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ABSTRACT 
 

In the last decade, nanofluids-based techniques have shown tremendous promise in oil 

and gas industry. Nanofluids, dispersions of nanoparticles (NPs) in a base-fluid, have 

shown promises potentials in enhanced oil recovery (EOR), and carbon 

geosequestration projects. Silica NPs can efficiently decrease the interfacial tension of 

the oil/water system. Also, NPs can stabilize the oil/water and water/oil emulsions 

solely or synergistically with other surface-active materials including surfactant. 

Furthermore, NPs have drastic ability to render the wettability of oil-wet carbonate 

surface water-wet which is crucial for efficient oil displacement from naturally 

fractured carbonate reservoirs. From this perspective, one key parameter is the 

adsorption of NPs on the solid-liquid and liquid-liquid interfaces, which explains the 

interfacial interaction and the role of NPs in subsurface formations. There have been 

many studies that investigated the effect on NPs on interfacial tension reduction, 

wettability alteration, stability of oil/water emulsions, and enhancement of surfactant 

performance in hydrocarbon recovery applications. However, one crucial aspect 

which has not been considered in available NPs for EOR studies is the adsorption of 

such NPs on carbonate surfaces at reservoirs conditions. 

This study thus focuses on the adsorption of silica NPs at different initial 

hydrophilicity onto water-wet and oil-wet carbonate surface. Calcite substrates were 

used as representative for water-wet carbonate reservoirs while calcite aged with 

stearic acid were the representatives of oil-wet carbonate reservoirs. Further, the initial 

hydrophilicity of silica NPs was controlled by treating with 3-aminopropyl 

triethoxysilane. Treatment of different calcite samples with different silica nanofluids 

were conducted at typical reservoirs conditions (15 MPa, 323 °K, and 343 °K) to 

mimic the subsurface behaviour. Initially, the adsorption behaviour of silica NPs at 

solid-liquid interface was probed via quantification of NPs influence on the structure, 

composition, and surface morphology of the nano-treated calcite at different treatment 

conditions. The nano-treated surfaces were analysed by scanning using the electron 

microscope (SEM), energy dispersive X-ray spectroscopy, and atomic force 

microscope (AFM). Further, the stability and aggregation behavior of nanofluids was 

investigated via zeta potential and particle size distribution using the zeta sizer and the 

dynamic light scattering respectively.  
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Based on the qualitative analysis, the study reveals that NPs, as a new EOR approach, 

offer applicable potentials and opportunities that can be implemented successfully at 

reservoir conditions and show better profits over conventional EOR techniques. By 

investigating the hydrophilic and hydrophobic NPs adsorption behaviour on water-wet 

and oil-wet calcite surfaces, the study revealed a key characteristic of NPs in EOR, 

which is its ability to adsorb into different surfaces at different harsh conditions even 

at very low NPs load in the liquid phase. Additionally, its capacity to significantly 

change the morphological properties of the solid surfaces leading to significant change 

of surface properties into favourable surface conditions that is useful for efficient EOR 

applications.           
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 INTRODUCTION AND OVERVIEW OF THESIS 
OBJECTIVES 

 Background  
 

In the past five decades, innovative approach in the technical operations has generally 

seen the shifting of materials size from regular bulk to smaller materials at the 

nanometre scale. The possibility to manipulate the surface properties of matter at nano-

size supports the rapid development of nanoscience or what is commonly known as 

nanotechnology. In the last 20 years, nanotechnology researches and applications have 

experienced a higher trend of growing and the funding of nanotechnology projects 

increased rapidly from $22.9 billion in 2013 to $26 billion in 2014 reaching $64 billion 

in 2019 (Nwidee et al. 2018). Nanosized materials cut across different applications to 

be an elegant solution for many science and engineering issues. Typically, 

nanotechnology comprises the design, synthesis, modification, and use of nanosized 

materials. The matter is considered as a nanomaterial when one or more of its 

dimensions in the order of nanometer (≤ 100 nm) knowing that each nanometer is 10-

9 meters (Guz et al. 2007). Recently, nanotechnology has motivated advanced 

applications in all science and industrial felids that spanning from medicine and drug 

delivery, coating and lubrication, pollution and wastewater treatment, to underground 

projects such as soil decontaminations, geo-thermal extraction, improving of aquifer 

quality, and oil industries including drilling, carbon geosequestration, and enhanced 

oil recovery (EOR).   

Energy demand has rapidly increased over the years due to global industrialization and 

population fast growth (Vatanparast et al. 2011). The deteriorating issue of energy 

resources has triggered worldwide concerns. Despite the emergence of renewable 

energy projects, hydrocarbon resources still the main global energy sources. The 

potentials of different kinds of hydrocarbon including natural and associated gas, and 

crude oil to meet the global energy needs are subject to new hydrocarbon field 

discoveries and enhancing the recovery of existing hydrocarbon fields. Most of the 

current producing hydrocarbon fields in the declining phase (Afolabi and Yusuf 2019). 

Discoveries of new oil fields, on the other hand, are limited and mostly in reservoirs 

that are difficult to produce, including high pressure and temperature reservoirs, low 

permeability reservoirs, naturally fractured oil-wet reservoirs, and viscous oil 
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reservoirs. Thus, the key to ensure continued production of enough hydrocarbon 

resources, would mainly be the application of innovative technologies as novel 

solutions for old issues. These new technologies are necessary for the exploitation of 

new oil and gas fields and enhancing the recovery from existing hydrocarbon fields. 

In the last ten years, oil companies, institutions, and universities have been in a 

competition to implement novel technologies to supply cheap energy. In EOR projects, 

various techniques have been used to increase oil production. For example; surfactant 

flooding (Bera et al. 2013, Zendehboudi et al. 2013, Bera et al. 2014), polymer 

flooding (Al-Manasir et al. 2009, Zhong et al. 2018), and surfactant-polymer 

combination. Further, the applied technologies in EOR have experienced a transition 

from the bulk-domain to macro-domain to micro-domain reaching the nano-domain. 

