large volume of 

formation [251]. Taking the carbonate reservoirs, which contain 50-60% of the world’s 

oil and gas reserves [252], as an example, many low-matrix-porosity carbonate 

reservoirs are productive because permeability is controlled by fractures and faults. 

Understanding basic fracture properties is critical in reducing geological risk and 

therefore reducing well costs and increasing oil recovery.  

Lowering probes into boreholes is one of the traditional ways to acquire information 

from the oil reservoir, but the information is insufficient by being sourced from a single 

6-inch hole [253]. Images obtained through seismography, on the other hand, is another 
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way to map the reservoir. However, it gives too broad a view due to their imaging 

quality and resolution inadequacies [251, 254]. For example, in carbonate rock 

formation, fractures having apertures that are measured in millimetres, or geobodies 

only centimetres across, allow fluids moving at several Darcies, and by-pass matrixed 

oil. These kind of dimensions cannot be detected by seismic devices and data from 

logging is handicapped by insufficient resulting data. Subsequently, the fault lines 

drawn on reservoir structure maps cannot depict an actual permeability pathway. 

Furthermore, a solid understanding of the regional stress-strain regimes is needed in 

order to filter out fracture swarms which may not be contributing to premature fluid 

breakthroughs. Even combing these two ways together, does not enable for the mapping 

of these high-permeable fractures or geobodies. 

Techniques using natural tracers and isotopes, as well as various artificial tracers, are 

now contributing to obtain the flow pattern, velocity field and well continuity, and the 

data can also be used to upgrade a reservoir model. For example, the combination of 

partitioning tracer and conservative tracer was used to estimate non-aqueous-phase 

liquid (NAPL) in porous media [255, 256]. Adding well-specific DNA-based tracer to 

the hydraulic fracturing fluid, enable determination whether connectivity exists between 

drilling sites and ground or drinking water, thus reducing the issue of uncertainty in 

liability and improving information on well maintenance [257]. 

However, current tracers suffer from some limitations. The dye and radioactive 

chemical tracers can be helpful locally, but generally do not reveal the actual pathway 

that is taken by the host fluid from the entry well to the detection well [50]. DNA tracers 

is the lack of stability in environments with low pH or abundant microbiotic activity 

[257]. Molecular tracers, due to their small size, tend to diffuse into the small pores of 

a matrix (as compared with larger tracers), and thus take longer periods of time to travel 
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between the injection well and the production well. Additionally, adsorption of the 

molecular tracers can also be a factor, requiring the injection of much larger quantities. 

2.2.5.2  Concept of nanosensor for reservoir characterization 

Recently, injection of NPs has been proposed as a potential means to improve both 

reservoir characterization and understanding of oil displacement mechanism [39, 41, 

50, 258, 259], as shown in Figure 2-3. Similar to DNA-tracers, the intrinsic information-

coding capacity (particle type, shape, coating, etc.) allows discrimination between two 

or more particle tracers coming from different sources or released at different times. 

Particle with good mobility can also be used as carrier to transport cargo which can be  

 

 

Figure 2-3. Schematic diagram of subsurface oil detection by nanoreporters. 

Nanoreporters transport probe molecules through downhole rocks followed by 

selectively releasing them when the rock contains oil. The interrogation of the 

nanoreporter at the production well will give quantitative information of the oil content 

based upon the amount of the probe molecule remaining on the nanoreporter. Picture 

taken from [122]. 

changed by subsurface environment, or released to the NAPL. The capabilities of 

nanoparticles might also become limitless if compositing special functionalization, 
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responsive to reservoir temperature [260-265], pressure [263], chemical (e.g. H2S [51], 

oil [50], water, gas and mineral type), selective to rock porosity and permeability [266], 

and responsive to ultrasound or ultra-violet [229, 230] and magnetic field [267, 268]. It 

can be expected that the use of certain nano-based agents may soon lead to the 

development and deployment of sensing and intervention devices that can help delineate 

the water-flood front, identify bypassed oil, and map super permeability zones in-situ 

in the underground. 

2.2.5.3  The challenge for successful nanosensors 

However, due to the often encountered hostile and extreme reservoir conditions, the 

first challenge should be addressed is how to synthesis proper nanoparticles that are 

able to withstand high temperature, high pressure and salinity, which are encountered 

commonly in oil reservoir. Secondly, the transport behaviour of these novel particles 

should be investigated sufficiently. Nanoparticles are expected to have significantly 

different transport behaviour in porous media compared with organic molecular because 

of their more rigid structure [196]. 

One of the current attempts to address these challenges described above is by 

injecting carbon nanoparticles through wellbores into one of the phases in the reservoir. 

For example, Berlin et al. [197] selected oxidized carbon black (OCB) as core and 

sequestered a polyvinyl alcohol (PVA) shell. This carbon based nanoparticle, PVA-

OCB, displayed good stability and transport ability in the field rocks and selective 

release of hydrophobic compounds when contacting with hydrocarbon, but it suffered 

from stability problem at higher temperature (70 °C) and in positively charged dolomite 

rocks. To address these problems, Hwang et al.[122] chose PVA with appropriate 

molecular weight to keep the PVA-OCB NPs stable in high temperature, and also 

switched the NPs core from OCB to a carboxyl group-functionalized carbon black 
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(fCB) to improve its migration behaviour in various porous media. Other alternative 

carbon materials have been evaluated to transport in subsurface environment include 

graphene oxide nanoparticles [156, 198, 199], water-dispersed aggregation of fullerene 

(C60) [196, 200], carbon nanotubes [201-203], to name but a few. But a vital problem 

associated with these materials is that it is difficult to detect the particle at low 

concentration, and none of those applications are targeted for reservoir-like 

environments, which is quite different to the normal subsurface. 

With only a few studies that can be found, using luminescent particles for reservoir 

characterization is rarely reported, nor their migration behaviour in porous media. Wang 

et al. [204] investigated the retention behaviour of CdSe quantum dots coated with 

polyacrylic acid-octylamine (PAA-OA). Kini et al. [205] demonstrated the stability and 

transport properties of CdSe QDs at high ionic strength and elevated temperature in 

Berea sandstone core, which is targeting for the application of oil exploration. It should 

be paid special attention that these sort of QDs are usually high-toxic and contaminate 

for the environment. Moreover, it is hard to separate these from the crude oil.  

2.3  Nano-enhanced oil recovery mechanisms 

Multiple possible mechanisms have been proposed to explain the effect of 

nanoparticles on EOR, including: (i) viscosity increase for mobility control [89], (ii) 

substrate wettability change [117, 118, 121, 127], (iii) the effect of structural disjoining 

pressure [127, 206, 207], (iv) the reduction of the displacing fluid/oil IFT [117, 118, 

208, 209], and (v) the so-called log-jamming effect [111, 210]. However none of them 

have been found to provide sufficient explanation for all of the observed EOR 

enhancements. For instance, for the structural disjoining pressure to be effective, a very 

high nanoparticle concentration is required (>30% by volume [211]). Consequently, it 
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is difficult to invoke this mechanism to explain the results of most published work 

because these have utilized very small particle concentrations (i.e., in the ppm range). 

2.3.1 Wettability alteration 

Wettability is the term used to describe the relative adhesion of two fluids to a solid 

surface. Giraldo et al. [212] showed that wettability plays an important role in oil 

recovery processes and reservoir productivity. It is a major factor controlling capillary 

pressure, the flow and spatial distribution of fluids (relative permeability and saturation) 

in porous media. Currently, there are three main experimental methods that are 

commonly used by researchers for wettability measurement: the contact angle method, 

the Amott test and the core displacement test. Among them, the contact angle method 

is the most universal used approach to determine wettability (Figure 2-4).  

 

Figure 2-4. Measurement of contact angles for water-oil systems; (a-c) show 

measurements using a drop of water surrounded by oil, wettability changing from water 

wet to oil wet, and (d-f) show drops of oil surrounded by water, wettability changing 

from water wet to oil wet. 

2.3.1.1 Towards water wetting or oil wetting? 

The nanoparticles depsition on the surface of reservoir rock could change its 

wettability. However, controverse exists among literature regarding whether the 
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wettability alteration towards water wet or oil wet is beneficial for EOR. Karimi et al. 

[121] proved that ZrO2 nanoparticles suspension can change carbonate system from oil-

wetting to water-wetting by formation of composite surfaces, as a result of nanoparticles 

being adsorbed onto the solid surfaces. Theoretical models presented that the wettability 

was being tuned by altering area fractions of the nanostructure, partition coefficient of 

the materials forming nanostructures, and surface roughness. It should be noted that the 

wettability may be changed by adsorption of surfactant which is not considered in the 

theoretic analysis. Ehtesabi et al. [127] studied the contact angle of porous media 

component before and after core flooding. They found TiO2 deposition reduces the 

contact angle of water droplet from 125 ± 3° to 90± 3°, which is regarded as the main 

reason for enhanced oil recovery. Bayat et al. [112] applied Al2O3, TiO2, SiO2 as the 

agent for enhanced oil recovery in inter-mediate limestone at various temperature. They 

concluded that the intermediate-wet limestone sample was changed to water-wet 

through NPs adsorption, and as a result, the reduction of capillary force is the dominant 

factor for EOR. Similar results of tuning the substrate wettability towards more water-

wetting for recovering more oil is observed by Ref. [137] 

However, the wettabillity alteration towards water wet is not always beneficial for 

oil recovery. Onye et al. [213] concluded that neutral and hydrophobic nanoparticles 

are good for EOR in water-wet rock, because in this kind of rock hydrophilic particle 

yeild poor recovery fators by switching already water wet rocks to strongly water wet. 

Sometimes, even the wettability changing towards oil wet is helpful to mobilized more 

oil. Roustaei et al. [117] used the partially hydrophobic fumed silica (AEROSIL R 816) 

in water-wet sandstone for flooding experiments, resulting in oil recovery increased by 

25.43% and 14.55% for two samples injection. The mechanism was attributed to 

significant reduction of IFT and rock wettability changing from water wet toward oil-
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wet in a light oil reservoir. However, in this research, they did not clarify the 

contribution between these two mechanisms. 

2.3.1.2 The reason of wettability change triggered by NPs 

Some researchers try to analyse the reasons why the NPs can result in wettability 

alteration of rock surfaces by examining the microscopic morphology change after 

deposition with the nanoparticles. For example, Karimi et al. [121] and Al-Anssari et 

al. [214] proved that NPs adsorbed on calcite forming nano textured surfaces, and thus 

change the surface free energy, as shown in Figure 2-5 and Figure 2-6.  

 

Figure 2-5. SEM images of an oil-wet carbonate rock aged in (A) Tween 80 + Span 85 

+ glycerin + LA2 and 0% ZrO2 NPs, (B) Tween 80 + Span 85 + glycerin + LA2 + 0.05 

g/ml  ZrO2 nanoparticle, and (C) Tween 80 + Span 85 + glycerin + LA2 + 0.1 g/ml  

ZrO2 nanoparticle. Figure is taken from [121]. 
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Figure 2-6. Atomic force microscopy images of a calcite surface used in the experiments 

before (upper image) and after (lower image) nano-modification. The RMS surface 

roughness before nano-modification was 32 nm, which is very smooth. After nanofluid 

treatment (0.5 wt% SiO2 in 10 wt% NaCl brine for 4 h) the RMS surface roughness 

increased to 1300 nm. Different colours refer to variations in height (black: 0 nm, white: 

peak height = 640 nm [upper image], 1300 nm [lower image]) [214]. 

2.3.2 Structural Disjoining pressure 

The structural disjoining pressure (SDP) effect was proposed by Wasan & Nikolov 

[206]. The SDP is different from the conventional disjoining pressure, which is a result 

of the London-Van der Waals force that has a short range. It has been demonstrated that 

the structural disjoining force is generated from the ordering of nanoparticles in a 

confined wedge (structuring) and the influence can extend to a film depth of a few 

nanoparticle diameters (long range) [206]. The origin of the structural disjoining 

pressure is due to the confinement of the particles in the film region as opposed to their 
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greater freedom of location in the bulk liquid. The layering arrangement of the particles 

gives rise to an excess pressure in the film, the structural disjoining pressure, which has 

an oscillatory decay profile with the film thickness (Figure 2-7). A result of such a 

structure force is that nanofluids could exhibit a good spreading capability in confined 

spaces. Such forces have been observed (i) to be able to change the macroscopic contact 

angle of a liquid droplet [215-217], (ii) to stabilize liquid films [218], and (iii) to lift an 

oil droplet from a wall in an aqueous solution [207, 219-223]. 

 

Figure 2-7. Nanoparticle structuring in the wedge-film resulting in structural disjoining 

pressure gradient/film tension gradient at the wedge vertex. Figure is taken from [219]. 

2.3.3 Interfacial tension reduction 

IFT is one of the main parameters used to determine fluids’ distribution and 

movement in porous media. As the EOR theory reviewed in Section 1.4, lowering the 

w/o IFT and consequently reducing the capillary fore is necessary to mobilized the large 

volume of residual oil trapped in pore space after water flooding. Nanoparticles have 

been considered as a potential agent to reduce IFT, which is one of the main mechanisms 

for Nano-enhanced oil recovery (NanoEOR). 
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Hendraningrat et al. [135, 209, 224] measured the IFT between synthetic oil and 

nanofluids by the pendant drop method. The results showed that adding NPs into brine 

reduced the IFT from 14.7 mN/m to 9.3 mN/m. In addition, increasing nanofluid 

concentration from 0.01 wt% to 0.05 wt% decreased the IFT from 9.3 mN/m to 5.2 

mN/m. Therefore, IFT is sensitive to nanofluid concentration, and decreases as 

nanofluid concentration increases. Li et al. [118] and Parvazdavani et al. [120] also 

carried out similar experiments to study the effect of SiO2 NPs on IFT, and they believed 

that SiO2 NPs have more impact on IFT reduction than wettability alteration.  

However, some research shows that the presence of nanoparticles is mainly for 

alterating surface activity or facilidating the formation of the emulsification process, 

reducing IFT is not the main contribution for EOR. For example, in the research from 

Esmaeilzadeh et al. [169], as increasing the concentration of ZrO2 NPs coated by CTAB 

or LA7, the IFT of n-heptane /water and air/water systems did not change obviously 

under various surfactant concentrations. However, ZrO2 NPs can alter the surface 

activity of SDS molecules at both n-heptane /water and air/water interfaces.  It means 

in some cases surfactant-coated NPs can influence the IFT, but depending on the 

surfactant type. 

Zaid et al. [168] found that the size of ZnO naoparticle affected the potential of oil 

recovery via inducing an emulsification process in-situ, because a cloudy solution was 

observed during the tests, which indicated the occurance of an emulsification procees. 

The larger particles gave a higher increase of oil recovery, and Al2O3-SG-1100 

nanofluid could mobilize more oil even through it has smaller particles than ZnO-RM 

nanofluid. They also concluded that ultra-low IFT is not necessary to create spontaneous 

emulsification in a dielectric nanofluid flooding. Bai et al. [225] also acquired a same 

conclusion with Zaid et al., that emulsification plays a more important role for enhanced 
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oil recovery compared with IFT, although a relatively low IFT is required for the 

occurrence of emulsification. 

2.3.4 Mobility control 

The mobility ratio is generally defined as the mobility of the displacing phase divided 

by the mobility of the displaced phase, which can be expressed by  

𝑀 =
𝑘𝑟𝑤

𝜇𝑤
/

𝑘𝑟𝑜

𝜇𝑜
= (

𝑘𝑟𝑤

𝑘𝑟𝑜
)(

𝜇𝑤

𝜇𝑜
) 

Where kr usually refers to relative permeability, µ refers to viscosity, the subscript 

‘w’ represents displacing phase (usually water), the subscript ‘o’ is for displaced phase 

(usually oil). The ratio shows the capability of the injecting fluid to that of the oil phase, 

and the effect is dependent on the relative permeability and the viscosity ratio. Good 

mobility control is obtained when the viscosity of the injected fluid is higher than the 

viscosity of the oil in the reservoir and can lead to a piston-like displacement of the oil 

from the injection well to the production well.  

A method for achieving high viscosities of the injected phases and good mobility 

control is through generation of foams and emulsions, which can form in the presence 

of surfactants or nanoparticles. Unlike surfactants, nanoparticles have the advantage 

that they can irreversibly adsorb to a liquid-liquid or gas-liquid interface, forming very 

stable foams and emulsions. However, bare nanoparticles may be too hydrophobic or 

hydrophilic for stabilizing an interface. NPs should be tailored by coating with 

surfactant or polymer for a specific interface and application [226]. 

Another method is for waterflood mobility control by using nanoparticles, where a 

low-viscosity nanomaterial is co-injected with the waterflood and will travel through 

the highest permeability regions (Figure 2-8). Activated by designed triggers, the 

payload system will burst to release expandable polymers and crosslinkers to create a 
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plug, diverting water to less-permeable areas of the reservoir resulting in increased 

sweep efficiency in waterflood applications. 

 
Figure 2-8. Early payload delivery concept with nano-enhanced water-flow blocker to 

mitigate undesirable water flow through high-permeability zones. 

2.3.5 Pore Channels Plugging 

Pore channel plugging can be caused by two mechanisms: mechanical entrapment 

and log-jamming [111]. Mechanical entrapment occurs because the diameter of injected 

components is larger than pore channels that they flow through, while the log-jamming 

is plugging of pore channels that are larger than each NP.  

When a nanofluid flows from pores to throats, the narrowing of flow area and the 

differential pressure will lead to a velocity increase of the nanofluid. The small H2O 

molecules will flow faster than the NPs causing accumulation of NPs at the entrance of 

the pore throats (Figure 2-9). NPs accumulation and blockage of small pore throats due 

to log-jamming leads to the pressure building up in the adjacent pore throat, forcing out 

the oil trapped. Once the oil is freed, the surrounding pressure drops and the plugging 

gradually disappears and the NPs start to flow with the water.[111, 210] Hendraningrat 

et al [227] observed the log-jamming effect during single-phase flooding water-wet 

Berea sandstone, through differential pressure and microscopic visualization. 
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Figure 2-9. Schematic of pore channel plugging caused by log-jamming [111]. 

2.3.6 Other mechanisms 

The mechanism for NanoEOR depends on the flooding methods including bare NPs 

flooding, NPs coated with surfactant/polymer, NPs as cross linker to strengthen the 

polymer networking, NPs-stabilized emulsion and foams, etc., also change with oil type, 

reservoir rock, salinity of displacing fluids. There are some other mechanisms including 

preventing asphaltene precipitation [228-230], nanocatalysts [231], and the appearance 

of climbing films [140]. 

2.4  Difficulties for Nano-enhanced oil recovery 

2.4.1 Nanoparticle stability in harsh environment 

The nanoparticles are most commonly dispersed in the base fluid with little or no 

ionic strength, under room temperature and pressure. Unfortunately, the conditions in 

oil reservoir is quite different with those in the laboratory. The subsurface reservoir 

usually has high salinities (ionic Strength 3.77 M in API brine) and elevated 

temperatures (up to 150 °C), which presents technical challenges, such as aggregation 

as well as excessive nanoparticle adsorption on mineral surfaces, due to the compression 
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of electrical double layer and stronger Brownian motion [232-234]. Therefore, 

fabrication of suitable nanoparticles that can be stable in reservoir-like environments is 

essential for successfully application.  

Another concern is that the stability of nanoparticles will affect the properties of 

injection fluids, like viscosity, IFT with oil phase, density, etc., which is essential for 

successful EOR. Learning from the experience of nanofluids [235-239], the displacing 

fluid property modification will be significantly affected by the choice of nanoparticle 

material, particle concentration, morphology and stability in saline water. However, in 

all references involved in Section 2.2.1, the stability of NPs in synthetic brine with high 

ionic strength was not paid enough attention and little information regarding NPs 

stability can be found.  

The literature review below will reach to the latest research on nanoparticle stability 

affected by electrolyte, surfactant and temperature, which are the main influencing 

factors encountered in oil reservoirs. 

2.4.1.1 Effect of electrolyte types and strength 

Metin et al. [240] studied the stability of silica dispersion without surfactant, 

specifically focusing on how the critical salt concentration (CSC) for different salts, 

namely NaCl, CaCl2, BaCl2 and MeCl2, affects the stability of a silica dispersion. 

Divalent cations Mg2+, Ca2+ and Ba2+ are more effective in destabilizing silica 

nanoparticle dispersion than the monovalent cation Na+. The CSC for Na+, which is 

1.5% just after fabrication, is about 100 times more than for Mg2+, Ca2+ and Ba2+. 

Moreover, Mg2+ is the most effective in destabilizing the silica particles. The CSC is 

independent of silica concentration, and can be lowered at high temperature. 

According to Agarwal et al. [241], kerosene as a non-polar fluid is less responsive to 

charged particles and thus electrostatic stabilization was not found to be effective in 
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kerosene based nanofluids. On the other hand, steric stabilization, works well in a non-

polar medium like kerosene, where the surfactant chains keep nanoparticles apart, 

effectively due to higher osmotic pressure build-up between the hydrocarbon chains of 

surfactant. 

Ehtesabi et al. [127] applied anatase and amorphous TiO2 nanoparticles in sandstone 

for enhanced oil recovery. They checked the nanoparticle stability in 10,000 ppm NaCl 

after 24 h and 48 h, and concluded that nanofluid can be stabilized at least 24 h, which 

is enough for the EOR application.  

Results from French et al. [242] show that 4-5 nm titanium dioxide particles readily 

form stable aggregates with an average diameter of 50-60 nm at pH ∼4.5 in a NaCl 

suspension adjusted to an ionic strength of 0.0045 M, further lead to the formation of 

micron-sized aggregates within 15 min by increasing the ionic strength to 0.0165 M. At 

all other pH values tested (5.8-8.2), micron-sized aggregates form in less than 5 min, 

even at low ionic strength (0.0084-0.0099 M with NaCl). It is also observed that the 

aggregation is more easily to be introduced in the presence of divalent cations such as 

Ca2+. 

Solovitch et al. [243] acquired similar results in terms of ionic strength, namely, at 

low electrolyte concentration (10-2 M), the size of NP reached around 500 nm in 20 min. 

In addition, the aggregation rate measured at pH 5 was always higher than that obtained 

at pH 8 and maximum in both cases at 1 M. 

Bouhaik et al. [244] focused on the modelling of stability of TiO2 nanoparticles based 

on Derjaguin-Landau-Verwey-Overbeek (DLVO) theory with only three adjustable 

parameters (the minimum separation distance between NPs, the Hamaker constant, and 

the effective interaction radius of the particle). Their model predicted very well the 

stability ratios of TiO2 NPs measured at different pH values and over a broad range of 

ionic strengths (KCl aqueous solution). 
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2.4.1.2 Stabilization by surfactant/polymer 

Extensive research have been under taken by using an NP stabilizer to overcome 

particle aggregation in reservoir-like environment with high temperature and high 

pressure, but with limited success [245]. The NP stabilizer, like surfactant and polymer, 

can physically introduce a steric repulsion force, which fill the vacancy of electrostatic 

repulsion between particles because of the charge screening at high ionic strength. 

However, surfactant is not always a good NP stabilizer at high ionic strength and high 

temperature. At high temperature, the bonding between nanoparticles and surfactant can 

be damaged [246, 247]. On the contrary, polymeric stabilizers have the potential to 

prevent NP flocculation if the pure polymer does not undergo phase separation, and can 

provide sufficient steric and electrosteric stabilization. 

According to a review paper from Ghadimi et al. [247], popular surfactants that have 

been used to stabilize nanoparticle can be listed as sodium dodecyl sulphate (SDS), 

sodium dodecylbenzenesulfonate  (SDBS), salt and oleic acid, 

cetyltrimethylammoniumbromide (CTAB), dodecyl trimethylammonium bromide 

(DTAB) and sodium octanoate (SOCT), hexadecyltrimethylammoniumbromide 

(HCTAB), polyvinylpyrrolidone (PVP) and gum arabic. Choosing the right surfactant 

is important to stabilize nanoparticles.  

Hwang et al. [248, 249] added SDS in fullerene and multi-wall carbon nanotube 

(MWCNT) nanofluids, which improved the stability of nanoparticles in aqueous 

suspensions. The result could be explained that the hydrophobic surfaces of MWCNTs 

and fullerene are modified hydrophilically and that the repulsion forces between the 

suspended particles increase due to an increase of zeta potential. Jiang et al. [250] 

formulated stable homogeneous dispersions of carbon nanotubes (CNTs) using SDS as 

the dispersant. The study showed that after 150 h, no precipitation is found for 

https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwjImdXW97bVAhXEtBoKHdCjDw8QFgg3MAI&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FSodium_dodecylbenzenesulfonate&usg=AFQjCNGCwWLaKuOpZlMaHfdtZv_Ip41kdA
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CNT/SDS dispersions, exhibiting an extreme stability. But this experiment was done 

under the room temperature. 