The success of nano-application in the oil industry may probably shift the EOR 

technology into pico-domain (Afolabi and Yusuf 2019). There are some preliminary 

discussions about the Picotechnology where the matter size at the atomic scale.  

The use of nanotechnology has suggested as a feasible alternative for tertiary oil 

recovery. The term Nano-EOR is commonly used to describe the use of nanomaterials 

in enhanced oil recovery (EOR) projects. Nanotechnology in EOR is mainly based on 

the injection of NPs or nanofluid which is a dispersion of NPs in a base fluid into 

subsurface formations to manipulate the interfacial properties and the interactions 

between rocks, oil, and formation brine. In regard to Nano-EOR, several nano-

applications have been suggested; nanoparticle stabilized emulsions (Shen and 

Resasco 2009, Kumar and Mandal 2018, Maurya and Mandal 2018), different NPs-

surfactant (Ravera et al. 2008, Worthen et al. 2014, Maurya and Mandal 2018), 

nanoparticle-polymer (Yousefvand and Jafari 2015, Cheraghian 2016, Giraldo et al. 

2017, Rellegadla et al. 2018, Druetta and Picchioni 2019, Bashir Abdullahi et al. 

2019), nanoparticle-surfactant-polymer formulations (Kumar and Mandal 2018), and 

nanofluids (Li et al. 2007, Karimi et al. 2012, Ogolo et al. 2012, Amraei et al. 2013, 

Bayat, Junin, Samsuri, et al. 2014, Negin et al. 2016, Zhang et al. 2016, Sun et al. 2017, 

Al-Anssari, Arif, Wang, Barifcani, Lebedev, et al. 2018, Zallaghi et al. 2018, Ebrahim 

et al. 2019). Comparing the previously mentioned methods, nanofluids are the most 

feasible technique that can economically improve the production of hydrocarbon (Ko 

and Huh 2019, Rostami et al. 2019). 



3 
 

In general, NPs in EOR are mainly classified into three groups including metal oxide, 

organic, and inorganic NPs (Al-Anssari 2018). Silica NPs, as an example of inorganic, 

are the most commonly used NPs in oil industry (Youssif et al. 2018). In this context, 

silica is typically one of the most abundant components in the Earth crust and the 

fundamental component of sand and sandstone (Negin et al. 2016). Silica can be found 

naturally as quartz or can be made-up synthetically (Tabellion et al. 2006). Factors 

including low cost of fabrication, environmentally friendly (Gao et al. 2013), and 

possibility to functionalize the surface properties for specific usage made silica NPs 

are commonly used in all field of science and industry. Subsurface industries and 

particularly EOR and carbon geosequestration (Al-Anssari, Wang, Barifcani, and 

Iglauer 2017) are examples of underground industries that utilizing silica NPs.  

Previous studies in the field of Nano-EOR categorised the roles of NPs in EOR into 

four groups of effects. Such effects are including controlling the rheological properties 

(Bashir Abdullahi et al. 2019), interfacial tension reduction (Al-Anssari, Wang, 

Barifcani, and Iglauer 2017), wettability alteration (Rostami et al. 2019), and 

governing the permeability of the porous media (Amedi and Ahmadi 2016). Typically, 

most of the published data in EOR field is based on the ultimate enhancement in oil 

recovery. Such recovery rate is measured by core flooding tests or some other 

measurements such as changes in viscosity, interfacial tension, and water contact 

angle. Although the effect of NPs in subsurface formations is primarily based on the 

adsorption of NPs into the solid/liquid or liquid/liquid interfaces (Abhishek et al. 

2018), there is no comprehensive study has systematically evaluated the adsorption 

and desorption behaviour of NPs into subsurface formations particularly at reservoirs 

conditions. Further, most of research in Nano-EOR topic focused on sandstone 

systems, while only limited number of studies investigated the Nano-EOR in limestone 

systems.  

In EOR, one of the crucial issues is hydrocarbon production from carbonate reservoirs. 

It is well agreed that carbonate reservoirs hold more than 60% of the discovered gas 

and 50% of the discovered oil reserves in the world (Kamaei et al. 2019). These 

carbonate formations are typically naturally fractured intermediate-wet or oil-wet 

reservoirs (Ali et al. 2019). Oil from such reservoirs is mainly produced from the 

fractures because injected water during secondary recovery step (water flooding) does 

not imbibe into the matrix of the rock due to the capillary forces of the oil-wet and 
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intermediate-wet porous media (Mason and Morrow 2013). Consequently, no more 

than 25% of original oil in place (OOIP) can be produced by conventional water 

flooding techniques (Wu et al. 2008) since most of the crude is tightly held in the 

matrix and not in the fracture (Gupta and Mohanty 2010). Subsequently, a considerable 

number of carbonate reservoirs are categorised as depleted reservoirs when they still 

hold 75% of OOIP. It is, therefore, necessary to alter the oil-wet carbonate reservoirs 

into water-wet to improve waster imbibition into the rock matrix to displace the 

considerable amount of oil and thus increase the recovery rate of EOR process 

(Rostami Ravari et al. 2011). One of the mechanisms that can sufficiently alter the 

wettability of oil-wet porous media into water-wet is aging with nanofluid. 

Mechanistically, mono or multi-layers of NPs adsorb into the carbonate surface 

changing the hydrophobic status of the porous media into hydrophilic.  

In the interim, the harsh condition of underground formations such as high 

temperature, and high salt concentrations required an adequate understanding of NPs 

flow behavior and its effect on the rocks surface properties at such severe conditions. 

The implementation of silica NPs in the chemical EOR methods may open a bright 

avenue for investing the depleted carbonate oil reservoirs.  

 

 Motivation of thesis 
 

Previous studies have introduced NPs as promising agents in EOR industry (Rostami 

et al. 2019). Experimental and numerical studies have proven that injection of 

nanofluid, which is a dispersion of NPs in base liquid, can significantly enhance 

hydrocarbon production from hard-to-produce hydrocarbon reservoirs. In this context, 

NPs can drastically alter the wettability of oil-wet and rocks to water-wet (Rostami et 

al. 2019, Ebrahim et al. 2019) which is key for higher rate of oil recovery. For example, 

aging oil-wet calcite samples with nanofluid results in vital reduction in water contact 

angle from 150° to 20 ° referring to a significant alteration of surface wettability. 

Mechanistically, adsorption of mono or multi-layers on NPs onto the solid surfaces is 

the main reason for such dramatic changes of solid surface properties. Moreover, NPs 

have considerable effects on the interfacial tension of oil/water system. Several studies 

revealed that NPs, individually or mixed with different surface-active agents including 

surfactant, can substantially reduce the oil/water interfacial tension which favourably 
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facilitating the displacement of oil from the porous media. Typically, adsorption of 

NPs onto the oil/water interface may significantly influence the interfacial tension 

(Dugyala et al. 2016). Furthermore, NPs can improve the performance of surfactants 

in the subsurface formations in two different mechanisms. Primary, adsorption of NPs 

into rock surfaces reduces the loss of surfactant molecules via adsorption on solid 

surfaces (Esmaeilzadeh et al. 2011). Further, NPs via its Brownian motion act as 

carriers to transport surfactant molecules efficiently towards the oil/water interface 

(Al-Anssari, Arif, Wang, Barifcani, and Iglauer 2017). In addition, NPs can 

manipulate the viscosity of injection fluids in EOR processes when combined with 

polymer solutions (Druetta and Picchioni 2019). Typically, adsorption of NPs into 

rock surfaces reduces the loss expensive polymer after injection to the subsurface 

formation. Also, combination of NPs-polymer in single solution can significantly 

enhance the rheological properties of the new solution. Consequently, NPs have great 

potentials in all chemical enhanced oil recovery methods and mainly the role of NPs 

in all such methods is based on the adsorption of NPs into the subsurface interfaces 

including solid/liquid and liquid/liquid interfaces. It is therefore of vital importance to 

investigate the adsorption behaviour of NPs in subsurface formations to identify the 

efficiency of NPs as EOR agent at reservoirs conditions.               

 

 Objective of Thesis 
Given the above motivation and background, the following objectives are set for this 
thesis: 

1. To examine the influence of initial hydrophilicity of silica NPs on the 

adsorption behaviour into carbonate surface in order to understand the potential 

circumstances when the surface properties of hydrophilic silica NPs switch to 

hydrophobic due to the complex chemistry of reservoirs fluids. 

2. To examine the influence of the wetness state of the porous media (oil-wet, or 

water-wet carbonate surfaces) on the adsorption behaviour of silica NPs. 

3. To examine the influence of reservoirs severe conditions (i.e. Hi pressure, high 

temperature and salinity) on the adsorption behaviour of silica NPs.  

4. Probing the mechanism that demonstrating the fundamental effect of NPs on 

the morphology of carbonate surface via AFM, SEM and EDS to understand 

the effect of silica NPs on the rock’s chemistry and surface properties. 

5. To formulate a stable silica NPs dispersion for subsurface applications. 
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 Thesis Organization 
 

This thesis has five (4) chapters. Chapter 1 provides an overview of the thesis, 

including background, motivation, and objectives. A comprehensive literature review 

is given in Chapter 2. Chapter 3 describes the methodology of the thesis and presents 

the results with discussion. The methodology predominantly comprises procedures to 

modify the hydrophilicity of hydrophilic silica NPs and to age the calcite samples in 

stearic acid to mimic the surface properties of underground formations. Chapter 3 also 

presents the results and discusses morphology measurements of nano-treated calcite 

samples as a scale of NPs adsorption on the originally very smooth calcite substrates. 

This chapter may include repeated materials from other chapters of this thesis since it 

is complete copy of my published paper” Reversible and irreversible adsorption of 

bare and hybrid silica nanoparticles onto carbonate surface at reservoir condition”. 

Chapter 4 concludes the thesis with future recommendations. Figure 1-1 establishes a 

pictographic view of the organisation of the thesis.  
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 LITERATURE REVIEW 
 

Chemical Enhanced Oil Recovery (CEOR) techniques are being used to increase oil 

production by modifying some key parameters in porous media such as wettability, 

interfacial tension, and mobility ratio. Choosing the best applicable CEOR techniques 

for a particular hydrocarbon field is the most crucial step for a feasible EOR process. 

In this context, in parallel to conducting experimental studies, it is very important to 

create a full understanding of the proposed mechanisms that affect hydrocarbon 

production capacities. CEOR process optimization requires full understanding of the 

relationship between the increase in oil recovery rate and the behaviour of the used 

chemicals at reservoirs conditions. Recently, nanoparticles (NPs) with its unique 

surface properties have shown very promising potentials in EOR projects. This chapter 

thus provides an insightful analysis of currently applied CEOR techniques in oil 

reservoirs and how NPs can improve the efficiency of such processes via enhancing 

the performance of the used chemical agents at reservoirs conditions.  

 

 Introduction 
 

Most of the hydrocarbon fields around the world have entered the mature period of 

development, while, according to OPEC World Oil Outlook 2014, global energy 

demand is expected to increase by 60 % of 2010 levels by 2040. To cover this demand, 

a rise in supply in all forms of energy is expected. Despite several alternative energy 

sources including renewables, nuclear, biogas, and hydro power, there are yet to be 

enough energy supplies. The major energy supply is still predominantly from 

hydrocarbon sources including crude oil, unconventional oil, associate and natural gas 

(Nwidee 2017). Although the economic impact of oil as the main energy source 

worldwide is significant, crude oil production from existing fields is expected to 

decline by about 75% to reach only 16 million barrels per day at 2035. North America, 

Europe and Eurasia, and Middle East are the main sources for crude oil in the worild 

(Figure 2-1). Consequently, discovery and production of new oil fields are essential to 

cover the demand growth for energy and possible drop in oil production from existing 

fields (Sheng 2013). According to the data predictions (OPEC World Oil Outlook 

2014), more than half of crude oil production within the next 20 years will be from 
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new fields that already been discovered now, and the rest will be from fields yet to be 

discovered. However, most of the newly discovered fields are in challenging and hard-

to-produce conditions. For instance, since 2000, most of the newly discovered fields 

have been in deep water. Enhanced oil recovery (EOR) can considerably reduce the 

demand for production from unconventional oil fields via increasing the recovery 

factor from current fields.   