A polymer coating that imparts the steric repulsion (main), electrostatic or electro-

steric (minor) stability is another important way to ensure nanoparticle remain 

unaggregated. Weak polyelectrolytes, such as poly(acrylic acid), poly(vinylpyridine) 

and poly- (styrenesulfonate) provide moderate stability, but can be susceptible to 

changes in ionic strength, and elevated temperatures [154, 251-254]. High ionic 

strengths lead to charge screening, whereas elevated temperatures disrupt favourable 

hydrogen bonding; both leading to reduced polymeric hydration, and eventually 

nanoparticle flocculation. Especially, divalent ions are known to be problematic, 

because they sharply reduce polymeric hydration via specific ion complexation [255]. 

The most promising approaches to date have relied on strongly anionic 

polysulfonates that are known to remain moderately hydrated at high ionic strengths. 

Highly acidic sulfonated polymers exhibit low Ca2+ binding affinities and remain 

soluble even at high temperatures, especially those containing high levels of polystyrene 

sulfonate (PSS) or 2- acrylamido-2-methylpropanesulfonate (PAMPS) (25-27 in [245]). 

Bagaria et al. [245] reported an amine functionalized iron oxide core (for reservoir 

imaging) modified by the covalent attachment of an anionic polymer of 2-acrylamido-

2-methylpropanesulfonate (AMPS) via multiple acrylic acid sites. In a different 

approach, Hwang et al. [122] reported a carbon black nanoreporter to which a light 

sulfonated poly(vinyl alcohol) was covalently conjugated via ester linkages. This 

particle can survive in API brine at 100 °C. Following that research, they grafted 

PVA(2k) with 2000 g/mol molecular weight onto the carboxyl-functionalized carbon 

black (CB) core by condensation of the hydroxyl groups of the PVA with the carboxyl 

groups through a N,N′-dicyclohexylcarbodiimide (DCC) coupling reaction [123]. 
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Bagaria et al. [104] report a rare example of steric stabilization of iron oxide 

nanoparticles grafted with poly(2-acrylamido-2-methylpropanesulfonate-co-acrylic 

acid) (poly- (AMPS-co-AA)) that not only display colloidal stability in standard API 

brine (8% NaCl + 2% CaCl2 by weight) at 90 °C for 1 month but also resist undesirable 

adsorption on silica surfaces (0.4% monolayer NPs).  

 

Table 2-3: Summary of nanofluid fabrication and stability 

Investigator NPs Base fluid Surfactant & pH Fabrication 

method 

Characterization 

method 

Stability  

Hwang et al. 
[256] 

Carbon black (CB),  
40 nm, initial 0.5 

wt%,  

Deionized 
water (DW) 

SDS, 1 wt%.  SEM, 
Electrophoretic 

light scattering 

(ELS) 

 

Hwang et al.  

[256] 

 

Ag, 35 nm, initial 

0.5 wt%,  

silicon oil 

(DC-704, Dow 

Corning Inc.) 

Oleic acid, 1 wt%.  SEM, 

Electrophoretic 

light scattering 
(ELS) 

 

 

Au, 1.65 nm 

Spherical 

 

toluene N/A Directly by 

chemical reaction 

method 

thermal 

conductivity 

and thermal 
diffusivity did 

not change over 

48 h for the 
nanofluids at 

lower volume 

fractions. (not 
sure it is for all 

of the four 

samples or just 
for CNF) 

(Zhang et al. 

[257]) 

TREIBER et al. 

[258] 

Wang et al. 

[259] 

Al2O3, 20 nm 

Spherical 

 

DW N/A Sonic  thermal 

conductivity 

and thermal 

diffusivity did 

not change over 

a period of 48 h 
for the 

nanofluids at 

lower volume 
fractions. (not 

sure it is for all 

of the four 
samples or just 

for CNF) 
 

TiO2,  40 nm 

Spherical 

 

DW N/A Sonic  

CuO, 33 nm 
spherical 

DW N Sonic  

CNF 

average length 10 
μm and diameter 

150 nm 

DW SDS 1.5 mass% Sonic  

Cu, average 25 nm, 
spherical or near 

spherical,  0.05 wt%  

DW SDBS stirred thoroughly 
and ultrasonicated 

for at last 15min 

 

Zhu et al. [260] Al2O3, 100 m2/g, 

15–50 nm, 3965 
Kg/m3  

DW SDBS stirred thoroughly 

and ultrasonicated 
for at last 15min 

  

LotfizadehDeh

kordi et al. 
[261] 

Al2O3, average size 

of 13 nm, 
concentrations 

range from 0.01 up 

to 1 vol%,  

Ethylene 

glycol/water 
(mass ratio, 

60:40) 

anionic dispersant, 

mass ratio of 
SDBS/alumina NPs 

of 1:1 

 

Sonication XRD: crystalline 

structures and 
purity of the 

alumina NPs. 
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Table 2-3 continued 

Investigator NPs Base fluid Surfactant & pH Fabrication 

method 

Characterization 

method 

Stability  

Esmaeilzadeh 
et al. [262] 

Agarwal et al. 

[241] 

ZrO2 
0.001, 0.01 and 0.05 

g of ZrO2 per 100 

mL H2O 

DW & n-
heptane 

SDS, concentration: 
0.001, 0.01, 0.1, 1, 

and 5 times of CMC 

Ultrasonic 
 

 stable for 
several hours 

ZrO2 
0.001, 0.01 and 0.05 

g of ZrO2 per 100 

mL H2O 
Al2O3,  13 nm and 

50 nm 

DW, n-
heptane,  

kerosene 

C12TAB, 
concentration: 

0.001, 0.01, 0.1, 1, 

and 5 times of CMC 

Ultrasonic 
Ultrasonicate 30 

min for 0.05% to 

3 h for 1% 

Pendant drop 
technique for 

Liquid–liquid 

IFTs; 
Kruss-Nr.2215 

Tensiometer for 

Liquid–vapor 
surface tensions; 

Zetasizer; 

Brookfield 
LVDV-II digital 

viscometer; 

stable for 
several hours 

volume 

fraction less 
than 0.2% were 

very stable 

(more than 10 
days) 

LA7, 

Kimyagaran 

Emrooz,  
Concentration: 

0.001, 0.01, 0.1, 1, 

and 5 times of CMC 

Oleic acid 
(optimum volume 

ratio (0.3) of oleic 

acid to alumina 
particle) 

 

Kole and Dey 
[263, 264] 

Al2O3, <50 nm,  
volume fraction 

between 0.001 and 

0.015 

Engine coolant 
(halfand- 

half mixture of 

propylene 
glycol and 

water) 

oleic acid Ultrasonication 
for 3h, 

homogenized for 

1 h by magnetic 
force agitation 

 be stable for 
more than 80 

days 

Maghzi et al. 
[265] 

SiO2, 14 nm, 200 
m2/g, 0.048 g/m3 

Water Polyacrylamide 
powders, 

Concentration  

(0.5 g polymer to 
0.5 g silica NPs and 

499 g distilled 

water). 

Polymer in water; 
Homogenizer for 

48 hours at 100 

rpm 
 

Ultrasonication 

for 1 h, then 
stir for  48 hours 

after adding 

surfactant 

Brookfield DV-
III Ultra 

rheometer,  

placed one 
month in a 

closed 

transparent 
bottle far from 

degrading 

factors such as 
light and heat, 

no precipitation 

and significant 
colour alteration 

in sample 

detected. 

Amraei et al. 
[266] 

SiO2, 2-5nm,  water or 
paraffin 

Tween 
80, Span 80, Lauric 

alcohol-3EO, 

CTAB, SDS and K-
Laurate 

Detail in original 

paper 

stir   

 

2.4.2 NPs mobility in long distance 

In terms of particle for reservoir application, especially for reservoir diagnosis, they 

should has the ability to be transported a desired distance from the injection well. This 

means the particles should exhibit little retention in sedimentary rock and minimal 

formation damage [243]. However, there is little report regarding particle which has a 

breakthrough ability as high as 100% as reported. 
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2.5  Conclusion 

As many of current investigations are using metal oxides nanoparticle for enhanced 

oil recovery, research in this thesis starts with TiO2 NPs, a typical metal oxides 

nanoparticle, to examine the current proposed EOR mechanisms which are reviewed in 

Section 2.3. This work will also involve investigation on nanofluid stabilization in high 

salinity water and characterization. 

Following this trial study, the work in this thesis will explore more potential ways to 

apply the nanotechnology for enhanced oil recovery, such as nanoparticle as carrier to 

reduce the surfactant retention in reservoir rock and nanoparticle to stabilize the 

structure of microemulsion, in order to address the problem reviewed in Section 2.2. 

Nanoparticle transport in porous media which is essential for the coreflooding 

experiment will also be investigated to address the problem reviewed in Section 2.4. 

Idea of the layout of this thesis has also been illustrated in Figure 1-11. 
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Chapter 3  

TiO2 nanoparticle-assisted water-flooding in Berea 

sandstones 

3.1  Introduction 

Traditionally, many EOR techniques target the oil remaining after waterflooding. 

Waterflooding is generally not considered an EOR method unless it is combined with 

some other flooding methods. In this Chapter, we examined the EOR potential for TiO2 

NP engineered waterflooding, and the mechanisms behind it. 

It has been noted that some stabilizers (either surfactants or dispersants) were 

generally used to stabilize NPs in water or brine, but their characterization and effects 

on recovery have seldom been considered [156, 204]. These stabilizers alone could 

affect significantly effective reservoir properties especially viscosity and interfacial 

tension (IFT) [24, 267], and hence have an EOR effect. Consequently it is unclear if the 

observed effect has been due to the stabilizers, the NPs, or a combination of both.  

A systematic study of the effect of rutile TiO2 NPs assisted EOR in a sandstone rock 

is reported in this work. To address the current limitations discussed in Chapter 2, both 

rock samples and nanomaterials were carefully characterized, including nanoparticle 

stability in fluids of different salinity. Individual experiments were performed by core-

flooding with brine alone (BF), brine with stabilizer (BSF), and with a stabilized 

suspension of nanofluids in brine (i.e., brine + stabilizer +NPs) flooding (NF) to clearly 
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identify the contributions from the stabilizer and the NPs. The nanoparticle 

concentrations before and after flooding experiments were determined, and the effects 

of stabilizer and nanoparticle concentration on the mobility and EOR effect during the 

secondary water flooding were assessed, as well as an in-depth discussion of the 

possible mechanisms.  

3.2  Nanoparticle preparation and Characterisation 

3.2.1 Raw Materials 

Synthetic brine (nominally 0.1 M NaCl in deionized water, laboratory grade) was 

used as the formation liquid and the base fluid for dispersing nanoparticles in all 

experiments. The density of brine was measured as 1.0000240.001171 g/mL, pH 

6.720.2 and dynamic viscosity 0.890.01 mPas at 25 °C. The oil phase was High 

Viscosity Index (HVI) hydraulic 60 mineral oil, a highly refined mineral oil that consists 

of saturated aliphatic and alicyclic hydrocarbons, which has a density of 0.868 g/mL 

and a dynamic viscosity of 42.750.16 mPas at 25 °C. The oil is less volatile and 

consequently has physical properties that are more stable than oils of greater volatility, 

allowing more reliable data to be produced over longer experiments.  

There is the potential for confusing concentration of the suspension brine with 

concentration of NPs in the brine. Consequently, throughout this work we have used 

the protocol that we use only the word ‘salinity’ to describe the strength of the brine in 

which the NPs are suspended and reserve the word ‘concentration’ to denote the amount 

of NPs per volume of suspension solution. 

Titanium dioxide (TiO2) NPs were synthesized from titanium (III) chloride (TiCl3) 

precursors (Sigma Aldrich, UK) using a hydrothermal reaction. Various stabilizers 

including tri-sodium citrate dihydrate (SCD, Fisher Scientific), sodium dodecyl sulfate 
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(SDS, Fisher Scientific), polyvinylpyrrolidone (PVP, Fluka, Switzerland), polyethylene 

glycol 2000 (PEG, Schuchardt, Germany), cetyltrimethylammonium bromide (CTAB, 

Fisher Scientific), Triton-100 (Sigma Aldrich) and Suwannee river fulvic acid (SRFA, 

IHSS, USA) were used to stabilize NPs in the brine. 

3.2.2 Nanoparticle fabrication 

In a typical synthesis, 4.17 mL of 1.5 M TiCl3 was added to 250 mL of agitated 

distilled water. The pH of the system was adjusted to 3.80.2 at room temperature by 

using NaOH and HCl. The solution was stirred by a magnetic stirrer at room 

temperature overnight for rutile phase synthesis. After the synthesis, extensive dialysis 

was performed to remove impurities from the NP dispersion.  

 
Figure 3-1. (a) TEM images for rutile anatase TiO2 NPs, and (b) particle size spectrum 

from the Dynamic Light Scattering (DLS) method. 

The morphology of the synthesized particles was examined using a transmission 

electron microscope (TEM, FEI Tecnai TF20), as shown in Figure 3-1 (a). The 

synthesized NPs were in cylindrical shape, with a diameter of approximately 15020 

nm and aspect ratio in the range 7-9. The specific surface area of rutile nanoparticle was 

determined at 85.3  20 m2/g (Acorn AreaTM, XiGo Nanotools Corporate). The 

hydrodynamic particle size distribution in 0.1 M NaCl solution (Figure 3-1 (b)) was 

measured using a Malvern Nanosizer, based on the dynamic light scattering (DLS) 

https://www.fishersci.com/shop/products/cetyltrimethylammonium-bromide-98-molecular-biology-reagent-grade-mp-biomedicals-4/p-4405675
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method, which shows a distribution between 80-400 nm peaking at 207.714.4 nm. The 

zeta potential of the dispersion was measured as -32.01.04 mV. 

3.2.3 Viscosity 

The viscosity was being measured by Anton Paar MCR 301. A cone-plate module 

(Figure 3-2) is applied for the measurement, in which the shear rate does not depend on 

radial distance. The diameter for the cone, namely the measure system (CP50), is 50 

mm, and the gap between these two plates is pre-set by the manufacture at standard 

value of 0.098 mm, leading to a desired sample volume of 0.67 mL. Actually, plate-

plate measure system (PP50) is also available, but the calibration test with it was not 

convincing and determining a proper gap which can provide accurate data was difficult 

to achieve [268] hence it was not employed in our measurement. The shear rate was 

being changed from 100 s-1 to 1000 s-1.  

𝛾(𝑟) =
Ω

𝛼
 

While, Ω is the angular velocity and the 𝛼 is angle. This equation means when using 

core-plate geometry, the influence of radius on the viscosity can be removed.  

 

Figure 3-2. Schematic diagram of core-plate measure system. 
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The machine is calibrated by the standard oil regularly or after occasional reparation 

for the purpose of maintenance (Figure 3-3), and before each time of measurement, de-

ionized water whose (dynamic) viscosity is already-known (0.89 mPa·s) under the room 

temperature is used for checking the accuracy (Figure 3-4). 

 

Figure 3-3. Standard oil viscosity for the rheometer calibration by using CC27 ‘Cup 

and Bob’ geometry. 

 

Figure 3-4. Measure the viscosity of De-ionized water before each formal 

measurement. 
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3.2.4 Interfacial tension (IFT) 

There are several popular methods for measuring IFT, including Pendant drop, 

Wilhelmy plate, Du Nouy ring and Spinning Drop method. In general, interface tension 

of 10-2-10-1 mN/m is referred to as low interface tension, and that of lower than 10-2 

mN/m as ultra-low interface tension. The Pendent drop method is usually valid for IFT 

higher than 0.5 mN/m, but not for low/ultralow IFT. For ultralow IFT it can be measured 

by spinning drop method, which refers to use a rotating horizontal tube containing a 

dense fluid in which a drop of less dense sample is placed. Starting to deform into an 

elongated shape, the elongation stops when the interfacial force is balanced with the 

centrifugal force [63]. 

For pendant drop method, the shape of a drop of liquid hanging from a syringe tip is 

determined from the balance of forces that include the surface tension of that liquid. 

The surface or IFT at the liquid interface can be related to the drop shape through the 

following equation: 

𝛾 =
∆𝜌 ∙ 𝐺 ∙ 𝑅0

2

𝛽
 

 

Figure 3-5. Shape factor calculation in Pendent drop method. Figure and equations are 

taken from Technex website [269]. 
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Where: 𝛾 is the surface tension; ∆𝜌 is difference in density between fluids at interface; 

G is the gravitational constant; 𝑅0 is the radius of drop curvature at apex; 𝛽 is shape 

factor which is determined by Figure 3-5 and its equations. 

3.2.5 Morphology 

By using a focused electronic beam to scan the surface of specimens and collecting 

emitted secondary electrons from the sample which are excited by primary focused 

electrons, the scanning electron microscopes (SEM) allows imaging surfaces of the 

samples, and thusly investigating the roughness, quality and the “visual” appearance of 

the samples. Conventionally, SEM relies on electron interactions at the surface, 

therefore in order to avoid accumulation of the electrostatic charges at the sample 

surfaces, specimens should be conductive. Nonconductive specimens can be coated 

with an ultrathin gold or carbon layer (nanometers thick) either by low-vacuum sputter 

coating or by high-vacuum evaporation.  

 

Figure 3-6. Schematic diagram of FEI Quanta 650 FEG-ESEM scanning electron 

microscope [270]. 
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In this thesis, the morphologies of all rock samples were observed by SEM (FEI 

Quanta 650 FEG-ESEM). Images of the employed SEM instrument used in this work 

and its schematic diagram is presented in Figure 3-6.  

3.2.6 Concentration 

Ultraviolet-Visible (UV-Vis) spectrophotometer can be used to determine the 

NPs concentration by the light absorbed or reflected by the sample. This 

technique can also be used for acquiring the absorption or reflection spectrum of 

the substances based on Beer-Lambert law (Equation 3-1 ) [126]. The Beer-Lambert 

law states that the absorbance intensity is proportional to the concentration of 

absorbing species in the solution and the path length. 

A = log10
𝐼0

𝐼
= 𝜀𝑙𝑐                                   Equation 3-1 

Where A is the measured absorbance, 𝜀 is a wavelength-dependent molar absorptivity 

coefficient when working in concentration units of molarity, b is the path length, and c 

is the analyte concentration. 

 

Figure 3-7. Flow cell for UV-Vis spectrophotometer for the experiments conducted in 

this thesis.  

In this study, an UV-Visible spectrophotometer (UV 1800, Shimadzu) was 

employed to measure the absorption spectrum (in ‘spectrum’ mode), and particle 

concentration in both static (in ‘quantitative’ option) and dynamic (in ‘kinetic’ 

https://en.wikipedia.org/wiki/Beer-Lambert_law
https://en.wikipedia.org/wiki/Beer-Lambert_law
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option) modes. For dynamic mode, a quartz flow cell was applied to allow the 

fluids passing through, as shown in Figure 3-7. 

Before measuring the concentration of unknown samples in section 3.5.5, the 

calibration curve was generated for each concentration at a proper wavelength 

which was selected to make sure the maximum absorbance is not out of range 

(Figure 3-8). 

 

Figure 3-8. The calibration profile to determine the concentration of TiO2 nanofluid 

collected in Section 3.5.5. 

3.3  Core sample preparation and characterisation 

3.3.1 Berea sandstone 

Berea sandstone (Figure 3-9) is a commonly used clastic reservoir analogue within 

the hydrocarbon industry. Consequently, its behavior is well-known with regard to an 

extremely wide range of parameters and characteristics. Berea sandstone is a 

moderately porous (∅~ 0.18 – 0.25) sandstone with a high permeability (k ~ 100 - 1000 

mD, 9.87×10-14 - 9.87×10-13 m2). It is isotropic and homogeneous, and is composed of 

well-sorted sub-rounded grains in the range 70 – 400 µm. The grains are predominantly 
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quartz (85 to 90%) and feldspar (3 to 6%) and are cemented by quartz, dolomite (1 to 

2%), clays (6 to 8%), and trace amounts of iron sulphides [224]. 

 

Figure 3-9. Scanning electron microscope image of a broken surface of the Berea 

sandstone clearly showing well-sorted sub-rounded grains and a homogeneous and 

isotropic microstructure. 

3.3.2 Porosity 

The helium porosimeter employed to measure the porosity of cores is working based 

on Boyle’s law. The helium gas in the reference cell isothermally expands into a sample 

cell. After expansion, the resultant equilibrium pressure is measured. Helium has 

advantages over other gases because: (1) its small molecules rapidly penetrated small 

pores, (2) it is inert and does not adsorb on rock surfaces as air may do, (3) helium can 

be considered as an ideal gas (i.e., z = 1.0) for pressures and temperatures usually 

employed in the test, and (4) helium has a high diffusivity and therefore affords a useful 

means for determining porosity of low permeability rocks. 

The schematic diagram of the Helium porosimeter apparatus is shown in Figure 3-10. 

Before putting the rock in the core holder, volumes of V1 and V2 need to be acquired 

through standard steel billets. Then keep the exhaust and connection valve closed, open 

the fill-in valve until the pressure in reference cylinder get P1 (around 100 psi) and then 

close this valve; Keep the fill-in and exhaust valve close, open the connection valve to 
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build an equilibrium pressure P2 in the volume system, which is corresponding to the 

sum of V1 and V2, subtracting the volume of grain Vgrain.. The relationship can be 

illustrated by the Equation 3-2 below: 

(𝑉1 + 𝑉2 − 𝑉𝑔𝑟𝑎𝑖𝑛)𝑃2 = 𝑉1𝑃1                           Equation 3-2 

Calibrate the porosimeter after each 5 times measurements. 

 

Figure 3-10. Schematic diagram of porosimeter 

The porosity, Archimedes saturation weight and dry weight were measured after each 

cycle of cleaning in order to verify that the cleaned rocks (the cleaning method is 

described in Section 3.3.7) had similar properties to those of their native state. The dry 

core weight was measured after 2 days drying in an oven at 70°C. The porosity was 

determined by both helium pycnometry and Archimedes (buoyancy) methods. For the 

Archimedes method, the rock samples have to be fully saturated by brine with known 

density in a vacuum desiccator for 4 hours to make sure they were 100% saturated. The 

pore volume, grain volume, grain density can be calculated from the recorded dry, 

saturated and suspended masses, as shown in Table 1. As expected, the Archimedes 

porosity was slightly smaller than the helium porosity, due to the size, polarity and large 

molecular weight of water compared to helium. All four cores had similar porosities 

and pore volume. However there is a moderate variation of the permeability, ranging 

from 99-195 mD. 

 

Gas in Fill-in 
valve 

  

Exhaust 
valve 

connection 
valve 

𝑃1 𝑃2 𝑉1 𝑉2 
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Table 3-1. Basic rock properties 

No. Length 

(mm) 

Diameter 

(mm) 

Archimedes method 
Helium 

Porosity 

(%) 

Permeability 

(mD) 
Bulk 

Volume 

(mL) 

Pore 

Volume 

(mL) 

Porosity 

(%) 

 

Grain 

Volume 

(mL) 

Grain 

Density 

(g/mL) 

SZ1 65.030 38.018 72.96 13.46 190 59.52 2.610 21.200 150.920.39 

SZ2 64.749 37.922 72.52 13.42 180 59.10 2.580 21.080 138.460.80 

SZ3 65.470 37.886 73.56 13.40 180 60.16 2.660 20.820 98.730.59 

SZ4 66.109 37.884 74.26 13.84 190 60.43 2.610 21.010 195.460.56 

 

3.3.3 Permeability 

Permeability indicates the ability of oil reservoir to allow petroleum liquid passing 

through its interconnected pores, which is dependet on effective porosity. The 

permeability is affected by rock grain size, grain shape, grain size distribution (sorting), 

grain packing, and the degree of consolidation and cementation (Table 2). It is also 

affected by clay minerals present, especially when fresh water is present. Some clay, 

particularly smectites and montmorillonites, swell in fresh water and can completely 

block pore spaces. The permeability can be calculated by using the following Darcy’s 

law.  

𝑣 = −
𝑘

𝜇

𝑑𝑝

𝑑𝑥
                                           Equation 3-3 

where: 𝑣 is apparent fluid flow velocity (cm/s); 𝑘 is the permeability of the porous 

rock (D); 𝜇 is the viscosity of the flowing fluid (cP), 𝑑𝑝 𝑑𝑥⁄  is the pressure gradient in 

the flow direction (atm/cm); and 𝑥 is the distance in the direction of flow (cm). 