 

Figure 2-1 World Crude Oil Production and Consumption, 1965-2016 (Rodrigue 
2020) 

 

 Characterization of Oil Reservoirs 
 

A common misconception is that hydrocarbons including oil and natural gas are found 

in underground caverns. Typically, hydrocarbons are found within the microscopic 

pore of rocks. The underground formations that contains hydrocarbon may be called 

hydrocarbon-bearing reservoirs. However, oil production from such reservoirs is not 

always feasible. Characteristically, oil must be able to flow through the pore space of 

reservoirs rocks via a connected pore network. In this context, the displacement of 

residual oil is dominated by two important factors at the pore scale including capillary 

number (Nc) and mobility ratio (M). 
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2.2.1 Capillary Number (Nc) 
 

Typically, a higher capillary number refers to high oil recovery rate due to the 

decreasing of residual oil saturation. The capillary number (Nc = νμ/σ) is the product 

of Darcy velocity (ν (m/s)) and the viscosity of the displacing fluid (μ (Pa.s)) divided 

by the interfacial tension (σ (N/m)). The capillary number can be increased by 

decreasing the interfacial tension of the oil/water system at reservoirs conditions. Such 

reduction in the interfacial tension is the main target of some thermal or chemical EOR 

methods. In this context, at the end of secondary oil recovery process (water flooding), 

the capillary number in the porous media will be very low (i.e. as low as Nc ≈ 10-7). 

At such circumstances, no more oil can be produced by pumping more water and oil 

reservoir is considered depleted (Yarranton et al. 2015). Increasing the capillary 

number, by one of EOR techniques, by for example three orders of magnitude (i.e. Nc 

≈ 10-4) will reduce the residual oil saturation to the half (Figure 2-2) which  typically 

facilitates the displacement of oil (Keshavarz et al. 2012). 

 

 

Figure 2-2 The impact of Capillary Number (Nc) on the residual oil saturation 
(Thomas 2008b). 
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2.2.2 Mobility Ratio (M) 
 

Mobility ratio is a key parameter in EOR processes, particularly in heavy oil reservoirs 

(Johannesen and Graue 2007). The ratio of mobility of the displacing fluid such as 

water (λ water) to the mobility of the hydrocarbon such as oil (λ oil) is called the mobility 

ratio (M = 
 

 
). Here, the mobility of each phase is the effective permeability (𝑘) 

divided by the viscosity of the phase (μ) [ λ = 
 ( )

 ( . )
]. Thus, the unit of phase mobility 

is . The mobility ratio impacts oil displacement at both macro and micro scale. 

Characteristically, the best sweeping efficiency is obtained when the mobility ratio is 

unity (M = 1). While, relatively high mobility ration (M >1; i.e. 10, 100, or 1000) refers 

to lower sweeping efficiency due to the channelling (fingering) effect of the displacing 

fluid (Figure 2-3). 

 

 

Figure 2-3 Effect of mobility ratio on sweeping efficiency and channelling 
phenomenon of the displacing liquid. Reproduced after (ShamsiJazeyi et al. 2014). 

 

Such a channelling effect which unfavourably bypass a substantial amount of oil 

results from the higher readily flow of displacing fluid compared to that of oil (Thomas 

2008a, ShamsiJazeyi et al. 2014). In such cases, it is essential to increase the viscosity 

of the displacing fluid (𝑃𝑎. 𝑠)) which in turn reduces the mobility of the displacing 

fluid (λ water) and consequently the mobility ratio (M). Otherwise, a large amount of 

the displacing fluid will need to be injected to achieve a specific residual oil saturation 

(Figure 2-4). 
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Figure 2-4 Influences of the mobility ratio (M) on oil displacement (Thomas 2008a). 

 

2.2.3 Permeability and Relative Permeability 
 

Permeability is a key property of pore space in subsurface formations which has been 

widely investigated by engineers and geologists and has a vital role in the oil recovery 

process. Permeability is basically the ability of fluid to flow within the pore space. 

Reduction of permeability which is known as formation damage is one of the main 

challenges in oil industry. In this context, injection of large amounts of fresh or low 

salinity water during the secondary oil recovery (water flooding) processes can 

dramatically reduce the permeability of the subsurface formations (White et al. 1964). 

The formation damage can also be caused by changes in pH (Mohan and Fogler 1997). 

Mechanistically, expansion and dispersion of subsurface minerals when coming into 

contact with relatively freshwater (i.e. substantially less saline than the connate water) 

is the main reason for such formation damages. In addition, to change in pH and 

salinity, Mungan (1965) showed that the change in temperature is another reason for 

permeability reduction in oil reservoirs. It has been earlier suggested that permeability 

reduction results from the blocking of small passages by the moving particles or other 

mineral fines suspended in the flowing liquid. Permeability is a representative of a 

single-phase flow in pore space. But, to simulate the case in oil reservoirs where we 

have a two-phase flow through solid pore spaces, the concept relative permeability 

should be introduced.        
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Relative permeability is the ratio of the phase permeability to absolute permeability 

and it is a direct measure porous media ability to conduct one fluid when one or more 

fluids are present (Anderson 1987). Thus, relative permeability is typically used to 

describe the multiphase flow of immiscible fluids in subsurface formations. 

Characteristically, flow properties in the pore space are the synergistic effect of pore 

geometry, wettability, fluid distribution, and saturation history. Typically, at a given 

phase saturation, fluid flow in the pore space is controlled by some macroscopic flow 

properties including the relative permeability (Figure 2-5) and the capillary pressure. 

Moreover, fluid flow is also a function of fluid properties including viscosity, density, 

and composition.  

 

 

Figure 2-5 Curve of relative permeability of oil/water system (Anderson 1987).  

 

In the last five decades, most experimental studies investigated the fluid distribution 

and relative permeability as a function of wettability for sand packs and/or other micro 

models. Recently, however, studies have used reservoir rock (Figure 2-6) in oil 

displacement measurements via X-ray medical computed scan (i.e. medical scan 

Figure 2-7). Further, to measure fluid distribution using X-ray micro-computed 

tomography μCT scan a micro core plug (5mm diameter and 10 -15mm length) is 

drilled from rock samples (Figure 2-8). These technologies make use of computer-

processed combinations of many X-ray measurements taken from different angles to 
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produce cross-sectional images of specific areas of the scanned core (Figure 2-9). CT 

scan and μCT scan allow the user to see inside the core spaces and investigate the 

fluids distribution without cutting (Zhang et al. 2016). In this context, extracted images 

via μCT (Figure 2-9, and Figure 2-10), are analyzed to visualize cluster morphologies 

and initial and residual fluid saturations (Rahman et al. 2016).    

 

Figure 2-6 Core plug samples (Nwidee 2017). 

 

 

Figure 2-7 X-ray medical scan images for slices of Berea plug (Siddiqui and 
Khamees 2004) 
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Figure 2-8 Flow cell before and after covering with resin. The length of the core is 
17mm and the diameter is 4.8 mm (modified from Al-Anssari, Nwidee, Ali, et al. 
(2017)). 

 

 

Figure 2-9 μCT scan images of oil blobs (red) before and after 3 pore volume nanofluid 
flooding (Zhang et al. 2016). This figure shows smaller oil blobs in the porous medium 
after nanofluid injection. Mechanistically, nanofluid injection breaks the large 
structures into small disconnected oil blobs. 
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Figure 2-10 μCT scan images of Bentheimer sandstone at 10 MPa pore pressure and 
318 K: (a) water-wet initial CO2 saturation, raw image; (b) water-wet initial CO2 
saturation, segmented image; (c) CO2 clusters in 3D for the water-wet initial CO2 
saturation, a volume of 3 mm3 is shown (Rahman et al. 2016).  

 

2.2.4 Wettability and Wettability Alteration 
 

In a rock/oil/brine system, wettability measures the preference that rock has for either 

the oil or water. Thus it is a major factor controlling the location, flow, and distribution 

of fluids in a reservoir (Anderson 1986). During water flooding, wettability is a key in 

oil displacement. Typically, in water-wet formation, aqueous phase occupies the 

relatively smaller pores while oil occupies the bigger pores (Rahman et al. 2016). The 

residual oil saturation depends on wettability. Minimum oil saturation refers to higher 

oil recovery and it is usually the case of mixed wettability, lower than the cases of 

strong water- or oil-wetness. In the oil-wet formations, aqueous phase showing earlier 

breaks through. In contrast, in a water-wet rock, aqueous phase breaks through later 

due to the low water permeability compared to that of oil (Sharma and Mohanty 2013). 

Thus, wettability alteration of oil-wet formations into water-wet is essential for 

efficient and feasible water flooding process in the oil recovery.  

More than 50% of the discovered crude oil is stored in carbonate reservoirs (Gupta and 

Mohanty 2010). Carbonate oil reservoirs are mainly naturally fractured oil-wet or 

mixed-wet reservoirs which makes hydrocarbon production from such reservoirs a 

very challenging practice (Gupta and Mohanty 2010). Typically, oil production from 

naturally fractured oil-wet and mixed-wet reservoirs can significantly be improved via 
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rendering the wettability of rocks formations into water-wet (Mason and Morrow 

2013).   

Mainly, there are two methods to alter the wettability of oil-wet carbonate reservoirs. 

The first technique is via manipulating the ionic composition of the aqueous phase. 

The addition of sulfate ions, for example, can shift the wettability of hydrophobic 

characteristics of chalk cores (Tabrizy et al. 2011). In this context, seawater includes, 

among other ions, 𝑀𝑔 , and 𝑆𝑂   which have been proven to shift the wettability 

of water flooded reservoir formations (Ding et al. 2010). Such alteration in wettability 

is most likely due to the potential adsorption/exchange process between 𝑀𝑔 from 

the sea water and 𝐶𝑎  on calcite. Further, the rate of ion exchange increases with 

temperature (Tabrizy et al. 2011). In line with this, Yousef et al. (2010) have revealed 

that the injection of low salinity brine in to oil reservoirs at high temperature and high 

salinity condition induce the shifting of wettability favourable water-wetness states 

and produce 20% more hydrocarbon.  

The second technique involves the injection of chemicals such as surfactant, polymer, 

polymer-surfactant combination, or nanoparticles, either solely or in combination with 

other surface-active materials (Maerker and Gale 1992, Sharma et al. 2014, 

Zargartalebi et al. 2014b, Al-Anssari et al. 2016). In this context, a large number of 

publications studied the influence of different chemicals of the wetting status of 

carbonate reservoirs and the potential improvements oil production using CEOR 

methods.     

 

2.2.5 Interfacial Tension and Interfacial Tension Reduction 
 

The interfacial tension of the hydrocarbon-water/aqueous phase system is one of the 

basic physical properties required to be manipulated in hydrocarbon producing fields. 

Reducing of the interfacial tension is one of the ongoing topics since it plays a major 

role in wide areas of science and engineering for many important applications such as 

foam and emulsion stability, EOR, carbon geosequestration, etc (Arif et al. 2016, 

Biswal et al. 2016). The reduction of interfacial tension is key in facilitating the 

displacement of oil from the pore space. Typically, surface-active materials including 

surfactants were utilized to reduce the interfacial tension of oil/water system. 
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Mechanistically, the adsorption of surfactant monomers at the oil/water interface is 

responsible for the efficient reduction of the interfacial tensions by tenths of orders. 