The key to acquire a correct absolute water permeability is to get a reliable pressure 

drop when brine is flowing through the core plug. Before permeability measurement, 

the dried rocks was saturated in a deaerator for at least 4 hours. Then, the differential 

pressure was acquired (red line in Figure 3-11) by introducing a back pressure (BP) of 

200 psi for around 40 minutes, then removing the back pressure control, and recording 
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the pressure drop when increasing the injection flow rate at steps of 30, 60, 120, 240 

and 480 mL/min, and brought down in the reverse trend.  

 

Figure 3-11. Pressure files saved in the format generated by pressure transducer 

software. 

3.3.4 Wettability 

The contact angle and IFTs were measured using a KSV CAM 200 optical contact 

angle and surface tension tensiometer. It uses a high speed CCD camera to record drop 

shape, then fits the Young-Laplace equation to the drop image for calculation of surface 

or IFTs, as described in Section 0.  

3.3.5 Capillary pressure and pore size distribution 

Because mercury cannot wet most subsurface and not spontaneously penetrate fine 

pores by capillary action, it can only be forced into fine pores by applying an external 

pressure. Figure 3-12 is the schematic diagram of mercury porosity measurement. 
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Figure 3-12. Schematic diagram of mercury porosity 

The resisting force (𝐹𝑟) is proportional to the diameter of pore throat (D), the surface 

tension of mercury and the cosine of contact angle (θ), thus it can be calculated as: 

𝐹𝑟 = 𝜋𝐷𝛾 𝑐𝑜𝑠 𝜃 

The external force can be calculated as: 

𝐹𝑟 = 𝑃𝐴 = 2𝑃𝜋𝐷 

When the resisting force is just overcome, the external force should be equal to the 

resisting force. Thus, the diameter of pore throat (D) can be calculated as: 

𝐷 = −4𝛾 cos θ 𝑃⁄  

This equation is called the Washburn equation. By measuring the volume of mercury 

that intrudes into porous media for each pressure, the volume of pores in the 

corresponding size class is known. The surface tension of the mercury is usually 480 

dyne/cm and θ is the contact angle between mercury and the pore wall, usually taken as 

140º. Monitoring mercury volume intruded as a function of pressure permits the 

generation of pore size/volume distributions from the Washburn equation. 

Mercury Intrusion Capillary Pressure (MICP) was used to determine the pore size 

distribution. The measurements were conducted on a small piece of Berea sandstone, 

representing an off-cut from the core plugs used in the flooding experiments. The 

porosity was 19.7%, similar to the helium pycnometry values shown in Figure 3-1. The 
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specific pores area from MICP measurements was 1.01 m2/g. It can be concluded from 

Figure 3-13 that 88% of pore throat diameter centralized in 0.6-36.2 µm range, 

providing a mean diameter of 14.09 µm, with 6% pore throat diameter was below 227 

nm. This size is very close to the hydrodynamic diameter of the rutile ellipsoids 

nanoparticles, which implies that some pore throats would be blocked by the 

nanoparticles. 

 

Figure 3-13. A Berea sandstone core sample (SZ13) characterisation by MICP. (a) 

Mercury injection capillary pressure curve showing the pressure (y-axis) required to 

effect a change in mercury saturation in the sample (x-axis). (b) Inverted pore throat 

radius spectrum showing a well-defined characteristic pore throat size of 7 – 10 µm. 

3.3.6 Morphology and mineralogy 

An examination of the morphology of grains and pores in the core samples, as well 

as an elemental analysis were carried out using scanning electron microscope (SEM,  
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Figure 3-14. (a) SEM of the Berea sandstone with pores shown in black, silica grains in 

light gray and feldspar in white; (b) higher magnification SEM image of feldspar and 

porosity between silica grains; (c) EDX spectrum of sand grain showing peaks only for 

silicon and oxygen; (d) EDX analysis of feldspars. 

 

FEI Quanta 650 FEG-ESEM) and integrated energy-dispersive X-ray spectroscopy 

(EDX, Oxford X-max 80 SDD) with INCA 350 software. It can be seen from Figure 

d) 

b) 

c) 

a) 
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3-14 that the majority of the pore sizes were above several micrometers, while 

confirming that the grains were composed of silica with minor contributions from clays 

(calcium, iron and aluminum). 

 

3.3.7 Core samples cleaning 

A group of water-wet Berea sandstones with permeability ranging from 98.73 mD to 

195.46 mD were selected as core plugs in this study. All cores were cleaned by the 

Soxhlet Extractor method (Figure 3-15) before initial flooding and between each 

subsequent cycle of flooding. This cleaning procedure used dichloromethane (DCM, or 

methylene chloride) as the solvent, which is immiscible with water and has a boiling 

point of 40.1 °C. This cleaning process would typically last 7 to 10 days in order to 

ensure that solvent has extracted all possible oil from the core. After cleaning, the 

restored core sample was oven dried at 70 °C for 2 days to allow it return to its native 

condition. 

 

Figure 3-15. Schematic diagram of a Soxhlet Extractor 



 

- 80 - 
 

3.4  Core flooding experiments 

3.4.1 Setup description 

A flooding system was set up to reveal the nanoparticle-assisted water potential for 

EOR, and Figure 3-16 shows the integrated experimental instruments and Figure 3-17 

shows the schematic view of the core-flooding setup. A Hassler type of core holder, in 

which the core was loaded, was located vertically and supported by a customized stand. 

Fluid was injected through the core-holder vertically upwards. Inside the holder, the 

core was enclosed in an elastic rubber sleeve, upon which was applied a radial 

overburden pressure of 1500 psi over the rock sample. This pressure was introduced by 

injecting pressure oil by the high pressure hydraulic hand pump (P142, ENERPAC). An 

inlet and outlet port in each end plug allowed upstream and downstream flow lines and 

pressure transducers to be attached. A back-pressure regulator was used to raise the pore 

pressure inside the core during brine saturation stage, to ensure that gas bubble are 

completely removed from the core-flooding system at the start of the experiment.  

  

Figure 3-16. Core-flooding experiment setup 
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Figure 3-17. Schematic flow diagram for the flooding system 

3.4.2 Formal Coreflooding procedure  

To clarify the effect of potential influence of stabilizers, three cycles of water-

flooding tests were conducted (Figure 3-18). The experiments of each cycle included 

four stages:  

 Brine saturation at a flow rate of 2 mL/min for 6 pore volumes (PV); 

 High Viscosity Index (HVI) 60 Oil saturation at a flow rate of 17 mL/min until 

an ‘irreducible’ water saturation of Swi =25% was achieved; 

 Flooding stage at flow rate of 0.5 mL/min for 3 PV.  

 Core cleaning and ready for the next cycle. 

This simulates secondary flooding of the reservoir.  

Each set of experiments began with a water-flooding with only the synthetic brine 

(BF) followed by a water-flood with the synthetic brine and the nanoparticle stabilizer 

but no nanoparticles (BSF), and finally nanoflooding using the synthetic brine, stabilizer 

and different concentrations of nanoparticles (NF). The cores were cleaned as discussed 

earlier between each water-flooding cycle. 
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During each flooding experiment, graduated cylinders marked in 0.1 mL divisions 

were used to collect the effluent liquid in order to determine the volume of oil and water. 

During NF experiment, effluent samples were collected manually during the flooding 

process and a total of 15-19 effluent samples of 1.5 mL each were collected. The 

nanoparticle size distribution of the effluents was determined off-line by the DLS 

device, and UV-Vis spectroscopy (introduced in ) was used to measure the particle 

concentration. The determination of concentration was based on the comparison of the 

effluent absorbance against an established calibration curve between the absorbance and 

nanoparticle concentration. The concentration of nanoparticle suspension entering 

cores, Co, and the concentration of sample collected, C, were applied to generate 

breakthrough curves of C/Co as a function of pore volumes passing through the porous 

medium. Detailed sample characterization was conducted for nanofluids after the 

flooding experiments. 

 

Figure 3-18. Core-flooding procedure to examine the oil recovery potential of brine, 

stabilizer and nanoparticles. 
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3.5  Results and discussion 

3.5.1 Nanofluid stability 

For any practical application, nanoparticles have to be stabilized properly in the 

presence of various ions similar to the composition of brine. The stabilization 

mechanism could be either steric [271], electrostatic [272] or a combination of both. 

Many researchers have reported that nanoparticle cannot be stabilized easily in high 

salinity water [240-244], especially when the ionic strength exceeds the critical salt 

concentration (CSC) [240]. The presence of ions, especially divalent cations such as 

Mg2+, Ca2+ and Ba2+.[242], could significantly reduce the stability due to the 

compression of the electric double layer [234, 273]. 

The agglomeration kinetics of TiO2 under the influence of a number of stabilizers 

mentioned above were assessed in 0.1 M and 1 M NaCl concentrations in order to 

determine the right stabilizing agent. In this exercise, the TiO2 nanoparticle 

concentration was 500 ppm and the pH was adjusted at 6.80.3 when gentle magnetic 

stirring was applied. All surfactant concentration was fixed at 0.3 wt% relative to water 

content except SRFA whose concentration was 100 ppm. The main results are given in 

Figure 3-19. Regardless of the stabilizer, an increase in the brine salinity clearly 

increases particle size (Figure 3-19a). SCD showed the best performance in terms of 

particle size and was chosen for the following further experiments.  

The particle size and zeta potential evolution of four SCD-stabilized nanofluids of 

different concentrations from 10 ppm to 500 ppm in a 0.1 M NaCl brine were measured 

over a two week period following their fabrication, as shown in Figure 3-19b. There 

was a slight increase in size for almost all concentrations, but always remaining lower 

than 240 nm after two weeks. Absolute values of zeta potential often saw sharp 

decreases in the first 4 days, becoming more stable during the remainder of the two 
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week period, at around -273 mV for the 50, 100 and 500 ppm concentration samples, 

and below -18 mV for the 10 ppm sample. Extrapolation implies that the low 

concentration sample would become stable at about -143 mV after about 3 weeks.  

 

 

Figure 3-19. Stability of TiO2 nanoparticles (rutile ellipsoids), (a) average particle size 

comparison for different stabilizers and two brine salinities (0.1 M and 1 M NaCl), and 

(b) temporal behaviour of the average particle size (open symbols) and zeta potential 

(solid symbols) for four different TiO2 nanoparticle concentrations (10, 50, 100 and 500 

ppm) in a 0.1 M NaCl brine solution stabilized by SCD) 

a) 

b) 
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3.5.2 Fluid properties 

 

 

Figure 3-20. (a) Dynamic viscosity, and (b) IFT of the 0.1 M brine alone, the 0.1 M 

brine with 0.3%wt SCD stabilizer, and the stabilized brine with 10, 50, 100 and 500 

ppm of TiO2 nanoparticles. 

The dynamic viscosities of the base fluid (brine), base fluid with stabilizer and all 

four nanofluids are shown in Figure 3-20a. The dynamic viscosity for the High 

Viscosity Index (HVI) mineral oil was also measured at 41.2 mPas. This relatively high 

dynamic viscosity is beneficial, reducing the irreducible water saturation Swi to 25% in 

a water-wetting rock.  

a) 

b) 
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The introduction of the stabilizer (SCD) alone reduced the viscosity significantly, 

but the effective viscosity returned to almost the level of the initial brine after the 

inclusion of nanoparticles. The effect of particle concentration on the effective dynamic 

viscosity was therefore small due to the low particle concentration.  

The addition of SCD alone slightly increased the IFT of brine, as shown in Figure 

3-20b, reaching about 47.970.11 mN/m for an SCD concentration of 0.3 wt%. The 

variation of IFT of nanofluids was also small, having a maximum value of 48.970.81 

mN/m at 50 ppm and a minimum of 44.460.39 mN/m at 500 ppm.  

3.5.3 Rock property changes 

The absolute permeability and helium porosity were measured after each flooding 

cycle to track whether the rock itself was damaged or modified by the core-flooding 

processes. The results are summarized in Figure 3-21, which show that the change of 

porosity from core-flood to core-flood was small for all rock samples, with the largest 

variation in the range of 2% for sample SZ2. Nearly constant porosity was observed for 

both samples SZ3 and SZ4 during different stages of the flooding.  

The permeability experienced a drop after the BF and BSF flooding, but the change 

was small after the NF flooding Figure 3-21b. This suggests that the stabilizer used may 

have a deteriorating effect on the permeability. Some stabilizers may partially remain 

inside the rock during the flooding and reduce the permeability value. The nanoparticle 

alone may not cause the reduction in the permeability, and instead samples SZ2 and 

SZ4 showed that the permeability are slightly increased after the NF flooding, 

suggesting perhaps that some stabilizer was removed during the NF flooding phase. 

This clearly shows the importance of proper selection of stabilizers. As the porosities 

and absolute permeabilities for all rocks after NF flooding were very close to those after 
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BSF flooding, two of the cleaned rocks (SZ1 and SZ2) were selected  for 5 ppm and 20 

ppm NF flooding respectively. 

 

 

Figure 3-21. Variations of (a) sample helium porosity, and (b) sample permeability for 

original core samples, and for restored cores after core-flooding with brine (After 

Brine), brine and stabiliser (After SF) and nano-flooding (After NF). 

3.5.4 Core-flooding results 

While we measured the oil and brine production regularly during each core-flooding 

(as shown in Figure 3-22), we paid particular attention to the cumulative oil production, 

and hence the oil saturation at three main interest points: break-through (BT) saturation, 

b) 
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saturation at 1PV, and ultimate saturation. The former value showed the practical oil 

amount when the breakthrough occurs, whereas the last one showed the maximum 

amount of oil that can be recovered for a given flooding. In the experiments, the 

breakthrough was identified when the first drop of water was produced at the 

downstream of the core by removing the delay caused by dead volume. It was observed 

that additional oil recovery becomes small after about 1 PV and the cumulative oil 

recovery (COR) was calculated at 3.2 PV, by which time no more oil could be collected 

for another 20 minutes. 

 

Figure 3-22. Examples of the volume of oil recovered from 0 to 1 PV expressed as a 

percentage of the initial oil saturation. The stabiliser is 0.3 wt% SCD, and data is given 

for synthetic brine (BF), synthetic brine with stabiliser (BSF) and for synthetic brine, 

stabiliser and six different concentrations of TiO2 nanoparticles. The breakthrough 

points are marked by red five-pointed stars. 
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Figure 3-23. Oil recovery at breakthrough expressed as a percentage of the initial oil 

saturation for synthetic brine (BF), synthetic brine with stabiliser /surfactant (BSF) and 

for synthetic brine, stabiliser and six different concentrations of TiO2 nanoparticles. The 

stabiliser (labelled as surfactant here) is 0.3 wt% SCD. 

 

Figure 3-24. COR at breakthrough (blue bars) and at the end of flooding (red bars) 

expressed as a percentage of the initial oil saturation for six different concentrations of 

TiO2 nanoparticles, together with the amount of oil produced after breakthrough (solid 

diamonds and lines) expressed as a percentage of the oil in place at breakthrough. The 

stabiliser is 0.3 wt% SCD. 
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Figure 3-22 shows that there was a rapid recovery of oil immediately following the 

fluid injection and before oil breakthrough. In this part of the core-flood the aqueous 

fluid pushes the oil out of the sample in a quasi-piston-like displacement process, and 

the oil recovery increases approximately linearly with the volume of injected displacing 

fluids. This linear increase in oil production ends after the injection of about 0.4 PV, 

when brine breakthrough occurs.  

The cumulative oil recovery at breakthrough is shown in Figure 3-22. The BT point 

was observed at about 0.25 PV for the brine only (BF) and brine with stabiliser floods 

(BSF), and in the range of 0.35 to 0.45 for TiO2 nanofluid flooding (NF) with different 

concentrations of nanoparticles. Brine only flooding resulted in an average of 30.3% 

recovery of the oil originally in place (OOIP), and a similar value (i.e., 30.5%) was 

found for flooding with a mixture of brine and stabiliser (BSF). This shows that the 

influence of the 0.3 wt% SCD stabilizer on the oil recovery was negligible in this work. 

However it should be noted that this is not a universal conclusion. Other stabilizers 

especially some designed surfactants, could affect the oil recovery rate significantly, 

and their effects shall be identified appropriately in any experiments to illustrate the 

nanoparticle effect. Figure 3-23 clearly shows that adding TiO2 nanoparticle can 

increase the oil recovery rate significantly but in a non-linear manner. At lower particle 

concentrations, the oil recovery rate increases with the increase of particle 

concentration, reaching a peak value at about 20 ppm, after which it starts to decline. 

About 35.8% of the oil originally in place was recovered at the lowest concentration of 

nanoparticles tested, i.e. 5 ppm, compared to the use of brine alone (30.3%). The best 

oil recovery of those scenarios tested was about 39.8% of OOIP, which occurred for a 

nanoparticle concentration of 20 ppm. This represents nearly a 31.4% increase in oil 

recovery compared to water-flooding with plain synthetic brine or brine with stabiliser 

but no nanoparticles. However, further increase of particle concentration resulted in a 
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decrease in the enhancement of oil recovery compared to the plain brine and brine with 

stabilizer cases. For a nanoparticle flooding with a concentration of 500 ppm, an oil 

recovery of only 31.8% of OOIP was achieved at the breakthrough, representing only 

4.95% enhancement of oil recovery over flooding with brine or brine with stabilizers 

but no nanoparticles. Detailed discussions are in the below section.  

The COR at the end of the experiment is shown together with that at breakthrough 

in Figure 3-24. The general dependence of the COR on particle concentration was found 

to be similar to that at breakthrough, but the peak value occurred for a 10 ppm nanofluid, 

with a total oil recovery of 43.75% of OOIP, representing a 44.39% increase on the BF 

scenario. 

Unlike the breakthrough case, there was no substantial decrease in total COR at the 

end of the experiment for nanofluids with concentrations greater than 20 ppm because 

these fluids progressively exhibited a large post-breakthrough production of oil. Despite 

having the lowest recovery at breakthrough, the 500 ppm nanofluids achieved a COR 

at the end of the experiment of 40.9% of OOIP, second only to the total recovery of the 

10 ppm nanofluid. The 500 ppm nanofluid mobilized an additional 13.3% of the oil in 

place at breakthrough point. We have attributed the mechanism for post-breakthrough 

enhancement of oil production to ‘log-jamming’ of some pores with nanoparticles 

which then forces oil to be produced from adjunct pores where it was previously 

trapped. This mechanism is discussed in the following sections. 

3.5.5 Nanoparticle migration behaviour during flooding 

3.5.5.1 Pressure profiles among different flooding cycles 

Examples of three differential pressure profiles that were measured during different 

stages of flooding are shown in Figure 3-25. The nanoparticle concentration in this 

figure is 500 ppm and occurs in the data represented by blue triangles. The behaviour 
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indicated in the figure suggests that a log-jamming effect [111, 210] may be significant 

in the core-flood with the 500 ppm nanofluid.  

 

Figure 3-25. Pressure profiles for brine (0.1 M NaCl, black points), brine with 

stabiliser/surfactant (red points) and a 500 ppm TiO2 nanofluid (blue points) flooding 

on core SZ4. The pressures should the same at the start, at which time there is still oil 

to be introduced by the leading dead-volume. The differential pressure offsets between 

each of the flooding profiles is caused by small permeability differences between 

flooding cycles as shown in Figure 3-21). 

The increased pressure for the nanofluid suggests that a portion of the nanoparticles 

became temporarily stuck in the core, reducing the permeability, and increasing the 

pressure. Subsequent decrease of pressure may be caused by the un-blockage of the 

jammed particles. It was thought that the accumulation of nanoparticle at the entrance 

of pore throats would produce a higher pressure at the adjunct pore channel, in which 

the oil trapped would be mobilized. Similar observations were reported by previous 

research [111, 210]. The presence of oil phase may promote the jamming effect as the 

nanoparticles were diffused to the oil-water interfaces and were confined there. The 

enriching of particle concentration at the oil/water interface has been identified by a few 

Log-jamming may occur in 

this section. 
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prior studies [274-276], where it is concluded that the nanoparticles tend to stay at the 

oil/water interface and the energy (∆𝐺) required to detach the nanoparticle from the 

interface is high, as long as the particle is not completely water-wet or oil-wet. More 

analysis can be found in Section 5.5.1. 

3.5.5.2 Nanoparticle breakthrough behaviour  

Ultra-violet spectrophotometer measurements have been used to monitor the amount 

of nanoparticles transported through the core samples. The measurements in Figure 

3-26 show that nanoparticle transport is strongly dependent on the nanoparticle 

concentration. The outlet to inlet concentration ratio, C/Co, generally decreases with 

increasing particle concentration. For example, for a 10 ppm nanoparticle concentration, 

breakthrough was achieved quickly with C/Co approaching unity at 0.43 PV just as the 

first drop of nanofluid emerged from the core. The 50 ppm nanoparticle sample showed 

a similar early breakthrough at 0.39 PV but with a reduced concentration of 

nanoparticles in the emerging fluid (C/Co =0.7), implying that up to 30% of the injected 

nanoparticles are remaining within the core. At higher nanofluid concentrations (100 

ppm and 500 ppm) the concentration of nanoparticles in the breakthrough fluid is even 

less (C/Co =0.65 and C/Co =0.18, respectively) with most of the injected nanoparticles 

remaining inside the core (Figure 3-26). The peak concentration for the 500 ppm 

nanofluid flood was reached at 1.69 PV, and the maximum transport ability stayed 

below 20% (i.e., C/Co <0.2). 

Each flooding experiment was followed by an injection of a further 4 PV of plain 

synthetic brine (0.1 M NaCl) in order to check if the particles were strongly stuck inside 

the rock. This brine post-flooding process was conducted after the end of the nanofluid 

flooding at 3.2 PV for all experiments.  The results (i.e., right-most part of Figure 3-26) 

show that significant amount of NPs can be cleaned out from the cores immediately 
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following the brine flooding. However after another about 3 PV, no more nanoparticles 

can be driven out, suggesting that some nanoparticles remain trapped in the cores. 

Further calculation shows that, for the highest concentration (500 ppm) flooding, 19.66 

mg of nanoparticles in total (87.2% of the total injected amount) were deposited in the 

rock during nanofluid flooding and remained trapped there, which corresponds to about 

17.15 mg of TiO2 nanoparticle per square meter of grain surface, which represents an 

coverage of 0.92% of the rock’s internal surface area if it is assumed that the 

nanoparticles are deposited as a monolayer (Table 3-2). 

 

Figure 3-26. Particle breakthrough ability during flooding with four different 

concentrations of TiO2 nanofluid and subsequent post-flooding with synthetic brine. C0 

is the concentration of initial fluids before NF flooding. 

Fine particle migration in porous medium is an area of extensive research interest 

[196, 277]. It is known that the mobility of particles is affected by four main 

mechanisms; (i) blockage, (ii) adsorption, (iii) straining, and (iv) gravity sedimentation. 

The adsorption effect would be small in this study because our nanoparticles are 

negatively charged, and the zeta potential of Berea sandstone is negative at high ionic 
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strength [278] and the range of pHs encountered in these experiments and in 

hydrocarbon reservoirs [234, 279, 280]. The gravity sedimentation effect is also 

expected to be small due to short residence time of particles in the core and the effect 

of Brownian motion.  

Table 3-2. Nanoparticle retained in core samples during nanofluid flooding. 

Core 

No. 

NP  

conc.  

(ppm) 

Total NP 

mass 

(mg) 

NP mass 

retained in 

core (mg) 

NP 

retained in 

core (%) 

Total internal 

pore surface 

area (m2) 

Mean retained 

NP trapping 

density 

(mg/m2) 

Mean area of 

internal pre surface 

coated (%) 

SZ1 10 0.375 -0.133 NA 154.73 NA NA 

SZ2 50 1.685 0.776 46.0 152.58 0.005 0.08 

SZ3 100 3.786 2.248 59.4 157.26 0.014 0.22 

SZ4 500 19.659 17.152 87.2 158.32 0.108 0.92 

 

In this work, it appears that the particle migration was affected mostly by pore-throat 

blockage and straining (i.e., a log-jamming effect), as well as the presence of the oil 

phase. The blockage effect is highly dependent on the particle concentration [281].  This 

is supported by pore size analysis of the Berea sandstone (Figure 3-13 and Figure 3-14), 

the latter of which shows that around 6% of pore throats are under 220 nm when 

subjected to quantitative image analysis, i.e., less than the hydrodynamic diameter of 

nanoparticle (Figure 3-1b). These relative dimensions suggest strongly that the 

blockage could take place, especially when the fluid contains high concentrations of 

nanoparticles. Consequently, log-jamming of high concentrations of nanoparticles is 

consistent not only with the relative dimensions of the pores and nanoparticles 

themselves, but also with the data shown in Figure 3-25 and Figure 3-26, making it an 

important factor influencing particle migration and implying that high nanoparticle 

concentrations should be avoided in nanoEOR.  

In order to examine the NP migration behaviour without the presence of oil, 100 ppm 

nanofluids were injected into Berea sandstone directly after brine saturation. The 
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comparative results (Figure 3-27) show that the nanoparticles present a faster 

breakthrough in the presence of oil. Significant amount of nanoparticles were detected 

at the exit of the core sample at about 0.8 PV in the presence of oil, but their presence 

was delayed to about 1.5 PV in the absence of the oil phase. The Berea sandstone used 

in this work is strongly water-wet. Consequently, the water phase occupies the pore 

spaces close to the grain surfaces and the oil phase occupies discrete drops or connected 

ganglia in the centre of pores, which are continuous through pore throats when they are 

sufficiently wide and can modify the electrical and hydraulic connectedness of the fluids 

in the pores [282].  

The transport of the nanoparticles is confined to the aqueous phase because the rutile 

ellipsoids TiO2 nanoparticles used in this work are water-wet. The early breakthrough 

for the transport of nanoparticles in the presence of oil exhibited in Figure 3-27 occurs 

because the nanoparticles are confined to be transported in the water phase that initially 

occupies only a fraction of the pore volume. Consequently any given volume of injected 

nanofluids, expressed in pore volumes, will displace more than its apparent volume of 

water phase and hence apparently travelling through the core more efficiently. That 

same nanofluid is also displacing oil, which is produced, so that the injection of 

nanofluids becomes apparently less and less effective as the nanoflooding progresses, 

explaining why the data for the displacement in the presence of oil appears to start 

effectively with a breakthrough at about 0.5 PV, but becomes less efficient after about 

1.4 PV. By contrast, in the absence of an oil phase the nanofluids have the entire pore 

volume to travel through during the entire injection process. The breakthrough is 

consequently delayed until about 1.2 PV. 
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Figure 3-27. Nanoparticle transport during core-flooding with a 100 ppm table TiO2 

nanofluid with and without presence of oil. The ratio of the concentration of 

nanoparticles at the outlet to that of the inlet (C/Co) is shown as a function of pore 

volumes of nanofluid injected. 

3.5.5.3 Particle size distribution  

The particle size distribution of the effluent samples was examined by the dynamic 

light scattering (DLS) method. It was interesting to observe that the hydrodynamic size 

of nanoparticle showed a bimodal distribution, which has also been reported by Ehtesabi 

et al. [126]. Consequently, although the size distribution of the injected samples show 

a range of about 100 nm to 400 nm (Figure 2b), the effluent shows a population of 

nanoparticles in the range 10 nm to 100 nm and a larger group, ranging from about 100 

nm to 400 nm. It is clear that passage through the rock has effectively separated the two 

size fractions. 

The peak particle sizes of the two modes and a measurement of their ranges at 

different flooding volumes are shown in Figure 3-28. It is interesting to note that the 

smaller and larger fractions of nanoparticle occur in the effluent, but the middle range 
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does not. This implies that it is the nanoparticles of intermediate size that become 

trapped in the cores. This implies that the choice of nanoparticle size is a critical one 

for designing an efficient nanoEOR process. 

 

Figure 3-28. Effluent nanoparticle size distributions for nanofluid core-flooding with 

different nanoparticle concentrations; (a) 10 ppm, (b) 50 ppm, (c) 100 ppm, (d) 500 

ppm. 

As discussed above, a few particle migration mechanisms were responsible for the 

particle mobility, and among those, the log-jamming effect could form large loose 

agglomerates, responsible for the forming of the large particle population. It is also 

interesting to note that for all nanoparticle flooding scenarios, the particle size for the 

larger population of nanoparticles decreased from around 300 nm to around 100 nm as 

the flood progressed Figure 3-28.  
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3.6  NanoEOR mechanisms 

The results so far clearly show that well-stabilized nanofluids can increase oil 

recovery, and that the effect is strongly dependent on the nanoparticle concentration. At 

nearly 33% increase of oil recovery at breakthrough, this method has gone beyond our 

initial expectation. As reviewed briefly in the introduction section, many potential 

mechanisms have been proposed for the nanoparticle enhancement of oil recovery, but 

none is well-accepted as yet.  

We have seen in Section 3.5 that log-jamming is likely happen after breakthrough, 

especially for high nanoparticle concentrations, such as 100ppm and 500 ppm in this 

research, and this may contribute to enhancement of oil recovery. We will examine 

other mechanisms in depth in this section. 

3.6.1 The effect of mobility ratio modification 

The value of M was larger than unity in this work, indicating a higher water mobility 

than that of the oil. Under these conditions the displacing fluid (brine, brine and 

stabiliser and nanofluids) would invade the rock through a non-uniform front, resulting 

in an early breakthrough, which is supported by Figure 3-22. Clearly reducing the 

mobility ratio could lead to a higher oil recovery. Figure 3-20a shows that the effective 

viscosity of the nanofluid was almost independent of nanoparticle concentration within 

the 5 ppm to 500 ppm range used in this work. However, the produced oil (Figure 3-29) 

shows a small reduction in viscosity, which is attribute to contamination by 

nanoparticles. It is still unclear about the effect of nanoparticles on relative permeability 

curves. There have been a few limited studies which show that the inclusion of different 

nanoparticles could affect the relative permeability ratio significantly [120] and this 

modification might be through the modification of the wettability of the rock by the 

deposition of nanoparticles, as will be discussed later. 
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Figure 3-29. Viscosity of produced oil for synthetic brine (BF), synthetic brine with 

stabiliser/surfactant (BSF) and for synthetic brine, stabiliser and four different 

concentrations of TiO2 nanoparticles. 

3.6.2 The capillary effect  

One of the proposed mechanisms for nanoEOR requires that nanoparticles reduce 

the oil/water IFT and consequently improve the oil recovery [117, 118, 209, 283]. We 

have already shown that the influence of nanoparticles on the dynamic viscosity and 

IFT are small in this work (as shown in Figure 3-20). The calculated Capillary Number 

is of the order of 10-7, which is too small to increase oil recovery by freeing residual oil. 

Jeong suggested that the capillary number should be of the order of 10-5 or higher in 

order to produce a significant enhancement of oil recovery [284]. Clearly the influence 

of the capillary effect was not, therefore, responsible for the observed nanoEOR effect. 

3.6.3 The structural disjoining pressure effect  

As shown by Ref. [207], the SDP could be important for mobilising individual oil 

droplets. However as suggested earlier, the droplet form of oil was unlikely in the 
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current experiments. In addition there are two major concerns for such an approach, 

namely, the concentration effect and the transient effect [211]. The modelling results of 

SDP show that the increase in wettability with concentration is non-linear and it only 

becomes important at high particle volume concentrations (i.e., >20%) [207, 219, 222]. 

However most of nanoEOR experiments reported were based on very dilute nanofluids 

with typical concentrations of below 1% in weight. The structural disjoining pressure 

may not be that important although nanoparticles have a tendency to migrate into the 

microlayer to form ordered solid-like layers. Of note though, with the increase of local 

concentration, the increased viscous effect could become important and should be 

considered as well. Another concern is that the modeling was based on the steady state, 

and only the equilibrium shape of the meniscus under the action of an oscillatory 

structural disjoining pressure was calculated. Such a model could be only valid during 

the flooding if the oil displacement time is much longer than that of forming ordered 

nanoparticle layers.  

3.6.4 The surface wettability effect  

Nanoparticle deposition and subsequent rock surface wettability modification has 

been proposed by a few researchers in order to explain the nanoEOR effect. For 

example, Li et al.[118] found that nanoparticles can change an already water-wet rock 

surface to a more water-wet surface, while Karimi et al.[121] found that an oil-wet rock 

surface can be made to be strongly water-wet by ZrO2 nanoparticles, leading to a 

considerable amount of oil recovery.  

By contrast, Roustaei et al. [117] have argued that changing the rock surface towards 

oil-wet could change the role of the capillary force from a barrier to a driving force, 

which would be beneficial for oil recovery. Several authors [127, 213, 283] have 

proposed that the main mechanism for nanoEOR is wettability change of rock surface 
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from either water or oil wet to neutral wettability. In our experiments the Berea 

sandstone were water-wet, but measurements in Figure 3-30 have indicated that 

saturation of the sandstone with increasing concentrations of nanoparticles can change 

it to have an even higher wetness to water, contributing to an increase in the recovery 

factor.  

 

Figure 3-30. Evolution of the wetting angle to pure water of Berea sandstone immersed 

in mineral oil and pre-saturated with varying concentrations of TiO2 nanoparticles, with 

only one drop photograph as an inset. 

3.6.5 Possible reasons for observed EOR effect 

Having examined the known possible mechanisms that could cause the enhancement 

of oil recovery concomitant upon core-flooding with nanofluids that is observed in this 

work, it can be said that mobility control, log-jamming and wettability changes may all 

have a role to play. However, it is difficult to quantify the exact contribution of each. 

Additional experiments are currently being carried out in order to clarify the 

contribution of each mechanism.   
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3.7  Conclusions 

A systematic study of the effect of rutile TiO2 nanoparticle assisted brine flooding 

was conducted in this work. Comprehensive characterization of the rock sample and 

nanomaterials before and after the flooding was carried out. The relative EOR 

contributions from the stabilizer and the nanoparticles have been identified. The effect 

of using different concentrations of TiO2 nanoparticles has also been studied. Finally, 

the known possible mechanisms of nanoparticle-assisted secondary flooding have been 

examined. The main conclusions of the research may be summarized in the following 

points: 

 Tri-sodium citrate dihydrate (SCD), was found to have non-negligible 

influences on the effective properties of brine, which were returned to 

approximately those of the plain synthetic brine by the addition of nanoparticles.  

 Small concentrations provided higher enhancement of oil production at 

breakthrough, with a 20 ppm concentration providing an enhancement of 39.8% 

of OOIP compared to a value of 30.3% for water-flooding with plain synthetic 

brine. Whereas an oil recovery of only 31.8% of OOIP was achieved at 

breakthrough for 500 ppm.  

 The best total cumulative recovery occurred for a 10 ppm nanofluid, with a total 

oil recovery of 43.75% of OOIP, representing a 44.39% increase on the plain 

water-flooding scenario. 

 Post-breakthrough oil production was better for larger concentrations of 

nanoparticles. At the end of the flood, the 500 ppm nanofluid mobilized an 

additional 10.9% of the original oil in place after breakthrough, which was 

partially attributed to a log-jamming effect. 

 The concentration of particles trapped in the core after flooding increased with 
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the increase of particle concentrations. Some of these nanoparticles could be 

removed from the core by subsequent flooding with plain synthetic brine, while 

some crossed into the oil phase, lowering its viscosity marginally. 

 Different to the original mono particle size distribution, the effluent showed a 

bimodal distribution, and varied during the flood, which suggested that particles 

underwent a complicated morphology change process during the core flooding 

process. 

 The wettability study shows that the water-wet Berea sandstone used in this 

work became progressively more water-wet by saturation with fluids with 

increasing concentrations of nanoparticles. 

 An analysis of the possible mechanisms for the enhanced oil recovery due to 

nanoparticles suggested that while the exact causes are unknown at present, the 

EOR effect in our experiments occurs through a combination of mobility ratio 

modification, rock wettability modification and log-jamming effect. 
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Chapter 4  

TiO2 nanoparticles to reduce surfactant adsorption in 

porous medias 

4.1  Introduction 

From the literature review in Chapter 2, delivering surfactant by NPs in porous media 

is a new concept with just small number publications to date. To further justify this 

concept, this work aims to answer two basic questions: i) whether NPs can act as a 

carrier for surfactant delivery in all common porous media, and ii) what is the 

relationship between nanoparticle migration and surfactant retention in porous media. 

In this Chapter, a blend of commercial anionic alkylaryl sulfonates and nonionic alcohol 

ethoxylated surfactants was used to form microemulsions and the optimum salinity for 

emulsion fabrication determined. A comprehensive collection of reservoir rocks 

including calcite, dolomite, sandstone, black and red limestones, were used and 

characterized. The effect of TiO2 nanoparticles on the delivery of surfactant blend, 

including the adsorption and transport in saturated porous media with different rock 

grain matrix was then investigated, as well as the adsorption mechanisms.  

4.2  Materials 

4.2.1 Rock and surfactant samples 

Analytical grade materials including n-hexane, sodium chloride, propyl alcohol and  
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Figure 4-1. Molecular structure for (a) Alkylaryl Sulfonates XOF-25S , and (b) The co-

surfactant Alcohol Ethoxylated. Taken from Ref. [145] 

 

Figure 4-2. A collection of rocks: (a) silica, (b) black limestone, (c) red limestone, (d) 

dolomite and (e) calcite. 

Titanium (IV) oxide NPs (P25, 21 nm primary particle size (TEM), ≥99.5% trace 

metals basis, Sigma-Aldrich) were purchased from Sigma-Aldrich. The anionic 

alkylaryl sulfonates (XOF-25S, Sulfonic acid of Alkylate H250 (C14 – C30)) was 

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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provided by Huntsman Corportion and its molecular structure is shown in Figure 4-1a. 

The nonionic alcohol ethoxylated (EA, C12-13/7EO) was purchased from Mistral 

chemical company, and its molecular structure is shown in Figure 4-1b. 

Five different reservoir rocks (Figure 4-2) were crushed and sieved (ASTM 

Standard Testing Sieves, Retsch Ltd) to obtain small grains with relative homogeneous 

size distribution between 250 µm and 425 µm. Then 10 g of grain samples were packed 

into glass tubes (I.D. = 2.44 cm, packing length=2.1 cm) to generate unconsolidated 

packing columns for core flooding tests. To prevent particles from being flushed out 

from the packing column, a PTFE filter membrane from Millipore (pore size of 10 µm) 

was placed at both ends of the column.  

4.2.2 TiO2 NPs coated with surfactant 

TiO2 NPs were selected in this study as carrier to facilitate surfactant delivery in 

porous media, because it had been used as assistant agent for water flooding in Chapter 

3, and also been widely investigated for enhance oil recovery application by other 

researchers [127, 285, 286]. TiO2 suspensions were prepared by dispersing 0.002 g/mL 

of TiO2 into aqueous solution containing 0.003 g/mL surfactant blend at optimum 

salinity (4 wt%) and optimum composition (25% XOF-25S plus 75% EA), as 

determined in Section 4.4. The NP suspensions were mixed using a sonic dismembrator 

(Model 705, Fisher scientific Ltd.) running at an amplitude of 25% for 15 minutes prior 

to each dynamic adsorption test. The zeta potential of TiO2 NPs was measured as -10.1 

mV by Malvern Nanosizer, based on the dynamic light scattering (DLS) method. Figure 

4-3b shows the hydrodynamic size distribution of TiO2 NPs in surfactant solution, with 

an average size of 147 nm. 
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4.2.3 FTIR analysis 

The particle coated with surfactant was separated from the 20 mL bulk suspension 

by being centrifuged at 10,000 rpm for 30 min (Thermo Scientific megafuge 16R). The 

settled particles were collected and washed with 5 mL de-ionized water and dried in 

oven at 40 ºC for 48 hours. FTIR was employed for analysing TiO2 NPs before and after 

coated with surfactants. Figure 4-4 shows the FTIR spectra of pure surfactants, pure 

TiO2 NP and dried TiO2 NP collected as sedimentation from centrifuge. 

 

Figure 4-3. (a) TEM images of TiO2 NPs; (b) Hydrodynamic size distribution of TiO2 

NPs in surfactant solution. 

The absorption band at 1180 cm-1 for XOF 25S and functionalized NPs corresponds 

to the stretching vibrations of SO3 group. The broad intense absorption in the range of 

600-900 cm-1 for pure TiO2 is associated with the vibrations of the bonds Ti-O and Ti-

O-Ti [287]. The vibrations observed in the 855, 946 and 1096 cm-1 for EA are attributed 

to the stretches of C-O-C bond in ethoxylated group of EA [288, 289]. A strong 
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absorption peak is also found at 3400 cm-1 for EA, attributing to the O–H bending 

vibration. For pure TiO2 NP and functionalized TiO2 NP in aqueous phase, the 

absorption peak at 1600 cm-1 is attributed to the H-O-H stretching vibrations of water. 

The intensity of the peak at 3400 cm-1 significantly decreases for functionalized TiO2 

NPs compared to the pure one, which strongly evidences the decline of the surface 

hydroxyl number after the modification of NPs with surfactant. 

 

Figure 4-4. FTIR spectra of pure surfactants, pure TiO2 and sediment TiO2 NP. 

4.3  Core sample preparation and characterization  

The bulk rock samples were crushed into small grains and sieved into the size ranging 

from 425 µm to 600 µm. The grain morphology and mineralogy were analysed by SEM 

and EDS, as described in Sections 3.2.5 and 3.3.6. The wettability was determined by 

optical contact angle meter on the polished rock chunk surface. BET method was 

employed to determine the specific surface area of the rock powder by using 
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Micromeritics TriStar 3000 system. Their surface roughness was characterized by 

NPFLEX 3D from Bruker company. 

4.3.1 Morphology and element analysis 

 

Figure 4-5. SEM photos of crushed sandstone grain: (a) in low resolution; (b) in high 

resolution. 

 

Figure 4-6. (a) Elemental mapping of sandstone using an energy dispersive X-ray 

spectroscopic, inset is the mapping area; (b) distribution of aluminium components in 

analysed region. 

The surface morphologies of different rock samples were examined by SEM, as 

shown in Figure 4-5. Big particles with rough surfaces can be found in the SEM images. 

EDX analysis was done for specific points or interested areas on sample surfaces to 

detect the elements and mineralogy (Figure 4-6), which demonstrates that Si and O 

http://www.azonano.com/ads/abmc.aspx?b=159
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composed as major elements. In addition, the corresponding EDX micrographs proved 

the existence of silicate crystals as majority fraction and aluminosilicate mineral as a 

minor fraction. 

  

Figure 4-7. SEM photos of (a) black and (b) red limestone. 

 

 

 
Figure 4-8. Elemental mapping of (a) black and (b) red limestone using an energy 

dispersive X-ray spectroscopic. The insets are mapping areas. 

a) 

b) 

a) b) 

https://en.wikipedia.org/wiki/Silicate_minerals
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Limestone is a sedimentary rock, which is composed of a large amount of calcium 

carbonate mineral with some variable amounts of silica. SEM photos in Figure 4-7 show 

that the grains of limestone are irregularly shaped and well-crystallized grains are very 

rare. EDX mapping (Figure 4-8) indicates the existence of manganese and iron in both 

types of limestone. The black limestone contains higher amount of magnesium oxide 

mineral, which is the main reason for the black colour. Goethite or hematite are probable 

the mineralogy of iron in the red limestone as previously investigated by Cai et al. [37]; 

however the existence of hematite is the reason of red colour in limestone rock. The 

elemental mapping also verifies the existence of clay minerals (alumina and silica 

composition) in the limestone rocks. 

  

 

Figure 4-9. (a) SEM photos and (b) Elemental analysis of dolomite using energy 

dispersive X-ray spectroscopic. 

a) 

b) 

https://en.wikipedia.org/wiki/Sedimentary_rock
https://en.wikipedia.org/wiki/Calcium_carbonate
https://en.wikipedia.org/wiki/Calcium_carbonate
https://en.wikipedia.org/wiki/Minerals
https://en.wikipedia.org/wiki/Silica
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Figure 4-10. (a) SEM photos and (b) Elemental mapping of calcite using energy 

dispersive X-ray spectroscopic. 

According to high-resolution SEM image (18245×) of dolomite (Figure 4-9), the tiny 

star-like crystals are found on the surface of dolomite. The EDX analysis shows that the 

composition of star-like crystals is the same with the substrates that appear in different 

crystal structures. The SEM images of calcite rock show the existence of OOlits 

structure inside the carbonate rock. Moreover the vein of silica mineral is detected in 

calcite rock as  shown in Figure 4-10. 

4.3.2 Roughness analysis non-contact 3D observations and measurements 

The roughness of rock samples were observed and analysed contactless by 3D 

NPFlex, with value listed in Table 4-1. Before measurement, the crushed rock powders 

which were used as the packing material in NPs-surfactant flooding experiments, were 

stuck on same plates to form a homogeneous layer. The measurement was done on the 

surface of rock powder/area randomly selected from the plate. The measure area in both 

X and Y dimension ranges from 0 to a few millimetres. 
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Table 4-1. Analytical results of roughness for different rock samples 

Parameters 
Black 

limestone 
Dolomite 

Red 

limestone 
Sandstone Calcite 

Sa (µm) 0.438 0.745 1.216 0.716 0.403 

Sq (µm) 2.256 2.869 3.845 2.566 2.086 

Sp (µm) 88.204 116.133 119.615 100.097 103.87 

Sv (µm) -63.306 -66.816 -74.942 -80.03 -78.485 

Sz (µm) 151.511 182.949 194.557 180.127 182.355 

Note: Sa, is the arithmetic mean height, indicating the average absolute roughness value 

z(x,y) in measured area; Sq, is root mean squared height, which expresses the root mean 

squared of rough value z(x,y); Sp, is the maximum peak height. Surface peak is an area 

above the average level of the surface; Sv, is maximum valley height. Surface valley is 

an area below the average level of the surface; Sz, is maximum height. 

4.3.3 Specific surface area and surface charge of rock 

The average specific surface area of different rocks (250-425 µm) was measured 

using BET nitrogen adsorption analysis for three repeats. The surface charge of different 

rocks was obtained using electrophoresis measurements of crushed rock [38]. Rock 

particles below 45 µm were collected and suspended in de-ionized water. The large 

particles were sedimented after 1 hour and the remaining suspension was centrifuged at 

speed of 5000 for 30 minutes. The size of particles in suspension was estimated between 

3-4 µm based on the stokes law. The electrophoretic mobility of particles was then 

measured by using a Malvern Zetasizer at pH ~7, and data is presented in Table 4-2. It 

is validated that zeta potential measured by this method is quite close to the results from 

Alotaibi et al. [290], Our results show that all rocks have negative surface charges with 

magnitude in the sequence: Dolomite (least negative) <calcite<black limestone<red 

limestone < silica (most negative). 
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Table 4-2. Main parameters for different rocks. 

Rock type Silica 
Black 

limestone 
Red limestone Dolomite Calcite 

Specific 

surface area 

(m²/g) 

0.877 ± 

0.001 
0.884± 0.003 3.090 ± 0.004 2.540 ± 0.021 

1.460± 

0.001 

Electrophoretic 

mobility 

(μmcmV-1s-1) 

-1.58 ± 

0.09 
-1.07 ± 0.07 -1.14 ± 0.04 -0.83 ± 0.05 -1.00 ± 0.07 

Zeta potential 

(mV) 
-20.6 -14.2 -15.2 -11.1 -12.1 

Contact angle  20.09±2.5 68.23±0.25 37.88±0.58 29.83±1.5 33.66±2.5 

4.3.4 Wettability analysis of rock 

 

Figure 4-11. Contact angle of brine droplet (4 wt% NaCl) at 22 °C on polished rock 

surface. The inset is example of droplet photo taken by the optical contact angle meter. 

Side images of water drops on polished rock pieces were taken by a high speed 

camera mounted on the KSV tensiometer. The images of brine drop (at the optimum 

salinity) sitting on polished substrate were recorded in both fast mode (0.1s interval) for 

120 pictures and normal mode (1 s interval) for 240 pictures. The images at steady state 
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when the contact angle was almost unchanged are shown in Figure 4-11, and the 

corresponding contact angle values are presented in Table 4-2. According to the results, 

the black limestone and silica has the lowest and highest degree of water wettability 

between rocks, respectively. 

4.4  Surfactant preparation and characterization 

4.4.1 Stability of surfactant solution 

Critical micelle concentration (CMC) of XOF-25S was determined by interfacial 

tension measurement and conductivity method as indicated in Figure 4-12. The 

conductivity of anionic surfactant solution increases linearly with increasing surfactant 

concentration until it reaches 2.4×10-3 g/mL, beyond which the increased rate of 

conductivity is slightly reduced. This point on the graph where conductivity changes its 

slope is identified as the CMC. The CMC for alcohol ethoxylates is equal to 15×10-6 

g/mL according to the report released by Human & Environmental Risk Assessment  

(HERA) [[269]].  

 
Figure 4-12. Critical micelle concentration (CMC) of XOF-25s. 

Generally in ASP/SP flooding the surfactant concentration is in the range of 0.2-1.0 

wt%. In this study, a surfactant concentration of 0.3 wt% (combined by 0.15 wt% XOF-
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25S and 0.15 wt% EA) was selected as candidate for measuring surfactant adsorption 

in porous media. As long-term stability are important factors in design of an injectable 

surfactant slug, it will be necessary to find a suitable composition for formulating 

single-phase aqueous surfactant solutions at different salinities. Figure 4-13a shows the 

XOF-25S surfactant solution samples (15 mL, 0.3 wt%) at different salinities. 