Characteristically, surfactants are mainly classified into two categories; non-ionic and 

ionic surfactant. The ionic surfactants are on two types; cationic with positive head 

group and tail group, an anionic surfactant with negative head group and tail group. 

The choice of surfactant type in interfacial tension reduction applications, particularly 

in oil recovery industry, depends on the type of reservoirs and composition of the 

aqueous phase and the oil (Ahmadi and Shadizadeh 2012). Injection of surfactant into 

oil reservoirs, however, includes series limitations including the high cost of 

surfactant, the loss of surfactant due to adsorption into rocks surfactant, and the 

dramatic impact of reservoirs harsh condition on surfactant stability. Recently, 

nanotechnology has drawn attention to its high potentials in interfacial tension 

reduction applications. In this context, hydrophilic NPs can synergistically induce the 

ability of surfactants to reduce the interfacial tension (Zargartalebi et al. 2015, Al-

Anssari, Wang, Barifcani, and Iglauer 2017, Kumar and Mandal 2018). 

Mechanistically, NPs can act as a carrier via its Brownian motion to transport to 

surfactant molecules to the oil/water interface (Al-Anssari, Arif, Wang, Barifcani, and 

Iglauer 2017). Also, NPs may lessen the loss of surfactants due to adsorption into rocks 

and thus increase the number of surfactant monomers in the liquid phase (Zargartalebi 

et al. 2014b). Thus, NPs have promising potentials in interfacial tension reduction 

applications.               

 

 Enhanced Oil Recovery (EOR) 
 

When primary and secondary oil recovery processes produce no more oil, EORs, also 

called tertiary oil recovery methods, are employed to harvest more oil. It is well agreed 

that the primary recovery is driven by the internal energy (pressure) of the reservoir 

and can produce around 10% of the original oil in place (OOIP). Secondary oil 

recovery which drives by water flooding can rise the ultimate amount of recovery to 

25 – 28% of the OOIP leaving considerable amount of oil trapped in the pore spaces. 

The estimated increase of recovery by tertiary techniques (EOR) varies from 7 – 25% 

more oil. Typically, EOR includes a number of processes in various stages of 

development and of varying utility (Thomas 2008a). Generally, EOR is divided into 
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two main sectors including thermal, and non-thermal methods (Figure 2-11). The non-

thermal methods mostly comprise techniques that use various chemicals (i.e. CEOR).   

Here, and before presenting EOR techniques in detail (Figure 2-11), it is important 

first to distinguish between improved oil recovery (IOR) and enhanced oil recovery 

(EOR). 

 

Figure 2-11 Categories of enhanced oil recovery (EOR) techniques (Al-Anssari 
2018). 
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2.3.1 IOR and EOR 
 

The terms IOR and EOR have been used randomly and interchangeably on many 

occasions. Generally, IOR refers to all the applied means and operational strategies 

including infill drilling and horizontal wells as well as improve vertical and areal 

sweep that in total result in improving oil recovery. On the other hand, EOR is a 

subcategory of IOR and precisely indicates the lessening of oil saturation under the 

residual saturation (Thomas 2008a).  In general, the trapped light oils, after primary 

and secondary oil recovery, by capillary forces and the hard to produce (heavy) oils 

due to viscosity can only be recovered by reducing the oil saturation of such oils below 

the residual oil saturation using of the EOR methods. The applied techniques and the 

expected efficiency of the EOR process are mainly depend on the type of oil 

formations types (see Figure 2-12). EOR typically applicable after the water flooding 

process to produce more oil (around 60% of OOIP). Differently, heavy oils and tar 

have extensively poor responses to primary recovery and water flooding processes. 

Subsequently, the majority of oil from such hard-to-produce oil reservoirs result from 

EOR applications via in-situ manipulation of the capillary number (Nc) and/or 

mobility ratio (M) of reservoir fluids utilizing different EOR techniques including 

nanofluid injection (Druetta and Picchioni 2019).         

               

 

                              

Figure 2-12 Enhanced oil recovery (EOR) target for different hydrocarbon, based on 
15% pore volume water saturation and 85% oil. Reproduced after (Thomas 2008a). 
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 Affiliation of Nanotechnology in EOR 
 

Nanofluid flooding for enhanced oil recovery (EOR) has feasible potentials in the oil 

industry. The proposed recovery mechanisms following the injection of NPs include 

wettability alteration and interfacial tension reduction. The nanofluid is a NPs 

dispersion in a liquid phase. The liquid phase can be water, brine, or surfactant 

solution. The physicochemical properties of nanofluids are controlled by the type of 

NP and the component of the base fluid. The efficiency of nanofluids in EOR depends 

on the stability of nanoparticles and the proper selection of nanofluid. The optimum 

selection of nanofluids depends on the on-site properties of the oil reservoir including 

pressure, temperature, salinity, and mainly rock type. Incorrect selection of nanofluid; 

on the other hand, can lead to significant damage to the rocks including blockage of 

the pore space, rock dissolution, and reduction of permeability (Amedi and Ahmadi 

2016). Despite the promising potential of NPs in subsurface industry, there is still 

severe lack of understanding on infiltration of these NPs in the subsurface formation 

and its potential to reach the underground water supplies. Moreover, depleted oil 

reservoirs are strong candidates for carbon geo-storage projects which may be affected 

by the existing of nanoparticles. Thus, keeping the amount of injected nanofluids at its 

lower limits is of primary importance. This section presents in detail the most 

commonly suggested NPs and their nanofluids in EOR projects at different operation 

conditions.   