According to Figure 4-13a, the XOF-25S solution presents cloudy state or even not 

soluble at a salinity higher than 2 wt%. Then, EA surfactant (0.15 wt%) was added as 

additive to obtain single-phase solutions for XOF-25S surfactant (0.15 wt%) at higher 

salinities. The non-ionic EA co-surfactant is capable of increasing resistance to high 

salinity due to the ethylene oxide groups in the structure of EA, which transfers the 

unsolvable surfactants to be solvable, as shown by the produced clear aqueous solution 

in Figure 4-13b. 

 

Figure 4-13. (a) XOF-25S surfactant solution at different salinities, (b) blend of XOF-

25S and EA surfactant solution with equal weight percentage at different salinities. 



 

- 118 - 
 

 

Figure 4-14. Interfacial tension between mineral oil and XOF-25S solution (0 and 2 

wt% salinity, because the surfactant was not soluble at salinity higher than 2 wt%, the 

IFT data for pure XOF-25S solution was not available), and blend of XOF-25S-EA 

solution with equal weight percentage. 

Figure 4-14 illustrates the interfacial tension between mineral oil and XOF-25S 

solution (0 and 2 wt% salinity), and blend of XOF-25S and EA surfactant with equal 

weight fraction (0.15 wt%). According to the results, the interfacial tensions of XOF-

25S-EA blender are lower than those for XOF-25S microemulsion, due to the synergic 

effect of these two surfactants on decreasing IFT [291].  

4.4.2 Optimum Salinity and blend ratio 

Optimum salinity of surfactants solution for their ability to give lowest interfacial 

tensions in oil-brine systems is important for flooding processes. Optimum salinity is 

usually obtained by visualizing winsor type III microemulsions in oil-brine. In order to 

find out how the solution salinity change affects the surfactant functionality, the static 

glass-pipette tests were performed. N-octane was selected as the oil phase because 

optimal salinities of surfactants solution against n-octane is nearest to those of the same 
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surfactants against many crude oils [292]. 1 wt% propyl alcohol as co-solvent was 

added to samples for better visualization of phase behaviour however this value can be 

adjusted to commercial compositions. Moreover, it should be noticed that finding clear 

solutions near optimal conditions in surfactant solution is more applicable when the 

formulations contain considerable alcohol or other co-solvent.  

 

Figure 4-15. (a) Equilibrium phase behaviour of surfactant hybrids of XOF-25S and EA 

(mass ratio 1:1) solutions with equal volumes of n-octane at 70 °C and various salinity 

from 0 to 7 wt% NaCl; (b) IFT between mineral oil and surfactant blending solutions at 

different salinity. 

In order to determine optimum salinity, glass sample tubes (pipettes) were filled by 

1 mL surfactant solution containing 0.003 g/l of XOF-25S and EA (mass ratio 1:1) at 

different salinity and 1 mL n-octane. Pipettes were sealed first at the bottom and after 
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being filled with sample, they were also sealed from the top, followed by 14 days aging 

in oven at 60 ºC. Each sample was monitored during this period to assess their state 

after reaching equilibrium condition. Figure 4-15a is a photograph of a salinity scan for 

surfactant solutions with equal volumes of n-octane at 60 °C. A large middle phase 

microemulsion indicates an optimal formulation using surfactants. The optimal salinity 

range in this case is approximately 4 wt%. In the next set of the experiments, the IFT 

measurements were performed between mineral oil and surfactant solutions at different 

salinities that has been shown in Figure 4-15b. 

Figure 4-16 shows the phase behaviour of solutions at 4 wt% salinity for a surfactant 

solution blended at different ratios. In this case, the scan includes Winsor I for EA with 

bluish oil in water microemulsion and Winsor III for blend of XOF-25S and EA while 

there is not any microemulsion formation in absence of EA. Microemulsions with 

higher solubilisation parameter were oberserved for sample containing 25% XOF-25S 

which was an composition for the surfactant blend in the next experiments.  

  

Figure 4-16. Phase behavior of surfactant solutions at 4 wt% salinity for different blend 

ratio of XOF-25S and EA (wt%). 
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4.4.3 Determine of surfactant concentration 

The number of carbon atom in both surfactant structures is similar. Therefore, 

Chemical Oxygen Demand (COD) method was used for measuring the surfactant 

concentration by determining the quantity of oxygen that required to oxidize carbon in 

surfactant matter in a collecting solution. The reagent concentrations were adjusted so 

that the method can be applied for  samples having a surfactant concentration lower 

than 0.004 g/mL. 

2 mL of sample, 7 mL sulphuric acid (H2SO4) and 2.5 mL of potassium dichromate 

(K2Cr2O7) solution (0.250 N) were mixed for 1 hour at 110 ºC in a reflux flask and 

employed to eliminate loss of sample by volatilization. The flask was then cooled to 

room temperature, followed by adding 15 mL of distilled water to dilute the solution. 

Three drops of ferroin indicator was added to the solution and the excess dichromate 

was titrated with standard ferrous ammonium sulfate (FeH8N2O8S2, Fe(NH4)2(SO4)2 

0.06 N) to the end point [144]. At the end point the colour of solution changed sharply 

from blue-green to reddish hue. 

2 K2Cr2O7 + 8H2SO4→ 2 K2SO4 + 2 Cr2(SO4)3 + 8 H2O + 3O2 

COD of sample, was calculated as follow: 

COD as mg O2/L = 
(𝐴−𝐵)×𝑁 ×8000

𝑉𝑜𝑙
 

where, A is volume of ferrous ammonium sulfate (mL) used for titration  of the blank 

solution (without carbon element),  B is volume of ferrous ammonium sulfate (mL) 

consumed for sample titration of the sample,  N is normality of ferrous ammonium 

sulfate and Vol is volume of sample (mL) used for the test. 
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4.5  Dynamic adsorption experiments 

Surfactant mixtures without nanoparticles are injected into the column packed with 

different rock grains in the cold flooding stage, as shown and described in Section 5.3. 

All of the effluent samples were collected to measure the surfactant concentration using 

the COD method. 

The dynamic adsorption experiments to exam the NPs/surfactant mixtures in porous 

matrix packed with a collection of crushed rocks grains as described above were carried 

out in the cold flooding stage. The parameters for the packing column are described in 

Table 4-3. Experimental procedures for dynamic nanoparticle breakthrough ability were 

performed as follows:  

 at least 10 PV brine (4 wt% NaCl) was injected through the column packed with 

crushed rock grains at a flow rate of 2 mL/min in order to make sure that the column 

was fully saturated and allowed enough time for rock powder depositing. 

 20 mL of surfactant/TiO2 mixtures was injected into column packed with different 

porous media at a flow rate of 1 mL/min. 

 20 mL of brine was injected at a flow rate of 1 mL/min as post-flooding 

Table 4-3. Parameters for the porous media 

Porous media property Value 

Lentgh (cm) 2.6±0.2 

Diameter (cm) 2.44 

Bulk volume (mL) 12.16±0.94 

Pore volume (mL) 4.3±0.3 

Porosity (%) 35.4±5.9 

Absolute permeability (mD) 22.3±5.2 
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The effluent liquid flowed through a flow cell placed in UV-Vis spectrophotometer, 

and was collected at the outlet. The nanoparticle effluent concentration (C) was 

measured on-line by spectrophotometer operating in ‘Kinetic’ mode at a wavelength of 

450 nm. The breakthrough curves (C/C0) of nanoparticles were generated by using the 

NPs’ effluent concentration (C) divided by influent concentration (C0). 

Before experiment, calibration curves of adsorption versus NPs concentrations were 

generated with a known TiO2 concentration in dispersions (Figure 4-17). The NPs 

recovery was calculated as a percentage of the effluent collected NPs from both NPs 

injection and post-brine flooding relative to the total amount of injected nanoparticle. 

The retention of NPs on solid surface (mg/g rock and mg/m2 rock) for the coreflooding 

was then calculated by total injected NPs concentration minus recovered the NPs. Mass 

balance calculation was performed to evaluate both particles eluted from the column 

during coreflood and those retained in the column. The calculation showed that the total 

mass of nanoparticles that emerged from the column together with the retained mass is 

higher than 95% of the initial mass. Breakthrough curves (BTCs) of TiO2 nanoparticles 

that show relative adsorption as a function of PV, are provided in Figure 4-18. 

 

Figure 4-17. Calibration curve for the C/C0 (%) against absorption of TiO2 at 2000 

ppm. The wavelength was fixed at 450 nm. 
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4.6  Results and Discussion 

4.6.1 Nanoparticle breakthrough curve 

It can be seen from the breakthrough curve in Figure 4-18 that TiO2 NPs has good 

migration ability (>85%) in all of the rock types examined. As reviewed in Section 

3.5.5, there are several mechanism controlling the particle transport in porous media: 

sedimentation, interception, straining and diffusion. As the NP size is small, the 

sedimentation is unlikely to happen due to short residence time of particles in the core 

and the effect of Brownian motion. Moreover, since the surface charge of all the rock 

samples was measured as negatively charged, diffusion is also unlikely to play an 

important role in trapping the particles. Interception is a function of the tortuosity of the 

porous media and surface roughness of the crushed rock powder [293]. Straining is 

possible to happen because of the ultra-low narrow pore throat introduced by anomalous 

shape of rock grain after crushing, and random packing. In those sensitive areas, the 

relative size of nanoparticle (𝑑𝑛) and rock grains (𝑑𝑐) would above the critical ratio of 

0.0017. 

Therefore, the high breakthrough ability in all rock matrix would be attributed to 

negligible electrostatic adsorption and occasionally straining. The EDS mapping results 

for the sample extracted from the column after post injection process, show that small 

amount of NPs are detected on the surface of rock, verifying the negligible electrostatic 

adsorption and weak interaction by adsorption/diffusion. 
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Figure 4-18. TiO2 nanoparticles breakthrough curves transported through different 

rocks: (a) silica, (b) black limestone, (c) red limestone, (d) dolomite, (e) Calcite. 

4.6.2 Surfactant attachment 

Figure 4-19 and  Table 4-4 represented weight percentage of nanoparticles which 

trapped in porous media and those discharged during the flooding and post flooding.  
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Figure 4-19. (a) weight percentage of trapped NPs in different porous media, and (b) 

adsorbed surfactant blend with and without NPs at surface of different porous media. 

Figure 4-19a indicate that all NPs are discharged from silica and dolomite porous 

media while limestone rock has a high value of retention rate. Comparing to previous 

studies, there is some inconsistence on the effect of specific surface area and surface 

charge of rock on NP retention. Caldelas et al. [30] stated that specific surface area of 

rock had a linear effect on NP retention, independent of rock lithology. However in this 

study, the surface area of dolomite rock is relatively high compared to others (Table 

4-2) while NPs were completely recovered. In recent research [158, 159, 196, 200, 204, 

294], specific surface area is not considered as an important factor for particle retention. 
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 Table 4-4. retention of TiO2 NPs and adsorption of surfactant in different porous media  

 

Dunphy Guzman et al. [295] also stated that surface charge of rock was a primary 

factor on the retention of TiO2 NPs in porous media. According to Table 4-2, all of 

those surfaces are negatively charged, even the lowest charge of dolomite has a zeta 

potential of -10 mV. Therefore, it can deduced that more retention should be expected 

in dolomite rock compared to other rocks because of the lower electrostatic repulsion 

between the particle and the grain surface. However the breakthrough curve in Figure 

4-18 and retention statistics in  Table 4-4 show that electrostatic adsorption is unlikely 

to play an important role in trapping the particles. 

According to our results, it appears that another important factor which have a great 

effect on retention of particle is the surface roughness. Table 4-1 clearly shows that the 

surface roughness of a limestone grain is greater compared with dolomite and silica, 

which cause more retention of NPs. Such an explanation is consistent with other 

researchers who revealed that irregular dents and bumps of rock surfaces led to more 

trapped NPs [153, 296].  

Surfactant adsorption with and without NPs are shown in Figure 4-19b and Table 2. 

The highest adsorption of surfactant per unit mass of rock (mg surfactant/g rock) is red 

lime stone. However based on per unit surface of rock (mg surfactant/m2 rock), silica 

Rock type Calcite Dolomite Black 

limestone 

Red 

limestone 

Silica 

Surfactant adsorption 

without nanoparticles (mg/g 

rock) 

1.16 0.5 1.06 1.98 1.44 

Surfactant adsorption with 

nanoparticles (mg/g rock) 

1.5 0.34 1.12 2.38 0.71 

Surfactant adsorption 

without nanoparticles 

(mg/m
2
 rock)        

0.529 0.131 0.37 0.427 1.094 

Nanoparticle retension 

(wt %) 

5.5 0 13.5 22.4 0 

Nanoparticle retension 

(mg/m
2
 rock) 

0.075 0 0.186 0.145 0 
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has the highest adsorption rate. All evidence confirms that blend of alkylaryl sulfonates 

and alcohol ethoxylated incline to adsorb on surfaces containing Si and Al. Si and Al 

elements (source of silica and clay mineral) are found in all rock samples except the 

dolomite, which have the least surfactant adsorption. The main proposed mechanism of 

adsorption surfactant suggests hydrogen bonding between the oxygen in the ethoxy 

groups of surfactant and the hydroxyl groups of silica on the mineral surface. Figure 

4-20 schematically shows the mechanism of ethoxylated surfactant adsorption on 

surface containing silica. According to the analysis, any specific relation between 

surfactant attachment with wettability or ability of rock in water adsorption is not found. 

 

Figure 4-20. Proposed mechanism for ethoxylated surfactant adsorption on rock 

containing silica. 

4.7  Conclusion 

Although there is a large amount of literature dealing with nanoparticle transport 

through porous media, there is still an absence of a comprehensive study about potential 

and ability of NP as a surfactant carrier for controlled delivery. In this study we focused 
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on this concept and the main conclusions of the research may be summarized in the 

following points: 

 Blend of 25% XOF-25S as an anionic alkylaryl sulfonates and 75% nonionic 

alcohol ethoxylated (C12-13/7EO) surfactant at 4% salinity was founded as an 

stable composition with the lowest IFT. The stability and low IFT of surfactant 

solution is because of the synergic effect of surfactant mixture at presence NaCl salt. 

 Adsorption of surfactant blend in the presence of TiO2 nanoparticles was 

proportional with retention of nanoparticles inside column. Therefore the capability 

of NPs to deliver surfactant blend molecules to oil/water interface is increased when 

NPs can transport through porous media as much as possible. 

 The adsorption of alkylaryl sulfonates and alcohol ethoxylated blend greatly 

depends on the mineralogy of rock, which was increased at rock surface containing 

higher amount of silica and alumina. The hydrogen bonding between the oxygen in 

the ethoxy groups and the hydroxyl groups of silica is suggested as a plausible  

mechanism for the adsorption of surfactant. Any specific relation between surfactant 

attachment with wettability or ability of rock in water adsorption was not found. 
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Chapter 5  

Oil/water microemulsion stabilized by in-situ 

synthesised nanoparticles for enhanced oil recovery 

5.1  Introduction 

Nanoparticles (NPs) have been investigated to generate and stabilize microemulsions 

(ME), as reviewed in Section 2.2.3. In spite of those existing applications, it is seldom 

reported that magnetic NPs, whose behaviour can be controlled by an external magnetic 

field, were applied as foam/emulsion stabilization agent for EOR application. Although 

some studies investigated the super- /para- magnetic NPs transporting in porous media 

and adsorption at o/w interface [19], the focus was on the migration and deposition 

properties of NPs in rock samples, not for stabilizing emulsions. It is also noteworthy 

that among all the work published, NPs-stabilized MEs were produced in a two-step 

method. In this method, nanoparticles were produced first, and then mixed with CO2 to 

form CO2/water emulsions, or o/w, w/o emulsions [297-299]. For the two-step synthesis 

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

increased cost and produced many agglomerations. In-situ synthesis of NPs for 

emulsification, at the same time improving ME stability, will have important 

implications / promise for future chemical EOR techniques. 

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

pressure gradient when ME are migrating in the rocks matrix [73, 300]. Though 
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extensive work has been conducted on colloidal transport for environmental 

considerations [196, 277, 294, 301], the transport of ME in porous media in the presence 

of the oil phase has been scarcely investigated to date, especially when it is stabilized 

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

injection pressure to reduce the pump power required to push displacing fluids and 

hydrocarbon to production well, and prevent the formation from damaging due to high 

pressure. 

The work in this chapter aims to develop a novel method to produce iron oxide 

nanoparticle (IONP) in-situ in an o/w ME and examine the its potential for enhanced 

oil recovery. Three tasks are designed, which include, i) design and production of 

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

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

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

stabilized MEs, in terms of EOR efficiency and pressure drop. The results reveal that 

MEs stabilized by in-situ produced IONPs have great potential in increasing oil 

recovery efficiency while maintaining an excellent pressure profile. 

5.2  Materials preparation and Characterisation 

5.2.1 Materials 

Analytical grade materials including n-hexane, sodium chloride, sodium hydroxide, 

Span 80, Sodium dodecyl sulphate (SDS) and propyl alcohol were purchased from 

Sigma Aldrich and used as received. The iron (III) 2-ethylhexanoate and mineral oil 

with a measured value of 42.6 mPa·s were obtained from Alfa Aesar and Kerax Ltd. 

(UK), respectively. The standard glass beads with diameter of 425-600 μm were 

purchased from Sigma Aldrich. Prior to use, the glass beads were thoroughly cleaned 

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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using a sequential acid wash, water rinse, ultrasonication, and oven-drying procedure 

[196]. 

5.2.2 Microemulsion preparation and characterization 

A set of ME suspensions were synthesized at various ionic strength ranging from 0 

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

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

Span 80 as the co-surfactant to achieve an ultra-low interfacial tension between the oil 

and water phases, 𝛾𝑜/𝑤 , where SDS is not sufficient to achieve due to its single-

hydrocarbon-chain structure. The interfacial tension (IFT) between bulk ME and 

mineral oil, the hydrodynamic size of oil droplet and optimum salinity results were 

measured and presented in Section 5.4.1. The optimum salinity of ME occurs when the 

IFT between ME and mineral oil achieves minimum value, which was measured by an 

optical tensiometer (KSV CAM 200, KSV instruments Ltd., Finland) under an 

atmospheric environment. One of the advantages of using ME compared to a surfactant 

solution is that in the ME solution, surfactants can distribute at the interface between 

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

on the substrate or forming micelles. It is commonly known that at high concentrations 

above CMC, the surfactant molecules tend to self-assemble and form turbid micelles, 

which could precipitate on the substrate and reduce the availability of surfactant in the 

solution. 

5.2.3 In-situ synthesis of Iron Oxide NPs in microemulsion 

The procedures from Okoli et al. [302] and Sanchez-Dominguez et al. [10, 303] were 

referred and modified for the synthesis of Iron Oxide nanoparticle (IONP) in o/w MEs. 

Generally, one type of ME containing the metallic precursor and another one the 

precipitating agent of reaction are mixed together. Upon mixing, the collision and 
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coalescence of droplets could allow the originally-separated reactants contact with each 

other, and thus a chemical reaction is triggered. The surfactant-covered water droplets 

actually act as a nanoreactor for the formation of nanoparticles. The chemical reaction 

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

finally formation of nanoparticles, after exchange of precursors [10]. 

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

IONP in ME could reach approximately 800, 1600 and 6400 ppm after the reaction. 

Briefly, iron (III) 2-ethylhexanoate was firstly dissolved in the oil phase and then used 

to formulate 20 mL ME at different salinities of 0, 5 (optimum salinity as determined 

in Section 5.4.1) and 8 wt% NaCl. Sodium hydroxide with a stoichiometric value was 

dissolved in brine with a similar salinity so that the amount of brine for NaOH solution 

was considered a tenth of ME. NaOH solution as a precursor was added dropwise via a 

syringe pump (KDS-410-CE, kdScientific, USA) to synthesize IONP in ME. An 

ultrasound probe (Fisher Scientific Ltd.) operating with an amplitude of 25 out of 100 

was used for mixing and performing the proposed reaction in Equation (5-1): 

 

Equation (5-1) 

Figure 5-1a shows that the IONPs are successfully synthesized in ME, and they can 

be drawn towards a magnet (neodymium-samarium cobalt magnet with 18 kg pull 

force). The long-term stability was checked by unaided eye observation, and results in 

Figure 5-1b show that ME suspension with 5 wt% NaCl had the best macroscopic 

stability after 24 h. The morphologies of the synthesized IONPs were examined using 

a transmission electron microscope (TEM, FEI Tecnai TF20). As shown in Figure 5-2, 

Na+ 
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the observed IONP mainly consisted of globular morphologies in the order of 5 to 20 

nm.  

 
Figure 5-1. iron oxide magnetic nanoparticles inside the O/W ME a) with presence of 

magnet (neodymium-samarium cobalt magnet with 18 kg pull force), b) Microemulsion 

containing in-situ synthesized Iron Oxide nanoparticle (MEIN) synthesised in different 

salinity after 24 h. 

  

Figure 5-2. TEM photos of iron oxide nanoparticles which were synthesized in ME at 

optimum salinity. 

0 % 5 % 8 % 
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5.3  Core flooding experiments 

5.3.1 Porous medium preparation 

Prior to use, glass beads (Sigma Aldrich) with 30-40 mesh size fraction (425-600 

µm) were thoroughly cleaned using a sequential acid wash, DI water rinse, and oven-

drying according to reference [196]. 

The dried glass beads were saturated in distilled water, and then deposited into a 

glass column in 1.5 cm increments with 0.5~1 cm thick of water on the top of 

borosilicate glass columns (10 cm L × 2.44 i.d., Glass solutions, Blacktrace Holding 

Ltd., UK). After the formation of a layer of 1.5 cm, vibration was accomplished for 3 

minutes using a vortex mixer (Scientific Fisher), with the amplitude of vibration 

represented by 8 on the vibrating table’s dial. The column was kept vertical by one hand. 

The packing length in column was actually 7 cm due to the reduced to O-ring blocker 

in two sides. To prevent glass beads from flowing out of column, the inlet and outlet 

column end blockers were fitted with a single layer of membrane with the pore size of 

10 μm (Millipore limited, UK), respectively. The absolute water permeability for glass 

beads was computed as 98.0 ±  17.3 mD based on Darcy’s law. The porosity or 

volumetric water content was determined by extracting and oven-drying the glass beads 

in the already packed glass column. Parameters relating to the column are listed in Table 

5-1.  

5.3.2 Porosity determination 

Before experiments, the packing in glass column was practiced 21 times until 

achieving a confidence with constant packing . After fully saturated by at least 400 mL 

distilled water, the weight of saturated glass column was recorded as 𝑚𝑠𝑐. Then the dry 



 

- 136 - 
 

weight of glass beads was measured as 𝑚𝑑𝑔, after drying 24 hours in oven at 70 °C. The 

column weight was measured as 𝑚𝑑𝑐, thus the pore volume 𝑉𝑝 can be calculated as: 

𝑉𝑝 =
𝑚𝑠𝑐 − 𝑚𝑑𝑐 − 𝑚𝑑𝑔

𝜌𝑤
 

The average porosity was measured as 38.0%, which was applied for all core flooding 

experiments. 

Table 5-1. Parameters in average value for packed glass beads column from over 20 

times practice for packing. 

Porous media properties Value 

Length (cm) 7 ±0.3 

Diameter (cm) 2.44 

Bulk volume (mL) 33.7±1.4 

Pore volume (mL) 12.8±0.5 

Porosity (%) 38.0±1.6 

Absolute permeability (mD) 98.0±17.3 

5.3.3 Experiment setup 

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

synthesized IONP. Figure 5-3 shows the integrated experimental instruments and 

schematic view of the core-flooding setup. A HPLC pump (Series I, Scientific Systems, 

Inc.), which is equipped with a pulse damper to minimize pulsation for the benefit of 

downstream instrumentation, was used for injecting brine during coreflooding. A 

syringe pump (KDS-410-CE, KD Scientific Inc., USA) was applied to inject mineral 

oil and emulsion/NPs suspension loaded in different syringes in order to avoid overlap 

contamination. The concentration of NPs in suspension was measured by UV-

spectrophotometer (UV 1800, Shimadzu) on-line and real-time (applicable for 0 and 0). 
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A pressure transducer (150 psi, Omega Engineering Ltd., UK) is installed on the back 

of rig board to measure the pressure drop when fluids passing through the packed porous 

media. A borosilicate glass columns (10 cm L × 2.44 i.d., Glass solutions, Blacktrace 

Holding Ltd., UK) was applied as a core holder in which the porous media was packed. 