In oil recovery projects, once primary and secondary oil recovery techniques don’t 

yield economical oil production, enhanced oil recovery (EOR) techniques, also known 

as tertiary oil recovery, can be utilized to produce the oil. EOR projects use thermal 

energy, miscible gas injection or chemical flooding methods. Since 2006 forward, 

nanofluids which are dispersions of nanoparticles in a base liquid have been suggested 

as a smart solution for the chemical flooding method. Furthermore, extensive research 

on the implementation of NPs and its nanofluids in enhanced oil recovery has started 

since 2010 and continue to date to be the new phenomenon of oil recovery technology.  

Nanotechnology introduces a novel concept to facilitate the displacement of oil from 

porous media. Typically, the capillary force in the pore-scale controls the displacement 

of oil droplets from the pore throat via reducing the water-oil interfacial tension (IFT) 

and altering the wettability of pore towards more water-wet. Due to the high surface 
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energy which results from a high surface to volume ratio (Figure 2-13), the nano-sized 

material contributes to the EOR process by modifying the status of geological 

formations including wettability and surface chemistry. Characteristically, the 

adsorption of nanoparticle onto liquid-liquid interfaces reduce the oil-water interfacial 

tension. On the other hand, NPs adsorption into the solid-liquid interface significantly 

reduces the water contact angle which alters the wettability of oil-wet formations 

towards water-wet.  The ability of NPs to reduce the water contact angle mainly 

depends on the type and initial size of the NPs (Bayat, Junin, Samsuri, et al. 2014). 

Mechanistically, the nano-arrangement of single and multilayers of nanoparticles into 

the solid-oil edge creates a pressure that acts to detach the oil droplet from the solid 

surface (Nikolov et al. 2010). The pressure that results from these single and multi-

nanolayers is called a structural disjoining pressure (Zhang et al. 2014). The ability of 

NPs to adsorb on the liquid-liquid and solid-liquid interfaces depends on the surface 

properties of these nanoparticles. 

 

Figure 2-13 A schematic diagram of the high surface to volume ratio of NPs (Sun et 
al. 2017) 

 

In-situ NP applications for full-scale oil fields is limited by crucial challenges such as 

stability of NPs in the dispersion after injection, retention of NPs at early stages after 

injection, reduction of relative permeability and porosity of reservoirs and the 

relatively high production cost of NPs compare to the same materials at the bulk size. 

Consequently, extensive research has been devoted to overcoming the practical 

challenges of implementing NPs in the oil recovery industry. Subsequently, large 

number of studies in the field of nanotechnology and particularly NPs applications in 
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(Bayat, Junin, 

Ghadikolaei, et 

al. 2014) 

Aluminum 

oxide 

(Al2O3) 

0.005 

wt% 

limstone ambient ambient Mobility of NPs in 

limstone 

(Bayat et al. 

2015) 

Aluminum 

oxide 

(Al2O3) and 

Titanuim 

oxide TiO2 

0.005 

wt% 

clay ambient ambient Transport and 

retention of NPs  

(Zhang et al. 

2015) 

Surface 

coated silica 

NPs with 

polyethlene 

glycol 

5 wt% sandpack ambient ambient Adsorption of NPs 

in the porous media 

(Al-Anssari et 

al. 2016) 

Hydrophilic 

silica (SiO2) 

NPs 

0.5 -2 

wt% 

calcite 70 ambient Change in 

wettability 

(Nwidee et al. 

2017) 

Zirconium 

ZrO2 and 

nickel oxide 

(NiO) NPs 

0.004 - 

0.05 

wt% 

clacite 70 ambient Change in 

wettability 

(Al-Anssari, 

Arif, wang, 

Barifcani, 

Maxim, et al. 

2018) 

Hydrophilic 

silica (SiO2) 

NPs 

0.1 – 0.5 

wt% 

clacite 70 20 MPs Change in 

wettability 

(Liu et al. 2019) Silica (SiO2) 

NPs 

0.2 wt% carbonate ambient ambient Transport and 

adsorption in 

carbonate 

reservoirs 

(Rostami et al. 

2019) 

Silica (SiO2) 

NPs 

0.2 wt% sandstone ambient ambient Change in IFT, 

wettability, and 

recovery factor 
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 EOR Mechanisms by NPs 

            
Four different mechanisms have been suggested for NPs function in EOR including 

structural disjoining pressure, wettability alteration, interfacial tension reduction, and 

reduction of heavy oil viscosity. 

 

2.5.1 Structural Disjoining Pressure (SDP) 
 

The structural disjoining pressure (SDP) is the force that resists and contrasts the 

adhesion force of oil into the solid surface. Nikolov et al. (2010) were the pioneers in 

suggesting that the SDP is a key in oil separation from solid surfaces by NPs. 

Mechanistically, a mono or multi-layer film of NPs is created at the oil-solid interface 

(Wasan et al. 2011). Thus, the initiation of SDP requires the existence of an in-between 

wedge between oil droplets and solid surfaces, consequently, it only functions when 

the water contact angle is less than 90° (Al-Anssari, Nwidee, Arif, et al. 2017). Further, 

the force of separation due to structural disjoining pressure increase with increased 

nanoparticle load in the liquid phase and water-wetness of the solid surface (Figure 

2-14). Typically, the energy of the structural disjoining pressure is a function of NPs 

size, salinity, and temperature of the medium and surface properties of the rock 

(Nikolov et al. 2010).  
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Figure 2-14 The proposed impact of initial water contact angle on the structural 
disjoining pressure of NPs at water and intermediate-wet (θ ≤ 90°) surfaces (A, and 
B) and oil-wet (θ > 90°) surfaces (C, and D) (Al-Anssari, Nwidee, Arif, et al. 2017). 