A bypass route connecting the inlet and outlet of the column was applied to remove 

bubbles in tubing before experiments, as shown in Figure 5-3a. The effluent liquid is 

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

determine the accumulate oil recovers, as shown in the schematic diagram Figure 5-3b. 

 

Figure 5-3. (a) Experimental core flooding set-up, and (b) Schematic of the apparatus 

for laboratory detection and quantitative analysis of CDs in simulated reservoir rock. 

The concentration of particles was detected on-line by UV-Vis spectrophotometer, 

running at a wavelength of 310 nm. 
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5.3.4 Coreflooding procedures 

The procedures of coreflooding experiments were accomplished as below: 

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

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

by brine and allow enough time for grains depositing. 

 Oil saturation by injecting mineral oil (Keratech 24 MLP, Kerax Limited, UK) at 

flow rate of 0.5 ml/min until no water coming out, and the original oil in place 

(OOIP) was determined by the volume of water collected. 

 Brine flooding as a secondary oil recovery stage was performed with a fixed flow 

rate of 0.5 mL/min for 3 PV, and followed by 20 mL (1.6 PV) displacing sample 

injection at flow rate of 0.5 m/min to simulate EOR process. 

 Chasing brine injection at a flow rate of 0.5 mL/min for 20 mL. 

5.4  Results and discussion 

5.4.1 IFT, emulsion size and optimum salinity of microemulsion 

As explained in Section 5.2, the MEs were fabricated under different salinities. The 

transparency of ME samples containing NaCl at 5 and 7 wt% show the formation of oil 

core inside the ME, whereas when the amount of NaCl was lower or higher than 5 wt%, 

the ME was not fully formed. The oil/water phase of ME even experienced segregation 

with presence of 10 wt% NaCl (Figure 5-4). The reason behind this phenomenon is 

because the surfactant distribution at o/w interface can be affected by electrolyte present 

in the aqueous phase, which will be further explained in Figure 5-7. Corresponding to 

the macroscopic image of transparency shown in Figure 5-4, the IFT results in Figure 

5-5 consistently show that with the presence of 5 wt% of NaCl, the IFT between ME 

and mineral oil was reduced most effectively to the relative low region (<0.01 mN/m) 
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with a tiny drop hanging on the syringe tip, due to the sufficient formation of ME. By 

decreasing or increasing the salinity from 5 wt%, the IFT increased for both directions, 

and when the salinity increase to 10 wt%, the emulsion became unstable and eventually 

segregate, similarly, the size determined by DLS method in Figure 5-6 also shows the 

same trend with transparency and IFT. Therefore, the optimum salinity (5%) obtained 

above was applied to synthesis IONP in ME, and the sample show good stability. 

 

Figure 5-4. Macroscopic image of ME samples containing NaCl from 3 wt% to 10 wt%. 

 

Figure 5-5. The interfacial tension between ME and mineral oil. Insets are images of 

ME suspension hanging on needle tip. The volume of ME sample capable to hang on 

the needle tip is changing with the trend of IFT. 
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Figure 5-6. Hydrodynamic size of ME samples with different NaCl concentrations. 

 

Figure 5-7. Schematic of surfactant distribution at the o/w interface with increasing 

ionic strength. (a) More surfactant are dispersed in water phase at low saline water ; (b) 

most surfactant distribute at the interface at proper salinity; (c) at high concentration of 

salt, the electric double layer was compressed. 



 

- 141 - 
 

Increasing salinity could decrease the mutual solubility between water and 

surfactant. At lower salinities (e.g. <3 wt %), more surfactant molecules were dispersed 

in water phase. Therefore, the steric and electrostatic repulsion between oil droplets is 

too weak to overcome the hydrogen bonds of water molecules. As salinity increased, 

the solubility of surfactant in water phase is increasingly reduced and most surfactants 

tend to distribute at the oil/water interface, which leads to the decrease of interfacial 

tension and formation of oil nanodroplets. At very high salinity values (e.g. 10 wt%), 

the screening impact of the extra electrolytes compress the electrical double layers 

around droplets and the O/W phases would be separated (Figure 5-7). 

5.4.2 Fluids viscosities 

The dynamic viscosities of microemulsion suspension (ME) and microemulsion 

containing in-situ synthesized iron oxide nanoparticle (MEIN) are shown in Figure 5-8. 

After Fe2O3 nanoparticle formed in the emulsion, the viscosity of the ME is influenced 

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

viscosity due to the adsorbed nanoparticle which may slow down the diffusion of 

surfactant near the interface [304], and the particle-surfactant network ( as proposed in 

Figure 5-11 in Section 5.5.1) also prevents the coalescence of ME when shear force is 

applied. Similar reports in terms of emulsion/foam viscosity increase by NPs were 

reported by several authors. Adsorbed nanoparticles may increase the interfacial 

viscosity [304-306], which may further slow lamella drainage and stabilize foam. [307, 

308] It is also interesting to see that ME with 6400 ppm Fe2O3 NPs experienced a 

dramatic increase in viscosity. This suggests that when optimal amount of nanoparticles 

and surfactant are employed, they can favour the formation of a strong high-quality 

emulsion/foam, as found by Prigiobbe et al. [309]  
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Figure 5-8. Viscosity of ME and MEINs. 

5.4.3 Oil displacement experiments 

5.4.3.1 Oil recovery efficiency  

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

were conducted with only ME, and ME with in-situ formed IONPs at concentrations 

varying from 800 to 6400 ppm. As described in the coreflooding procedures, all the 

effluent materials, including oil, brine and ME suspension, were collected by using a 

long slim graduated tube marked in 0.1 mL divisions. Due to the density difference, the 

oil/water phase can be separated instantly and automatically. The cumulative oil 

recovery efficiency ( 𝐸𝐶𝑂𝑅 ) is calculated by using the amount of cumulative oil 

production divided by the OOIP (Original Oil in Place). The EOR efficiency (𝐸𝐸𝑂𝑅) is 

calculated by using the amount of oil produced in the process of ME/chase-water 

flooding divided by OOIP.  

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

different cases are quite close to each other (at around 45%), which means that the 

tertiary flooding started from a similar residual oil saturation. With an overall oil 



 

- 143 - 
 

recovery efficiency of 59.1% OOIP by the end of tertiary flooding, ME can mobilize 

10% more trapped oil (EOR efficiency which is relative to OOIP) after brine flooding, 

while the presence of nanoparticles in ME further improved the efficiency, depending 

on the amount of iron nanoparticle contained (Figure 5-9). With the increase of iron 

oxide nanoparticle concentration, the cumulative oil recovery efficiency was increased 

from 59.1% to 85.2%, and EOR efficiency was correspondingly increased from 10% to 

28.9% (Table 5-2). In addition to a higher oil recovery ability, the pressure drop for 

MEIN flooding is more stable and lower than that of the ME flooding, which is 

beneficial for the flow assurance in oil reservoir (Figure 5-10). 

Table 5-2. The amount of oil recovered at different stages, for flooding experiments 

with different displacing fluids 

Displacing 

fluid 

𝐸𝐶𝑂𝑅 after 

brine flooding, 

% OOIP 

𝐸𝐶𝑂𝑅 after 

ME flooding, 

% OOIP 

Ultimate oil 

recovery 

efficiency, % 

OOIP 

𝐸𝐸𝑂𝑅 by 

ME, % 

OOIP 

𝐸𝐸𝑂𝑅 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 17.4 9.8 

ME+6400 

Fe2O3 

43.4 72.3 85.2 28.9 12.9 
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Figure 5-9. Tertiary oil recovery obtained by ME and MEIN. 

5.4.3.2 Pressure files during injection 

Pressure drop is a necessary consideration for the design of core flooding. A 3.28 

psi/m pressure gradient is common for field-scale water flooding, at the frontal velocity 

generally around 1 ft/day [73]. Therefore, a similar pressure gradient is necessary for 

the design of chemical flooding at given flow rate in the laboratory. Figure 5-10a shows 

the differential pressures for the core flooding experiments, by ME and MEIN (with 

800 ppm NPs) formulated with the same surfactant concentration. For ME flooding, the 

pressure at tertiary stage started slightly higher than that in brine flooding stage, but 

experienced a rapidly increase approximately from 3.5 PV, soaring up over 20 psi by 

the end of tertiary flooding. This might be attributed to the surfactant release trigged by 

ME destruction and its retention in porous media. However, after being stabilized by 

IONP the pressure profile for ME kept lower than 6 psi, which is even lower than the 

brine flooding stage and showed no tendency to increase, as shown in Figure 5-10b. 

The reason is because stabilized by nanoparticles, the ME structure is much more stable 

and there is a persistent existence of particle and surfactant molecules at the interface.  
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Figure 5-10. The differential pressure for oil displacement (a) ME and (b) MEIN. 

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

lower than 4.5 psi and gradually declined, while the pressure for ME saw a heavy 

fluctuation at around 40 psi. It means that during the chasing-water injection process, 

ME kept being destroyed and released the surfactant previously distributed at the o/w 

interface, while the MEIN could still keep its texture synergistically stabilized by NPs 

and surfactant, and prevented the pressure gradient from fluctuating due to surfactant 

retention in porous media. In addition, because of the electrostatic and steric effect 

jointly introduced by NPs and surfactant, the ME did not tend to adsorb on the surface 

of glass beads, or breakup due to the collapse of interface texture (Figure 5-11(c)). 
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5.5  The mechanism for enhanced oil recovery 

5.5.1 Enhanced stability by in-situ formed NPs 

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

be dependent on transient dimers, collisions, and coalescence of droplets [310], the 

reaction itself is believed to happen at the O/W interface since the precursor is dissolved 

in the continuous aqueous phase [302, 311]. Moreover, particles tend to stay at o/w 

interface after the synthesis due to the high energy (∆𝐺) required to detach the particle 

from the interface as calculated by the equation below (Figure 5-11 (a)). de Oliveira et 

al. [312] observed that cobalt (II) 2-ethylhexanoate precursor in AOT W/O MEs reside 

at the oil/water interface. In our case, surfactant has not such a complex network to trap 

the nanoparticle, but to form the particle-surfactant joint arrangement at the interface 

and synergistically stabilize the emulsion texture (Figure 5-11 (b)).  

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

NPs and surfactant: lamella drainage and hole formation [306]. We now provide a 

molecular-level discussion about how the in-situ synthesized NPs and surfactant 

synergistically stabilize the ME.  

In O/W ME, aqueous lamellae separate oil droplets and prevent the droplet from 

coalescing, and also separate the oil droplet with glass beads surface. The lamellae 

depends on a disjoining pressure (Π𝑑) originated from electrostatic, steric, structural, 

and additional short range repulsive forces, which counteract the van der Waals 

attraction between the two film surfaces [222, 306, 313]. In our case, the anionic 

surfactants (SDS) and the formed NPs will contribute electrostatic repulsion to Πd 

(Figure 5-11 (c)), and the NPs may also attribute to Πd  via structural effects that 

increase the osmotic pressure due to organization of particles in the lamella [314, 315], 
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and contribute steric repulsion due to the nonionic surfactant Span 80 and nanoparticle 

flocs ‘bridging’ the lamellae [316], as shown in Figure 5-11 (d).  

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

lamellae which separate the oil droplets. Holes appear because of thermal fluctuations 

that produce spatial and density variations in the film. Lamellae drainage acts to thin 

the aqueous lamellae, which reduces the work required to open a hole and increases the 

probability of hole formation. [317, 318] The nanoparticles in the present study are 

expected to resist bending of the interface to allow oil holes to form in the lamellae. The 

attachment energy required to move the particle from the equilibrium interface can be 

calculated by the equation below, [319] in the case of a pure solid particle absorbing at 

the interface.  

∆𝐺 = 𝜋𝑅2𝛾𝑜/𝑤(1 ± 𝑐𝑜𝑠𝜃)2 

Where, R is the particle radius, 𝛾𝑜/𝑤 is the oil-water interface. In our case, the 5-20 

nm particle at the oil-water interface with surfactant lowering IFT of microscopic 

droplets  γo/w to 23-27 mN/m [320], would have an ∆𝐺 equals 103 to 104 kT, depending 

on 𝜃 . It can be expected that with surfactant functionalization, particle would be 

irreversibly detached from the interface driven by the Brownian motion. This high-level 

detach melt energy indicates that the emulsion system, stabilized by the nanoparticle is 

more thermodynamically stable than ME without the particle. The organization of 

nanoparticles at the interface would provide a barrier to resist interface bending to avoid 

coalescence (Figure 5-11(e)). Consequently, bending of the interface to expose more 

nanoparticle to either aqueous or oil phase would be unfavourable. 
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Figure 5-11.  (a) chemical reaction for iron oxide nanoparticle synthesis at the oil-water 

interface； (b) Schematic illustration of particle-surfactant joint arrangement at the 

interface; (c) electrostatic repulsion between ME thin film (due to the negatively-

charged iron oxide NPs and anionic surfactant SDS) and negatively- charged glass 

beads surface, and steric effect introduced by nonionic surfactant Span 80; (d) 

electrostatic repulsion and steric effect between MEs thin film to counteract the van der 

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

hole’ is energetically unfavourable because the organization of nanoparticle at the 

interface would provide a barrier to resist interface bending to avoid coalescence 

5.5.2 Preventing the formation of viscous Phase  

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

as liquid crystals and viscous macroemulsions in the O/W interface is a challenge for 

oil recovery using surfactant flooding. Viscous phase is formed when interfacial 

adsorption of the surfactant molecules is hindered [321]. Screening blend surfactantsis 
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a common way that is usually used for inhibiting formation of the viscous phase. For 

instance branched surfactants such as twin-tailed structures are effective to minimize 

ordering at the O/W interface and prevent the formation of viscous phases [35, 322].  

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

distribution of nanoparticles, thus facilitate the attachment of surfactant molecules at 

the interface. Figure 5-12 shows that the presence of nanoparticles would prevent the 

formation of a viscous phase at the O/W interface. Therefore, a likely reason for EOR 

in the presence of nanoparticles in the ME is the improvement of distribution of 

surfactant molecules at the O/W interface, so as to maintain a very low interfacial 

tension. 

 

Figure 5-12. The oil recovered at the stage of tertiary flooding displaced by (a) ME, (b) 

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

ppm IONPs. The viscous phase formed for ME flooding, whereas the oil remained 

transparent state for case (b) to (d) where ME was synergistic stabilized by NPs. 

a) 

b) 
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5.5.3 Enhancing IFT stability 

In terms of the IFT between the bulk ME suspension and oil phase, it has been 

reported that the surfactant surrounding the ME would raise the chance of 

chromatographic separation, i.e., adsorption on the pore surface, or preferentially 

partitioning into the water or oil phase, which could cause IFT variations with possible 

adverse effects on oil recovery [35]. However, compositions with particles allow the 

surfactant to be more persistent at the O/W interface, thus preventing surfactant 

partitioning into water or oil phase and avoid IFT fluctuations. As shown by the 

dynamic IFT in the range of 0 s to 1000 s in Figure 5-13, the dynamic IFT between the 

bulk ME drop and mineral oil experienced significant fluctuation from around 580 s to 

830 s compared to ME stabilized by NPs. The persistence of molecules at the interface 

has been shown to be important for emulsification and dispersion [323, 324].  

 

Figure 5-13. Dynamic viscosities between bulk emulsion and mineral from 0 s to 1000 

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

for the dynamic viscosity changing from 600 s to 800 s. 
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5.5.4 Increased viscosity for mobility control 

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

interfacial rheology properties. It is hypothesized here that particle-surfactant mixture 

could increase interfacial elasticity and cohesiveness over particles or surfactants alone. 

In effect, interlocking surfactant chains between particles may act as elastic ‘springs’ in 

the layer. Also, combined effects could impart significant changes to the interfacial 

viscosities (essentially the intrinsic hydrodynamic resistance to flow of the layer), much 

like increases to the bulk viscosity. Given in Figure 5-11 (b) is a possible ‘elastic’ 

arrangement of particles and surfactant at an interface [325]. From the viscosity 

measurement, the formation of IONP increase the viscosity of the ME (Figure 5-8), 

which is consistent with the report by Prigiobbe et al. [309]. A synergic effect was 

observed between surfactant and nanoparticles on the gas viscosity, which doubled in 

the presence of nanoparticles. This relatively high viscosity is beneficial for the mobility 

control [21, 226]. 

5.6  Conclusion 

The work in this chapter developed a novel method to produce iron oxide 

nanoparticles (IONPs) in-situ in oil-in-water (o/w) MEs to increase their performance 

in improving oil recovery. The magnetic IONPs were synthesized in o/w ME at the 

optimum salinity. Core flooding experiments were carried out to evaluate oil recovery 

ability for MEs containing IONP at different concentrations, and possible reasons for 

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

summarized in the following points: 

 Composite ME synergistically stabilized by surfactant and in-situ fabricated 

IONPs were successfully synthesized at the optimal salinity. 
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 Coagulating with IONPs allows the surfactant to be more persistently absorbed 

at the o/w interface, consequently eliminating the variation of IFT and increasing 

the ME viscosity. 

 The synergistic stabilization effect between nanoparticle and surfactant can 

significantly reduce the pressure gradient and fluctuations during the flooding 

and post-flooding stages, due to the formation of more stable ME textures. 

 Producing IONP can improve the EOR efficiency, and as increasing the 

concentration of IONP from 0 to 6400 ppm, the tertiary oil recovery efficiency 

is boosted from 10% to 28.5% relative to OOIP, and the total oil recovery is 

improved remarkably from 59.1% to 85.2%.   

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

synergistically stabilized by NPs and surfactants, avoiding viscous phase 

formation in flooding process. 
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Chapter 6  

Partially hydrolysed polyacrylamide seeded by 

nanoparticles for enhanced oil recovery 

6.1  Introduction 

As reviewed in Section 1.5, there are several problem associated with polymer 

flooding, especially polymer degradation and viscosity impairment. In this chapter, 

SiO2/HPAM nanofluids were prepared by dispersing silica nanoparticles into aqueous 

HPAM solutions, and their rheological properties were investigated and compared to 

pure HPAM solutions. The main part of this work was done under high temperature and 

the effect of important parameters such as nanoparticle loading, temperature, aging time 

and electrolyte concentration, on the rheological behaviour were investigated. The 

dynamic viscosity and viscoelastic properties were also checked to clarify the 

contribution of NPs on the improvement of polymer rheological properties. 

6.2  Material preparation and characterization 

6.2.1 Material 

SiO2 nanoparticle (12 nm, ≥99.0% in purity) was purchased from Sigma Aldrich Co., 

LLC. The specific surface area of this kind of particles is 150 m2/g measured by the 

BET method, and the corresponding specific weight is 2.4 g/mL. Partially hydrolysed 

polyacrylamide (HPAM) was purchased from Shandong Tongli Chemical Co. Ltd 
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China, which has a molecular weight of 5-22 million g/mol and relative density of 1.302 

g/mL. Sodium chloride (ACS reagent, ≥99.0% in purity) was obtained from Sigma-

Aldrich. All of the chemicals were of analytical reagent (A.R.) grade and used as 

received without further purification.  

The real size and morphology was detected by transmission electron microscope 

(TEM, FEI Tecnai TF20) as shown in Figure 6-1a. The hydrodynamic particle size 

distribution in distilled water was measured using a Malvern Nanosizer based on the 

dynamic light scatting (DLS) method, which shows an average size of 187.5 2.851 

nm, peaking at 200.8 64.85 nm (Figure 2). The zeta potential of the dispersion was 

measured as -32.01.04 mV. 

 
 

Figure 6-1. Figure 2. (a) TEM image of SiO2 nanoparticles, and (b) particle size 

distribution of SiO2 in distilled water measured by the dynamic light scattering (DLS) 

method. 

6.2.2 Hybrid preparation 

SiO2 NPs at different concentrations (0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1 wt%) were 

dispersed in distilled water to form a stable dispersion by ultrasonication via an 

ultrasonic bath (FB15057, Fisher Scientific) for 20 minutes. Then, HPAM powders 

were introduced into aqueous SiO2 suspensions at designed concentrations from 0.01 

a) b) 
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wt% to 1 wt%. In order to allow enough time for silica NPs contact with polymer, the 

inorganic/organic mixtures were gently stirred using a magnetic stirrer (SB 162-3, 

Stuart) at room temperature for one day. Finally NaCl was added to the hybrid solution 

at different concentrations up to 8 wt%, followed by one- day stirring before rheological 

tests. 

6.2.3 characterization 

6.2.3.1 Rheology measurement 

The viscosities of these samples were measured by a Physica MCR 301 rheometer 

(Anton Paar, Austria) equipped with a convection oven and a ‘TC30’ temperature 

controller unit, which can stabilize the sample temperature from 0 to +1000 °C with an 

accuracy of 0.1 °C. A cone-and-plate geometry was selected for the measurement, 

because the shear rate is uniform across the radius and the gap is pre-set to a certain 

standard (0.098 mm) determined by the manufacture. The system only requires a small 

amount of sample (0.7 mL) for each test and is easy to clean. Prior to any measurement, 

the rheometer was tested with a standard oil and pure water at different temperature to 

ensure that both the instrument and this particular setup were calibrated, yielding 

reliable data. The calibration with standard oil (Figure 6-2) was done every 3 months, 

while the viscosity of pure water at 25 oC was tested every time before starting the 

formal measurement, and compared to the standard value of pure water viscosity (0.89 

mPa·s) to make sure the accuracy.  

The rheological behaviour of samples was determined under both steady and 

oscillatory shearing conditions to obtain steady and dynamic viscoelastic properties. 

Dynamic frequency spectra were conducted in the linear viscoelastic regimes, as 

determined from dynamic stress-sweep measurements. All experiments were conducted 

under a shear rate controlled mode. 
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Figure 6-2. Calibrate rheometer using Rheotec Calibration oil 2700-V05. (a) Viscosity, 

under various temperature, was measured against shear rate changing from 100 to 1000 

s-1; (b) Comparison between the measured viscosity (average between 400 s-1 to 1000 

s-1) with the known viscosity data of Rheotec Calibration Oil. The difference between 

obtained values were within 3%.   
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6.2.3.2 Infrared spectroscopy 

Infrared spectroscopy (FTIR spectrometer 100, Perkin-Elmer) was used to measure 

the FTIR spectra of vacuum-dried HPAM and HPAM/silica hybrid samples. The data 

was collected at a spectral resolution of 4 cm-1 within the scanning range of 4000-400 

cm-1.  

6.2.3.3 Long-term thermal stability 

The sample of 0.5 wt% HPAM cross-linked by 0.8 wt% SiO2 nanoparticle was 

selected for long-term thermal stability test, while a particle-free sample with the same 

polymer concentration was selected as the reference. The samples were stored in glass 

bottles covered by screw-caps with sealed by a sealing tape, and were placed into an 

oven at 80 °C. The viscosities of those samples were measured at 85 °C at different 

sampling times spanning 12 days. 

6.3  Core flooding experiments 

6.3.1 Porous media preparation 

As described in Section 4.3, the bulk sandstone were crushed into small grains and 

sieved into the size ranging from 425 µm to 600 µm. The porous media was prepared 

by packing crushed grains in a stainless steel cylinder. Because of the irregular shape 

and wide range of size distribution, it allows a higher/reasonable residual water 

saturation after being saturated by oil to build up original oil in place (OOIP). A 

high/reasonable residual water saturation is impossible to acquire for the packed glass 

beads with single size, because the flowing path is homogeneous and fluids just 

percolate as a piston face. Only when the flowing path is irregular, can the fluid 
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penetrate in a finger pattern, due to the unbalance of capillary force at the two sides of 

the grain. The parameter of the packing are summarized in Table 6-1. 

Table 6-1. Parameters for the porous media 

Porous media property Value 

Lentgh (cm) 7.1 ±0.3 

Diameter (cm) 2.5 

Bulk volume (mL) 34.9±1.5 

Pore volume (mL) 12.4±0.1 

Porosity (%) 35.4±5.9 

Absolute permeability (mD) 25.3±4.6 

6.3.2 Thermocouple wiring 

Three thermocouples are arranged at the both ends and the middle of the stainless 

steel-made core holder, then they are paralleled twisted together and feed the 

temperature back to the temperature controller (EZ-ZONE PM Express single loop 16th 

DIN PID controller, Watlow, USA). One thermocouple is attached at the heating tape 

and feeding the heater’s temperature to the temperature controller. The heating process 

is controlled by proportional–integral–derivative (PID) control loop.  

6.3.3 Setup description and flooding procedure 

Figure 6-3a shows the experimental coreflooding set-up. Like the cold stage shown 

in Section 5.3.3, the piston pump and syringe pump were used for injecting brine and 

sample, respectively. A stainless steel column with length of 10 cm and diameter of 2.5 

cm was manufactured as the core holder in which porous media was loaded to simulate 

the reservoir. O-rings were mounted to the blockers at two ends to seal the gap between 

blockers and the inner cylinder wall. Two caps screwed to the end of the core holder are 

used to compress the blockers and to prevent them from slipping outside at high 
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pressure, which ensure a solid packing inside the core holder. A stainless tube coil 

immersed in the water bath powered by the hot plate is applied to preheat the fluids 

before flowing into the core holder (Figure 6-3b). It has been tested that the pressure 

can approach as high as 150 psi without leaking for this sort of design.  

 

 

Figure 6-3. a) Cold and Hot core flooding stage. b) pre-heating of injected fluid via 

water bath heated by hot plate 

The effluent sample can be either collected directly in the graduated cylinder or flow 

pass through the on-line connected UV-spectrophotometer (Shimadzu, UV 1800), with 

a) 

b) 
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the purpose to measure the particle concentration and generate particle breakthrough 

curve (C/C0). A different pressure transducer (PX409-150DWUV, Omega Engineering 

Ltd.) running with software from the manufacture is connected to both sides of the core 

holder to measure the pressure drop during experiments. All column experiments were 

carried out at 50 ºC. The experiment procedures after packing are described: 

 At least 10 PV brine flooding (0.1 M NaCl) at a flow rate of 2 mL /min in order 

to make sure the column is fully saturated by brine and allows enough time for 

the deposition of rock powder. In the meantime, turn on the temperature 

controller to heat up the core holder, and stabilize the temperature of hot plate 

for pre-heating at 50 ºC. 

 Oil injection at a flow rate of 0.5 mL/min, until oil breakthrough. 

 Brine injection at a flow rate of 0.5 mL/min, until no more oil coming out. 

 Polymer/SiO2 hybrids flooding at a flow rate of 0.5 mL/min, as tertiary stage. 

6.4  Results and discussion 

6.4.1 Concentration dependence of hydrolysed polyacrylamide 

There is a critical concentration existing for a polymer solution, often called the 

critical association concentration (CAC), where intra molecules start to self-associate. 

The CAC values can be obtained by several ways such as light scattering determination 

and the variations of fluorescence properties when micellisation occurs [326]. In this 

work, the rheological properties at 25 °C and 85 °C for HPAM solution were studied to 

determine the CAC at different temperature. Figure 6-4 shows the viscosity of HPAM 

at 85 oC under different shear rates. It reveals that when the polymer concentration was 

lower than 0.1 wt%, the viscosities were almost independent of the shear rate, behaving 

like Newtonian fluids. While when the concentration was over 0.1 wt%, the viscosities 
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were gradually reduced with the increase of shear rate, indicating shear-thinning 

properties. 

 

Figure 6-4. The dependence of viscosity for HPAM on shear rate (T= 85 °C). 

 

Figure 6-5. Average viscosity for various concentrations of HPAM at 25 °C and 85 °C 

(shear rate from 500 s-1 to 1000 s-1) 

Figure 6-5 shows the average viscosity at shear rates from 600 s-1 to 1000 s-1 as a 

function of the HPAM concentration at 25 °C and 85 °C.  The high temperature curve 

is divided into two parts at a HPAM concentration of ~0.45 wt%.  Below that, the 

viscosity increased slowly with the increase of polymer concentration, but rapid 
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increase was observed at concentrations of over 0.5 wt%. This trend suggested that 0.5 

wt% is the CAC for HPAM at 85 oC. Similarly, a lower CAC value was observed at 

25oC, i.e., ~0.2 wt %. 

6.4.2 Effect of nanoparticle loading on the viscosity of HPAM/silica hybrids 

 

Figure 6-6. Viscosities of 0.5 wt% HPAM with different SiO2 NP loadings (T= 25 °C 

and 85 °C, 8 wt% NaCl and shear rate from 500 s-1 to 1000 s-1). Under the same 

condition, the viscosity for pure 0.5 wt% HPAM was measured as 2.9 mPa·s for 85 °C, 

and 9.1 mPa·s at 25 °C. 

In addition to the CAC of HPAM, it is also worthy to examine the effect of NP on 

the viscosity of hybrids. To do this, 0.5 wt% HPAM solution was chosen as the 

reference solution in which a series of SiO2 NPs at different concentrations were added. 

The same concentrations of SiO2 NP dispersed in distilled water were also included for 

comparison. It is clearly from Figure 6-6 that the viscosities of the hybrids were 

increased with increasing NP concentrations. Similar to the pure HPAM case, a rapid 

increase in viscosity was observed beyond a certain particle loading, i.e., defined as 

critical nanoparticle concentration (CNC) here. For 0.5 wt% HPAM solution, the CNC 

values were found to be around 0.6 wt% in spite of the temperature at 25 °C or 85 °C. 

CNC 

CNC 
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In order to find out the reason why adding SiO2 NP could increase the viscosity of 

hybrids, FT-IR spectroscopy was employed to check if there were some potential 

bonding effects formed between silica and HPAM. For pure SiO2 samples, only two 

major peaks at 1064 cm-1 and 800 cm-1 are found as shown in Figure 6-7a, which 

corresponds to the Si-O-Si asymmetric stretching vibration and Si-O-Si bending 

vibration, respectively. Figure 6-7a also shows two peaks at 1078 cm-1 and 790 cm-1 for 

HPAM/SiO2 hybrid sample, where pure HAPM sample does not show these two peaks. 

These are also due to the Si-O-Si anti-symmetric stretching vibration and Si-O-Si 

bending vibration, respectively. However, compare with the spectra for SiO2, these two 

peaks all show notable shifts. Such results might originate from some combination 

effects between the SiO2 NPs and HAPM. For instance, hydrolysable covalent cross-

links between SiO2 and HAPM (Figure 6-7b) might exist in the system.[327]  

In addition, anther peak at 920 cm-1 was found, which correspond to Si-O-H bending 

vibration, introduced by the hydroxyl on silica surfaces. Such –OH groups can react 

with the amide groups, forming hydrogen bonding between the hydrogen from the SiO2 

surface and the oxygen or nitrogen from HPAM (SiO-H·····N-H or SiO-H·····O-

CONH2), or between the oxygen from SiO2 surface and the hydrogen from HPAM 

(SiO·····HNH-COO-C, as shown in Figure 6-7b. After blended with SiO2 NPs, the peak 

area ranging from 3100 to 3800 cm-1 for HPAM became broader, which indicates the 

vibration of –OH, SiO-H and N-H groups. The formed hydrogen bonding might be 

overlapped in this range. However, no peak appeared in this range for the pure SiO2 

sample. In addition, the possible formation of hydrolysable covalent cross-links 

between the SiO2 NPs and HPAM also strengthened their connection and enhanced the 

viscosity of the hybrids. 
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Figure 6-7. (a) FTIR spectra for 0.5 wt% HPAM, 0.5 wt% HPAM/ 0.8 wt% SiO2 NP 

hybrid, and SiO2 NP; (b) Potential interactions between SiO2 NP and HPAM. 

It is assumed that the CNC is related to the adsorption status of SiO2 NPs onto 

HPAM, as illustrated in Figure 6-8. When the NP concentration is lower than the CNC 

value, particles are absorbed onto hydrophobic chain due to the formation of hydrogen 

bonds between carbonyl groups of HPAM and silanol functions of silica [328]. 

Consequently there is no free silica nanoparticle in the bulk solution at low particle 

concentrations. Moreover, when the particle concentration is increased beyond the CNC 

value, free silica NPs become available, which can bridge between different polymer 

a) 

b) 
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chains, preventing them from moving or rotating. This would result in a rapid increase 

in the viscosity. In addition, free particles may also agglomerate and attach together via 

Si-O-Si bindings, which further increase the viscosity.  

 

Figure 6-8. Cartoons illustrate the adsorption of SiO2 nanoparticles onto polymer chains 

for a given polymer concentration: a): particle increasingly adsorb onto polymer chains 

via hydrogen bonds; b) saturation is reached (i.e. CNC value) with all the carbonyl 

groups were attached by SiO2 nanoparticle; and c) particles accumulate and bridge in 

the network. 

6.4.3 Effect of temperature on viscosity of HPAM/silica hybrids 

To investigate the temperature effect, a hybrid sample, i.e., 0.5 wt% HPAM mixed 

with 0.8 wt% SiO2, and the corresponding pure polymer and SiO2 solution were tested 

(Figure 6-9). It was found that the effective viscosities for all tested samples underwent 

significant decreases at elevated temperatures. Compared with the pure HPAM solution, 

the HPAM/SiO2 hybrids still maintained around threefold higher in viscosity in the 

whole temperature range studied, albeit with a larger dependence on the temperature. 

Similar to the analysis above, the presence of silica NPs would crosslink individual 

polymer molecules to form a solid hybrid network via hydrogen bonding. However the 

hydrogen bond is sensitive to temperature, hence a large viscosity reduction was 
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observed for HPAM/SiO2 hybrids, probably due to the disassociation of the network 

junctions and the bindings of nanoparticle to the HPAM. For pure HPAM, the increase 

of temperature would still break down intermolecular hydrophobic associations 

unavoidably, and hydrolyse the acrylamide group in HPAM into acrylate groups. Both 

factors would cause the viscosity reduction for HPAM solutions. 

 

Figure 6-9. Comparison of the temperature effect on effective viscosities at different 

temperature (8 wt% NaCl and shear rate 500 s-1 to 1000 s-1) 

6.4.4 Long-term thermal stability of HPAM/silica hybrid 

In a typical polymer flooding process, polymers have to stay for a long time inside 

reservoirs, and continuous aging of the polymers would result in a decrease in the 

effective viscosity and hence a detrimental effect in oil recovery.[329] The remaining 

viscosity represents a basic benchmark for any polymer to be used in hostile 

environments. To examine the aging effect, 0.5 wt% HPAM and 0.5 wt% HPAM/0.8 

wt% silica NP hybrid in a brine (8 wt% NaCl) were tested at 80 oC, as shown in Figure 

6-10. The result clearly shows that the NP /HPAM hybrid had a much better thermal 

stability. The viscosity impairment was much lower for the hybrid. For example, the 

HPAM solution viscosity was dropped sharply from 4.8 cP to ~1.5 cP after 12 days’ 
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aging, whereas a slight increase in the effective viscosity was observed for the 

HPAM/silica hybrid. The increase was peaked after one-day’s aging, and started to 

slightly decline over the following days, yet still with a value higher than the original 

sample. The effective viscosity was about 5 times higher than the pure HPAM after 12 

day’s aging. Such a result is quite different to that reported in the literature.[89] The 

exact mechanism of the aging effect is still unclear but it appears that a gentle heating 

could promote the formation of binding between silica nanoparticles and polymer chain 

and an optimum heating duration exists to reach the maximum viscosity. For the sample 

investigated, one day’s aging produced the highest viscosity for HPAM/silica hybrids. 

Such an aging effect shows an encouraging application prospect for such NP /HPAM 

hybrids in EOR processes. 

 

Figure 6-10. Example viscosity changing with the aging time (aging at 80 °C and 8 wt% 

NaCl). 

6.4.5 Effect of electrolyte on viscosity of HPAM/Silica hybrid 

Salt tolerance is another consideration for the application of this kind of hybrids. 

Since HPAM is a polyelectrolyte, the hydrodynamic size and consequently its viscosity 
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are sensitive to electrolyte concentration. The influences of NaCl on the effective 

viscosity of silica NPs, HPAM and HPAM/SiO2 hybrids were examined at 25 °C and 

one example is shown in Figure 6-11. Unlike previous results presented, [86, 89] which 

reported that the effective viscosity of HPAM was either increased or decreased by the 

addition of NaCl, our work showed a non-monotonic trend. The viscosity was found to 

significantly increase at low salt concentrations, reaching a peak value, and then started 

to decline. It is also noted that adding SiO2 nanoparticle increased the value of peak salt 

concentration, i.e., it increased from 1.5 wt% to 2 wt% in the presence of nanoparticles. 

Corresponding to the viscosity data, Figure 6-12 shows that samples with 1.5 wt% and 

2 wt% NaCl also have the best stability. It is believed that the initial increase in viscosity 

was associated with increased inter-molecular interactions. With the increase of NaCl 

concentration, the polarity of the solvent increased correspondingly, which contributed 

to reinforced intermolecular associations of the hydrophobic groups, leading to higher 

viscosities. As the intermolecular associations prevail over the electrostatic screening, 

the viscosity of aqueous HPAM solutions increased, as also observed by two refs.[90, 

330] However the addition of Na+ also screened the negative charges (carboxyl groups), 

and resulted in a reduction in the electrostatic repulsion within polymer chains. 

Consequently the conformational transition of the polymer from a stretched state to a 

shrinkable state would decrease the hydraulic radius of the chain and the degree of 

polymer chain entanglement, responsible for the reduction of viscosity of polymer 

solution. Clearly the salt concentration affects the viscosity significantly, hence the 

EOR effect. Careful selection of materials that could push the peak viscosity values 

towards high salt concentration will be of high value, which is currently under 

investigation. 
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Figure 6-11.Example influence of ionic strength on average viscosity (T= 25 oC and 

shear rate from 500 S-1 to 1000 S-1) 

 

Figure 6-12. Phase separation after storing in the room temperature for 2 months for 

sample prepared with salinity ranging from 0.5 wt% to 3.5 wt%. 

6.4.6 Viscoelastic properties with various nanoparticle loading 

The viscoelastic properties for polymer solutions are used broadly to gain 

understanding into the molecular structure and deformation of polymers, and play a 

crucial role in the oil recovery process.[87, 331-333] The oscillatory test were 

performed for both HPAM/silica hybrid and pure HPAM solutions, and the storage 

modulus (G'), loss modulus (G''), damping factor (tan δ) and complex viscosity (ƞ*) are  



 

- 170 - 
 

 

 

 

Figure 6-13. (a) Storage modulus (G') and loss modulus (G''), (b) damping factor (tan 

δ), (c) complex viscosity (ƞ*) as function of angular frequency (ω) for HPAM/silica 

hybrids, with SiO2 loading from 0 wt% to 0.8 wt% (8 wt% NaCl, T = 85 °C). 

(a) 

(b) 

(c) 
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plotted as a function of angular frequency (𝜔) in a high salinity solution (8 wt% NaCl) 

at 85 oC. The results show that the solutions of both pure HPAM and HPAM/silica 

hybrids were elastically dominated (tan δ <1) over the investigated frequency range, 

and became more elastic as the NP concentration increased (Figure 6-13b). When the 

particle loading was increased from 0 wt% to 0.8 wt%, G' and G'' both increased (Figure 

6-13a). From the shape of G' and ƞ* (Figure 6-13 a &c), it can be concluded that pure 

polymer (i.e., 0 wt% SiO2) had a long-term relaxation time due to none or insufficient 

network structure and links between macromolecules. However the ones with silica NPs 

showed almost no relaxation time due to the formation of stable 3D-network structure 

cross-linked by SiO2 NPs. Although the salinity and temperature were very high, the 

HPAM/silica hybrid still provided strong interactions between the cyclic components 

of HPAM and NP surfaces, as such the HPAM structure was strengthened, yielding 

large hybrid elasticities. 

6.4.7 Enhanced oil recovery efficiency 

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

were conducted with brine (8 wt% NaCl), 0.5 wt% HPAM, 0.5 wt% HPAM with 0.2 

wt% and 0.6 wt% SiO2. As described in the coreflooding procedures, all the effluent 

materials, including oil, brine and polymer solution, were collected by using a long slim 

graduated tube marked in 0.1 mL divisions. Due to the density difference, the 

oil/aqueous phase can be separated instantly and automatically. The cumulative oil 

recovery efficiency ( 𝐸𝐶𝑂𝑅 ) is calculated by using the amount of cumulative oil 

production divided by the OOIP (Original Oil in Place). The increased oil recovery 

efficiency (𝐸𝐼𝑂𝑅) is calculated by using the amount of oil produced in the process of 

polymer flooding divided by the oil left in porous media by the end of the brine flooding.  
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Table 6-2. Oil recovery efficiency for HPAM/SiO2 hybrids. 

Solution Viscosity 

(mPa∙s) 

OOIP 

(mL) 

Oil 

recovery 

by brine 

(mL) 

Final Oil 

recovery 

amount 

(mL) 

Increased 

efficiency 

EIOR (%) 

Final ECOR 

efficiency (%) 

Brine (base 

line) 

0.934 11.4 6.4 6.6 4.0 56.2 

0.5% HPAM 5.207 11.2 6.5 7.4 19.1 65.8 

0.5%HPAM/

0.2%NPs 

6.035 10.9 6.2 7.4 25.5 68.3 

0.5%HPAM/

0.6%NPs 

8.726 11.2 6.4 7.8 29.2 69.6 

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

different cases are quite close to each other (at ~56% at 50 °C), which means that the 

tertiary flooding started from the similar residual oil saturation. With an overall oil 

recovery efficiency of 65.8% OOIP by the end of tertiary flooding, 0.5 wt% HPAM can 

mobilize nearly 20% more trapped oil (increased oil recovery efficiency, which refers 

to the amount of oil recovered by polymer tertiary flooding, relative to the oil 

unrecovered when the brine flooding is finished), while the presence of NPs in HPAM 

further improved the efficiency, depending on the amount of SiO2 NPs contained (Table 

6-2). With the increase of silica nanoparticle concentration, the cumulative oil recovery 

efficiency was increased from 65.8 to 69.6%, but not significantly. The enhanced oil 

recovery is regarded as the viscosity increase at 50 °C with presence of SiO2 

nanoparticle. 

6.5  Conclusion 

This work examined the rheological properties of aqueous HAPM/SiO2 hybrids 

under different salinities, temperature and aging time. The hybrid of silica nanoparticles 
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was found to improve significantly the rheological properties of HPAM especially 

under high temperature and high salinities.  More specifically,  

 There was a critical SiO2 nanoparticle concentration existing for a given amount 

of HPAM. When NP concentration is higher than this critical value, free silica 

NPs would bridge among different polymer chains, leading to a sharp increase 

in the effective viscosity. 

 The FT-IR spectra data confirmed that the formation of hydrogen bonds between 

the carbonyl groups in HPAM and the silanol functionalities on the surface of 

silica nanoparticles, which attributed to the improved rheological performance. 

 The use of nanoparticles significantly improved the thermal stability of HPAM 

over a 12-day test, i.e. the effective viscosity was ~5 times higher at 0.8 wt% 

nanoparticle loading.  

 The inclusion of silica nanoparticles improved HPAM’s salt tolerance, and the 

viscosity peaked at 1.5 wt% and 2 wt% of salt concentration for HPAM and 

HPAM/NP hybrids respectively.  

 The viscoelastic test verified a high level of cross-linking formed by SiO2 

nanoparticle and, and the hybrids were elastic dominant at temperature up to  

85 °C and salinity up to 8 wt% NaCl. 

 Enhanced oil recovery experiments at 50 °C show that adding nanoparticles 

could increase the final accumulate oil recovery efficiency from 65.8% for 0.5 

wt% HPAM to 69.6% for 0.5wt% HPAM/0.6wt% SiO2 hybrids. 
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Chapter 7  

Carbon nanoparticle migration in porous media 

7.1  Introduction 

In the present study, carbon dots (CDs) at around 5 nm were synthesised by a 

hydrothermal method using xylose as precursor. The CDs were well-characterized and 

a good stability at high ionic strength was verified by checking the stability via 

measuring the UV adsorption and luminescent intensity. Their luminescent property 

allows them to be detected easily even in several ppb. Their transport and retention 

properties were also studied in packed bed at different concentration, ionic strength and 

substrate, and a tracer-like breakthrough ability was found. As this sort of CDs are 

derived from reliable, non-toxic and low-cost resource and most importantly no need to 

be separated from crude oil, it makes them attractive as potential novel tracer for oil 

reservoir characterization. 

7.2  Material and experimental methods 

7.2.1 Synthesis of CNPs 

First, 0.2 g of D-(+)-xylose (C5H10O5) were dissolved in 20 mL of DI-water; then, 

the solution was transferred into a Teflon-lined, stainless steel autoclave. After being 

heated at 200 °C for 6 h and then cooled to room temperature, the obtained solution was 

centrifuged at 10000 r/min for 30 minutes to get the solid black carbon particles 
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precipitated. Afterward, the supernatant containing fluorescent CDs was filtered using 

standard syringe filters Figure 7-1. The obtained solution was then characterized and 

used for further column transport test. 

7.2.2 Characterizations 

A transmission electron microscope (TEM, FEI Tecnai TF20) operating at 200 kV 

was used to characterize the size and morphology of CDs. From the obtained high-

resolution TEM images, CD size was measured and analysed using Image-J software. 

The UV-Vis absorption spectra of CDs were measured by PerkinElmer Lambda LS 35 

UV/Vis spectrometer. The fluorescence spectra of CDs were recorded by using the 

fluorescence spectrometer (LS 55, PerkinElmer) performed with a slit width of 10 nm 

both for excitation and emission. The excitation wavelength was increased from 300 

nm to 460 nm in 20 nm increments. An infrared spectrometer (FTIR spectrometer 100, 

Perkin-Elmer) was used to measure the FTIR spectra of the freeze-dried CDs, collecting 

data at a spectral resolution of 4 cm-1. The Raman spectra were recorded using a Raman 

spectrometer at an excitation wavelength of 633 nm. The zeta potential of CDs in DI-

water was analysed via a Zetasizer (Zetasizer Nano ZS, Malvern Instruments Ltd). 

As shown in Figure 7-1a, CDs were facilely prepared by one-step hydrothermal 

carbonization of D-(+)-xylose, one abundant and renewable precursor present in most 

biomass and agricultural waste materials. The obtained CDs were first measured by 

UV/Vis spectrometer and fluorescence spectrometer to check whether they absorbed 

UV-Vis light and whether they were fluorescent (Figure 7-1b). The UV/Vis absorbance 

spectra demonstrates their strong absorption in the UV region of 200-350 nm, 

displaying two obvious peaks at 228 nm and 278 nm corresponding to the π−π* 

transitions associated with C=C bonds and n−π* transitions related to hydroxyl groups, 

respectively [334, 335]. From the fluorescence spectra, the excitation-dependent 
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emission behaviour of the CDs can be clearly observed, where the emission peaks 

shifted to higher wavelengths when the excitation wavelengths increased from 300 nm 

to 460 nm. The maximum emission intensity is obtained with an excitation at 360 nm. 

It shall be noted that all the emission peaks were centred in the visible region of 450-

550 nm. 

 

Figure 7-1.  (a) Scheme of one-pot synthesis of CDs from xylose; (b) UV-vis absorbance 

and fluorescence emission spectra of the obtained CDs. 

The TEM micrographs of the CDs are given in Figure 2 (a). Some black dots are 

clearly observed, in which the CDs are well-dispersed, with similar average particle 

sizes of approximately 5 nm. The high-resolution TEM images show that the CDs 

exhibits identical lattice fringes with a spacing of 0.24 nm determined using ImageJ 

software, indicating their graphitic crystalline structure. Raman spectra of the CDs 

(Figure 7-2C) reveals a D band at 1353 cm-1 and a G band at 1585 cm-1. Such result 

further confirms the graphitic structures of the CDs [336]. Fourier transform infrared 

(FTIR) spectra in Figure 7-2D reveals that there are abundant hydrophilic groups 
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including O−H (3600-3100 cm-1, 1191 cm-1) and C−O (1080 cm-1) on the surfaces of 

CDs, thereby ensuring the good solubility in water. In addition, the O−H vibration band 

at ~ 3350 cm-1 is broad and integrated, which indicates multiple structures of hydroxyl 

groups on the CD surfaces and consequently resulted in a high polarity and 

hydrophilicity [336]. 

 

 
Figure 7-2. (a) TEM images, (b) TEM image with possible Lattice stripes, (c) Raman 

spectra and (d) FTIR spectra of the CQDs. 

7.2.3 Design of simulated porous media 

Prior to use, the glass beads (Sigma Aldrich) with 30-40 mesh size fraction (425-600 

µm) were thoroughly cleaned using a sequential acid wash, DI water rinse, and oven-

drying according to the Ref. [196]. In order to get packed glass columns with constant 

permeability and porosity, a progression of increasingly rigorous procedures was 



 

- 178 - 
 

utilized. Firstly the dried glass beads was saturated in distilled water, and then deposited 

into glass column in 1.5 cm increments with 0.5~1 cm thick of water on the top of glass 

beads. After the formation of a layer of 1.5 cm, vibration was accomplished for 3 

minutes using a vortex mixer (Scientific Fisher), with the amplitude represented by 8 

on the vibrating table’s dial. Thecolumn was kept vertical by hand. The packing length 

in column was actually 7 cm. To prevent glass beads flowing out of column, the inlet 

and column end blocker were fitted with a single layer of membrane with the pore size 

of 10 μm (Millipore limited, UK). The absolute water permeability for glass beads was 

computed as 97 ± 10 mD based on Darcy’s law. The porosity or volumetric water 

content was determined by extracting the water-saturated glass beads from packed glass 

column, and then measuring the amount of water by oven-drying. 

7.2.4 Nanoparticle migration study  

The cold flooding system, shown in Section 5.3.3, was applied for the core flooding 

experiments. A total of eight experiments were conducted in pre-saturated packed glass 

columns to evaluate the transport and retention properties of CDs. Brine containing 

CaCl2 at different concentration was introduced into the column by piston pump in an 

up-flow mode at a Darcy velocity of 11.2 m/d, for at least 20 pore volumes (PV). Before 

injected into column, the pH of this salinity water was adjusted to 7 ± 0.5 by using low 

concentration of HCl and NaOH solution. After complete saturation of the column with 

brine, 3 PV of nanoparticle suspension was introduced into the column with syringe 

pump at a Darcy velocity of 2.8 m/d, which was followed by the injection of 3 PV of 

particle-free solution at the same flow rate as post-washing process. This flow rate 

corresponds to a pore-water velocity of 2.56 m/d, representing a column residence time 

of 0.25 h. The Reynolds number (Re) was equal to 0.0186, which is several orders-of-

magnitude below the limit of laminar flow in packed beds (Re <10).  
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Figure 7-3. Flow cell connection for on-line NPs concentration detection  

Table 7-1. Experimental conditions of CDs transport studies conducted in water-

saturated glass column packed with either 30-40 mesh glass beads (G) or limestone (L1) 

Column 𝑣𝑝
𝑎

 (m/d) 𝑉𝑃
𝑏 (mL) ∅𝑐(%) 𝐶0

𝑑  

(ppm) 

𝑃𝑊𝑒(PV) 𝐼𝑆𝑓（mM CaCl2 or 

API） 

𝑀𝐵𝑓(%) 

G1 2.56 12.8±0.18 38.02 10.61 3.0 1 98.75 

G2 2.56 12.8±0.18 38.02 24.78 3.0 1 102.5 

G3 2.56 12.8±0.18 38.02 8.77 3.0 10 96.85 

G4 2.56 12.8±0.18 38.02 9.64 3.0 100 97.5 

G5 2.56 12.8±0.18 38.02 8.89 3.0 200 96.06 

G6 2.56 12.8±0.18 38.02 12.05 3.0 API 100 

L1 2.56 12.8±0.18 38.02 10.36 3.0 API 98.75 

a Pore water velocity; b Pore volume; c Porosity; d influent concentration; e volume of 

fluids injected; f ionic strength; f mass balance of nanoparticle 

The column outlet was connected with a flow cell inserted into UV-vis 

spectrophotometer operating at wavelength of 310 nm, by which the effluent particle 

concentration was monitored real-time (Figure 7-3). After each transport experiment, 

the column was dissected into seven increments with 1 cm thickness, and the retained 

NPs were extracted by addition of 10 grams of DI water, followed by ultrasonication 

for 20 min (Fisher Scientific Ltd.). Experimental conditions for the eight column studies 

were summarized in Table 7-1.  
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7.3  Stability and migration ability of carbon dots (CDs) 

7.3.1 Stability of CDs in brine 

The adsorption stability of CD in API brine was determined using UV-Vis 

spectrophotometer operating at wavelength of 278 nm, while the luminescent stability 

was checked by exposing the same sample for a duration of 220 minutes, which was 

long enough for the injection experiment (Figure 7-4a). The loss of absorbance is less 

than 4% and the normalized fluorescence intensity only see a slightly reduction to 0.99, 

which verifying the reliability of using these two methods to quantity the concentration 

of NPs. A series of samples were diluted by API brine from an original one of 5 ppm, 

and the absorbance were measured at 278 nm where the absorbance peak appears. The 

results show that the accuracy is good enough even for diluted sample with 

concentration as low as 50 ppb (Figure 7-4b) 

Table 7-2. Mass balance for injection experiments. 

 Influent 

Conc. 

(ppm) 

Substr

-ate 

pH Total 

NPs 

injected 

(mg) 

NPs out 

in NF 

(mg) 

NPs left 

in 

column 

after NF 

(mg) 

Erro

-r,% 

NPs out 

in Post-

flushing 

(mg) 

NPs left in 

column 

after Post-

flushing 

(mg) 

Retained 

percentag

e after 

post-

flushing, 

(%) 

G1 10.61 GB 6.5 0.4245 0.2562 0.163 1.25 0.141 0.0218 5.2 

G2 24.78 GB 6.7 0.992 0.6387 0.3781 -2.5 0.3525 0.0256 2.6 

G3 8.77 GB 6.5 0.3507 0.2014 0.1383 3.15 0.1257 0.0126 3.6 

G4 9.64 GB 6.9 0.3855 0.2304 0.1454 2.5 0.1452 0.00026 0.1 

G5 8.89 GB 7.2 0.3557 0.2030 0.1387 3.94 0.1257 0.0131 3.7 

G6 12.05 GB 7.4 0.3915 0.2223 0.1692 0 0.1672 0.00197 0.5 

L1 10.36 Calcium 6.8 0.4144 0.1248 0.2844 1.25 0.1278 0.1566  
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Figure 7-4. (a) Absorbance and fluorescent intensity for CD dispersed in API brine; (b) 

Absorbance for CD at different concentration from 5 ppm to 50 ppb. 

7.3.2 The influence of concentration 

Two effluent breakthrough curves (BTCs) for CDs transport through water-saturated 

columns packed with glass beads are shown in Figure 7-5. More than 2-fold increase 

(from 10.61 to 24.68 ppm) in the concentration of CDs suspensions containing 1.0 mM 

CaCl2 as a background electrolyte were injected to the glass beads porous matrixes. For 

both concentrations, the yielded BTCs was almost symmetrical and sharply increased 

to maximum value in injection process and experienced a sharp decline to relative 

concentration (C/C0) approaching zero during post-washing process, which is obviously 

different with the break-through performance of presently reported NPs [196, 294]. 

Regardless of the big difference on concentrations, both of low and high concentration 

achieved nearly 100% after 1.6 PV injection. Extraction of the retained CDs from glass 
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column show that there is 1 PV of particle-containing solution left in the pore space 

after CDs injection. Upon the reintroduction of CDs-free water as post-washing process  

 

 

Figure 7-5. Measured (a) breakthrough curves, and (b) retention profiles for xylose-CDs 

at two distinct concentrations. 

 

from 3 PV, the effluent relative concentration appeared as 100% from 3 to 4 PV. The 

sharp reduction in relative concentration observed in the distal portion of the BTCs 

indicates that retained CDs were not released from the surface of glass beads or the CDs 

was irreversibly retained in the column. Mass balance in Table 7-2 shows that for 

concentration both at 10.61 ppm and 24.68 ppm there are only 5.2% and 2.6% of particle 

relative to total injection, irreversibly retained in column, respectively. Higher 

a) 

b) 
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concentration has a lower relative retention ratio, which was consistent with the findings 

in Ref.[294] for SiO2 NPs.  

7.3.3 The influence of ionic strength 

In the next phase of research, the transport and deposition properties of CDs have 

been studied with an electrolyte background ranging from 1 mM to 200 mM CaCl2, and 

then increased to API standard brine containing 1.6 M NaCl and 0.2 M CaCl2 [104]. 

The concentration of CDs was fixed at around 10.05±1.23 ppm. For all of the ionic 

strength, CDs appeared in the column effluent after injecting 1 PV of suspension, 

followed by sharp approaching to the plateau concentration at ca. 1.5 PV. From Figure 

7-6, it can be also seen that increasing the ionic strength does not yield a discernible 

change in the shape of BTCs as well as the maximum breakthrough ability. The CDs 

always show a near-tracer breakthrough behaviour regardless of the ionic strength. The 

retention mass of CDs at different ionic strength in Figure 7-6b show that, after post-

flushed with particle-free salinity water, only 0.1% to 5.2% of CDs is retained in glass 

column relative to the total mass of injection. A short tailing effect in Figure 7-6a also 

show that the CDs have a slight adhesive effects on the surface of glass beads and little 

particle was released from the solid surface via post-flushing. More importantly, the 

retention mass seems unrelated to ionic strength, which is controversy to most of 

previous studies [153, 243, 337, 338].  

Most current theoretical description of NP retention and transport is limited to 

classical clean bed filtration theory (CFT), supplemented by Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory. For instance, Li et al. found that the effective 

collision efficiency was more than 1 order of magnitude larger than the value predicted 

by the DLVO theory. Conventional DLVO theory uses approximate expressions, i.e., 

Derjaguin approximation [339], to represent electric double layer interaction. The 
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assumptions under which the approximations hold [340], i.e.,  h ≪ 𝛾𝑁 (i.e., separation 

distance is much less than NPs’ radius) and κh ≫ 1 (i.e., separation distance is much 

larger than the Debye length), however, may not be applicable to small NPs. Because 

NPs, especially those with sizes < ∼30 nm, may have unique properties (e.g., large 

specific surface area, exponentially increased surface atoms, and high interfacial 

reactivity) [341] or are smaller than the thickness of electrical double layer [342]. The 

applicability of the DLVO theory for describing their agglomeration, retention, and 

transport behavior of small particles should be re-visited [343]. 

 

Figure 7-6. (a) Breakthrough of CDs synthesised from xylose in glass beads-packed 

column at room temperature with ionic strength ranging from 1 mM CaCl2 to the 

standard of API brine, (b) Retention mass of CDs after post-flushing with brine. 
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The confocal laser scanning microscopy (CLSM) pictures of extracted glass beads 

from the packed column directly show a situation that CDs homogeneously distribute 

as a particle cloud in the aqueous phase, instead of sticking on the surface of glass beads 

(Figure 7-8 group A). While after washing with distilled water, no luminescent particle 

is observed and the picture of glass beads becomes dark under confocal microscopy. 

 

Figure 7-7. Breakthrough curves generated from the concentration on-line measured by 

UV-Vis spectrophotometer, and off-line measured by fluorescence meter. (a) for G6 in 

API brine, (b) for G3 in 0.01 M CaCl2. 

Eleven effluent samples were collected for both injection and post-injection 

processes, in two groups of transport experiments selected for the luminescent test, 

namely the experiments at ionic strength of 10 mM CaCl2 and API brine. The 
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fluorescence intensity was measured under excitation of 360 nm UV light, and 

fluorescent intensity for each sample was defined as an average value from 442 nm to 

452 nm. As can be seen from Figure 7-7, the off-line BTCs acquired based on the 

luminescent intensity is perfectly consistent with the BTCs acquired from on-line UV 

determination. The luminescent BTCs even delineate the tailing effect in Figure 7-7a at 

ionic strength of API brine, which was detected by UV spectrometer. It is also should 

be mentioned that the measurement of fluorescence was usually done after 2 weeks of 

storage, but the intensity is still retain strong enough to clarify the low concentration, 

regardless that the CDs were soaking in high salinity water. 

 

Figure 7-8. CLSM images of Glass Beads incubation together with CDs after 

washing four times with distilled water, group (A) original glass beads 

extracted from column; (B) glass beads washed. 

7.3.4 The influence of substrate 

For a limestone column, the substrate yields a discernible change in the shape of CDs 

BTCs (Figure 7-9), compared to the BTCs in glass beads column (G6). Even the particle 

breakthrough also occurs at ca. 1 PV, a 3 PV pulse of CDs is just approaching a 

maximum relative effluent concentration of 64.4%, with a tendency to rise if continuing 

with injection. The larger applied volume of CDs (3 PV vs 1.5 PV) required to reach a 
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plateau effluent concentration indicates that calcium carbonate possesses a greater 

capacity to retain CDs relative to glass beads. Mass balance calculation in Table 7-2 

shows that 37.8% of CDs is retained in calcium carbonate column after the injection of 

particle-free solution. The long tailing effect also shows that particle is reversely 

adhered on the surface of calcite rock grains. 

 

Figure 7-9. Breakthrough of xylose-CDs in calcite-packed column at room temperature. 

After transport experiments, pieces of limestone were extracted from the column and 

washed with distilled water 4 times. A significant difference in colour of the calcium 

carbonate rocks is clearly observed from the optical images in Figure 7-10. Before 

incubation with CDs, the rocks are off-white but become into black brown colour after 

soaking in aqueous CDs solution even washed with DI-water four times, which 

indicates that blown CDs are firmly attached on the surfaces of the rocks. The colour of 

grinded powders is in good accordance with that of rock grains. In order to further 

confirm the successfully adhesion of the CDs, CLSM was used to characterize the rock 

pieces after washing. Bright fluorescent images of CDs irradiated by laser of 488 nm 

and 561 nm were obtained in Figure 7-10. The overlay image reveals these CDs were 

located on the surface of the rock. Such phenomenon is induced by the electrical forces 

between the negatively charged CDs and positively charged rocks. 
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Figure 7-10. (a) Optical photos of calcite rock pieces (1) original, and (2) after 

incubation together with xylose-CDs. (3, 4)  crushed grain of the rock pieces. (b) CLSM 

images of calcite rock pieces incubation together with xylose-CDs after washing with 

distilled water 

7.4  Oil saturation detection in sandstone cores 

Based on the testing data above, the CDs were regarded as good candidates for 

hydrocarbon detection due to their thermal stability, efficient mobility in subsurface 

environment and luminescent property. Thus CDs were used as agent to detect the oil 

saturation in sandstone core.  

7.4.1 Experiment procedure 

The key points of this experiment were how to obtain the core sample with different 

oil saturation. As it is well known, it is difficult to further reduce the residual oil 

saturation (sor) after brine breakthrough in the secondary water flooding process. This 

suggest that by injecting well-calculated amount of oil at higher flow rate, the oil 
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saturation can be controlled under the value of residual oil saturation (sor) at the brine 

breakthrough point in brine flooding. The flow rate of nanofluid injection should be 

lower than injecting oil, in case the oil would be displaced out and the oil saturation is 

changed during the process of CDs dispersion injection. The experiment procedures are 

conducted as below, and the experiment conditions are listed in Table 7-3: 

 Saturated the core with brine (0.1 M NaCl) 

 Injected pre-determined volume of oil into core; 

 Flooded the core with brine at a higher flow rate of 1 mL/min for 2 PV to 

simulate the secondary flooding procedure, and collected oil recovered during 

this process. 

 Injected CD dispersion into the core at a lower flow rate of 0.5 mL/h, and collect 

the effluent sample every 3 min. 

Table 7-3. Experiment condition by injecting CQDs into the sandstone core. 

Core 

No. 

Oil 

injected, 

mL 

Oil 

collected, 

mL 

OOIP, 

mL 

OOIP relative 

to pore 

volume, % 

Particle 

concentration, 

ppm 

Flow 

rate  

SZ2 0 0 0 0 20 1 

ET2 2.3 0 2.3 17.2 20 0.89 

SZ8 5 0 5 37.3 20 0.78 

SZ4 7.8 1.8 6 44.6 20 0.67 

7.4.2 Experiment results 

Figure 7-11 shows the breakthrough curves influenced by different oil saturation 

degrees. As the oil saturation increases, the BTC is shifting towards left, and 

breakthrough time is bring forward from ~ 1PV at 0% oil saturation to 0.67 PV at 44.6% 

(relative to pore volume),. However, the maximum breakthrough abilities show little 

difference and can approach above 95% after 3 PV. Figure 7-12 provides the fitting 
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relationship between the oil saturation and the breakthrough time, which would be used 

for predict the amount of oil content according to the breakthrough time. 

Similar to the analysis in Section 3.5.5, the transport of CDs is confined in the 

aqueous phase, because it is a kind of water-wet particle. The early breakthrough for 

the transport of CDs would occur in the presence of oil (as shown in Figure 3-27) 

because the NPs are confined to be transported in the water phase that initially occupies 

only a fraction of the pore volume, resulting in an early break through. By contrast, in 

the absence of an oil phase the nanofluids have the entire pore volume to travel through 

during the entire injection process. The breakthrough is consequently delayed until 

about 1 PV or slightly less than 1 PV, assuming the displacing fluid is moving in a 

piston front. It can be derived that a different oil saturation would correspond to a 

different break through time.  

 

Figure 7-11. Breakthrough curve changing with injection time, when injecting CD 

suspension at 0.5 mL/min into sandstone core. 
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Figure 7-12. the CD breakthrough time (during injection) changing as a function of oil 

saturation (percentage relative to pore volume) 

 

Figure 7-13. Breakthrough curve changing with injection time, when injecting particle-

free brine at 0.5 mL/min as post-flooding process (the process is following injection 

process and started from 3 PV, thus the x-axis starts from 2.5 instead of zero). 
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Post-flushing with brine in Figure 7-13 shows that, a longer time is needed to flush 

out the CD retained in the core. When the oil saturation is at 0%, the concentration starts 

to decrease from 1 PV during the post-flooding process, while increasing the oil 

saturation to 44.6%, the starting time of lowering particle concentration is brought 

forward to 0.89, 0.78 and 0.67 PV. Those time points are coincide with the injection 

process.  

7.5  Conclusion 

Extracting practically-unsalable information for the subsurface hydrocarbon 

reservoir seems cannot be sufficiently met by currently intrusion or detection methods. 

Even currently applied tracers are not good enough to address this challenge. Derived 

from a low-cost precursor, carbon dots (CDs) may provide a promising solution to 

locate and map the petroleum reservoir, due to their excellent migration ability in porous 

media, easy-detected luminescent property, and reservoir-friendly existence. Our 

results reveal that: 

 Xylose-CDs showed a good stability in high ionic strength, in terms of size, long-time 

absorption and fluorescent intensity, due to multi high-polarity functional group on 

their surface. 

 According to the breakthrough curves, xylose-CDs showed a tracer-like transport 

properties in packed glass beads regardless of concentration and ionic strength. The 

retention files showed that less than 5.6% of particle was stuck in the glass beads 

column. 

 The CLSM pictures showed remarkable difference for particle attachment on the 

surface of glass beads and calcite rock. 
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 There is a good consistence between the UV-Vis (On-line) and CLSM (off-line) on 

generating break-through curves, which means the CD concentration can be more 

easily detected by UV-Vis. 

 CD can be used to detect the oil saturation in sandstone reservoir, because its 

breakthrough time changes with the oil saturation. Moreover, a relationship between 

the breakthrough time and OOIP has been found, for a particular case at the core 

scale.
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Chapter 8  

Conclusion and future work 

8.1  Conclusions 

The aim of this thesis was to explore how emerging nanotechnology can be used to 

address the challenges that conventional EOR are facing. Through a series of 

experiments, it has been tested that the NPs can be used to assist the traditional chemical 

flooding via several ways: i) NP can be used as additive in formation brine to improve 

the efficiency of secondary flooding; ii) nanoparticle can behavier like 

surfactant/polymer carriers to reduce their retention in porous media, and potentially for 

targeted delivery of chemicals; iii) NP can be in-situ formulated and absorbed at the 

oil/water interface in a microemuslion system, leading to more stable emulsion texture 

and higher oil recovery efficiency as increasing NPs concentration; iv) nanoparticle can 

be used as cross linker, to reinforce the thermal stability, salt tolerance and viscoelastic 

properties of HPAM commonly used for chemical flooding; v) special designed 

nanoparticle, like CQDs, can be used as oil reservoir sensor to obtain information where 

traditional characterization methods are not effective. 

The main conclusions drawn via the experimental investigations are summarized as 

below: 

1) Nanoparticle-assisted water flooding  

 Stabilized by Tri-sodium citrate dehydrate (SCD), TiO2 NPs was found to have non-
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negligible influences on the effective properties of brine when used in relatively low 

concentration; 

 At breakthrough point, addition NPs mobilizes more oil than plain synthetic brine 

which achieved only 30.3% of OOIP. Small NPs concentrations provided higher 

enhancement of oil production, with a 20 ppm concentration providing an 

enhancement of 39.8% of OOIP compared to a value of 31.8% for 500 ppm. 

However, when considering the total cumulative recovery, the best performance is 

achieved by 10 ppm nanofluid, with a total oil recovery of 43.75% of OOIP, 

representing a 44.39% increase on the plain water-flooding scenario.  

 When considering the post-breakthrough oil production, the better performance was 

achieved by larger concentrations of nanoparticles, which was partially attributed to 

a log-jamming effect. 

 The wettability study shows that the water-wet Berea sandstone used in this work 

became progressively more water-wet by saturation with fluids with increasing 

concentrations of nanoparticles. The possible mechanisms for the enhanced oil 

recovery due to nanoparticles suggested that while the exact causes are unknown at 

present, the EOR effect in our experiments occurs through a combination of 

mobility ratio modification, rock wettability modification and log-jamming effect.  

2) nanoparticle as surfactant carrier 

 Blend of 25% XOF-25S as an anionic alkylaryl sulfonates and 75% nonionic 

alcohol ethoxylated (C12-13/7EO) surfactant at 4% salinity was found as an stable 

composition with the lowest IFT. The stability and low IFT of surfactant solution is 

because of the synergic effect of surfactant mixture at presence NaCl salt. 
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 Adsorption of surfactant blend in the presence of TiO2 nanoparticles was 

proportional with retention of nanoparticles inside column. Therefore to reduce the 

surfactant retention in porous media, the nanoparticles should have a good mobility . 

 The adsorption of surfactant blend can be increased at rock surface containing 

higher amount of silica and alumina. The hydrogen bonding between the oxygen in 

the ethoxy groups and the hydroxyl groups of silica is suggested as a plausible  

mechanism for the adsorption of surfactant.  

3) nanoparticle-assisted microemulsion flooding 

 IONPs was in-situ fabricated in the o/w microemulsion at optimum salinity; 

 Coagulating with NPs enable the surfactant to be more persistently absorbed at the 

o/w interface, leading to reduced variation of IFT and increased emulsion viscosity.  

 Reduced differential pressures in EOR experiments indicate that joint arrangement 

of nanoparticle and surfactant at o/w interface results in a stronger and more stable 

emulsion system, which can reduce the possible blocking induced by surface 

adsorption. 

 The EOR efficiency was improved as increasing the the concentration of IO NP 

from 0 to 6400 ppm. 

4) nanoparticle-assisted polymer flooding 

 The hybrid of silica nanoparticles improved significantly the rheological properties 

of HPAM especially under thermal treatment and high salinities.  

 The formation of hydrogen bonds between the carbonyl groups in HPAM and the 

silanol functionalities on the surface of silica nanoparticles attributed to the 

improved performance of polymer. 
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 Viscoelastic test verified the high cross-link formed by incorporating SiO2 

nanoparticle and, the hybrids are elastic dominant under 85 °C and high salinity of 

8 wt% NaCl. 

 Flooding experiments at 50 oC in porous media packed with crushed sandstone show 

that the EOR efficiency was improve from 56.2% for brine flooding to 69.6% for 

0.5% HPAM / 0.6%NPs hybrids. 

5) nanoparticle migration in porous media 

 The concentration of TiO2 NPs trapped in the core after flooding increased with the 

increase of particle concentrations. Some of these nanoparticles could be removed 

from the core by subsequent flooding with plain synthetic brine, while some crossed 

into the oil phase, lowering its viscosity marginally. 

 The migration of TiO2 and CQDs was heavily influence by the presence of oil phase. 

When particle is water wet, earlier breakthrough usually corresponds to higher oil 

saturation. 

6) Nanoparticle for reservoir characterization 

 CQD can be used to detect the oil saturation in sandstone reservoir, because its 

breakthrough time changes with the oil saturation. A method to detect OOIP in 

saturated sandstone core is demonstration in chapter 7. 

8.2  Future work 

There is great potential to extend the current study and build upon the knowledge 

within this area. Such points are discussed below. 

 Develop more advanced flooding system, which can generate high pressure and 

high temperature in the pore space; 
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 More focused experiments on nanoparticle as surfactant carrier in reservoir rock, 

starting from sandstone. Investigate how to further reduce the surfactant 

retention by nanoparticle; Further clarify the relationship among subsurface 

properties, surfactant absorption, and particle migration behaviour. 

 Encapsulate the surfactant/polymer in nano-capsule, emulsion or porous particle, 

Controlled release when being delivered to interested area, contacting with oil 

phase or stimulated by external stimuli. 

 In-situ synthesis the emulsion stabilized by nanoparticle in porous media for 

EOR purpose. 

 Try different nanoparticle to hybrids with polymer. 

 Producing the nanoparticle/polymer hybrids in one step and check their 

viscoelastic properties. 

 Particle migration behaviour with the influence of oil phase, the presence of 

surfactant/polymer, and modify clean bed filtration theory to fit with experiment 

results. 

 Explore novel ways to apply quantum dots as reservoir sensor.  
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