 

2.5.2 Alteration of Wettability 
 

NPs have a drastic ability to alter the wettability of oil-wet surfaces to water-wet and 

thus allows water to penetrate the solid matrix of the rocks and produce more oil 

(Karimi et al. 2012). In this context, most of the oil in carbonate reservoirs, which 

contains more than 50% of the discovered oil, is stored in the rocks matrix while less 

oil is located in the fractures (Sharma and Mohanty 2013). During water flooding, oil 

can only produce from the fracture because the aqueous phase does not simultaneously 

imbibe to displace oil from the matrix (Mason and Morrow 2013). The presence of 

NPs through nanofluid flooding can alter the wettability of oil-wet matrix into water-

wet, thus water spontaneously imbibes into the matrix and sweep a large amount of oil 

from the rock pore space (Figure 2-15) (Al-Anssari et al. 2016). Adsorption of NPs 

into oil-wet surfaces is the main mechanism to shift the wettability towards less oil or 

water-wet status (Dehghan Monfared et al. 2015, Abhishek et al. 2018). Factors 

including NPs concentration, NPs initial size and hydrophilicity, temperature, 

pressure, salinity, pH, and initial wettability of the porous media control the efficiency 
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of NPs as wettability modifiers (Al-Anssari et al. 2016, Al-Anssari, Wang, Barifcani, 

Lebedev, et al. 2017, Al-Anssari, Arif, Wang, Barifcani, Lebedev, et al. 2018).   

 

 

Figure 2-15 Impact of nanofluid flooding on the wettability, fluid distribution and oil 
displacement in the porous media  

 

2.5.3 Interfacial Tension Reduction          
 

The reduction of oil/water interfacial tension is key to a high displacement efficiency 

of oil. Although the surfactant is a well-known chemical agent to reduce the interfacial 

tension between crude oil and formation brine, some types of NPs (e.g. silica NPs) 

have also shown a significant potential for reducing the interfacial tension (Al-Anssari, 

Wang, Barifcani, and Iglauer 2017). Further, the combination of surfactant-NPs has 

thus a significant potential in oil recovery due to the synergistic effect between these 

two surface activating materials in the porous media (Al-Anssari, Wang, Barifcani, 

and Iglauer 2017, Xu et al. 2016). In this context, Zargartalebi et al. (2015) stated that 

the presence of NPs reduces the losses of surfactant monomer by adsorption on the 

rock surface thus keeps high surfactant concentration in the liquid phase leading to 

ultra-reduction of interfacial tension. Synergistically, the presence of a surfactant is 

essential to achieve stable NPs in the nanofluid leading to more efficient wettability 

alteration process (Al-Anssari, Arif, Wang, Barifcani, and Iglauer 2017).   
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2.5.4 Manipulation of Viscosity  
 

In the last decades, the world sources of light, and sweet crude oil are decreased. 

Consequently, the abundant stocks of heavy oils and bitumen, about 70% of the 

remaining discovered oil, become an important part of the world’s hydrocarbon 

production. However, the viscosity and density of heavy crude oil are higher than that 

of conventional crude oil in addition to the higher contents of sulfur, nitrogen, oxygen, 

and metals. Recovery of heavy oil is a complex and challenging practice thus viscosity 

reduction of heavy oil is essential for heavy oil production. Typically, steam 

stimulation (gorge and disgorge or Huff and puff) is the main technique to recover 

heavy oil. Mechanistically, the injected steam acts as a heat carrier to raise the 

temperature and thus reduce the viscosity of the heavy oil which mitigates the flow 

resistance of heavy oil through the pore space. Li et al. (2007) were the first to 

synthesis and utilize nano-nickel catalysts in the viscosity reduction process of heavy 

oil by aqua-thermolysis. Their results showed that the mean molecular weight of the 

non-treated heavy oil was less comparing to the original crude sample. 

Characteristically, the contents of sulfur and asphaltene were reduced from 0.45% to 

0.23% and from 15.83% to15.33% respectively. Subsequently, the viscosity of the 

nano-treated heavy crude oil was reduced from 139800 mPa.s to 2400 mPa.s at 50°C. 

A similar effect of other NPs including Copper oxide (CuO) NP and Iron oxide 

(Fe2O3/Fe3O4) NP was noticed on the viscosity of heavy oil (Negin et al. 2016).               

 

 Most Common NPs Employed for EOR 

 
Modern manufacturing technologies allow the synthesis of materials at the nanometre 

scale including nano-fibres and NPs. Generally, NPs are categorized as carbon 

nanotubes, graphene, polymeric, metal oxide, and metallic NPs. However, depending 

on economic and environmental requirements, only limited types of NPs were tested 

for their potential in the oil industry (Negin et al. 2016). NPs in EOR are mainly 

classified into three groups including metal oxide, organic, and inorganic NPs (Al-

Anssari 2018). 
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2.6.1 Metal Oxide Nanoparticles 
 

Metal oxide NPs are frequently applied in various industries due to the cheap price of 

manufacture and the possibility to control their surface properties for a specific 

application such as EOR. Metal oxides including Aluminium oxide (Al2O3), Copper 

oxide (CuO), Iron oxides (Fe2O3, and Fe3O4), Nickel oxide (Ni2O3), Magnesium oxide 

(MgO), Titanium oxide (TiO2), Zinc oxide (ZnO), Zirconium oxide (ZrO2) are mainly 

polar or hydrophilic molecules depending on the electronegativity difference of the 

atoms that forming the molecules. In this context, metallic elements are typically low 

ionization potential and low electronegativity which make these elements very reactive 

and unstable (Hendraningrat and Torsæter 2015, Rezaei Gomari et al. 2019). 

Consequently, metallic elements have a high potential to react with oxygen, when they 

come into contact, to reach a stable state after losing electrons easily (Höpfner 1997). 

Characteristically, molecules with a high electronegativity difference of its atoms are 

hydrophilic molecules while hydrophobic molecules are that with a low difference of 

electronegativity between their atoms. Rankin (2013) reported that when the 

electronegativity difference ranging between 0.5 – 1.7 the molecule is considered as 

hydrophilic or polar. On the other hand, a molecule with an electronegativity 

difference less than 0.5 is non-polar or hydrophobic. Subsequently, the metal oxide is 

strongly hydrophilic molecules which gave it high potentials in the oil industry and 

particularly EOR applications. 

 

2.6.1.1 Aluminium oxide (Al2O3) NPs          
 

Aluminium oxide NPs are being utilized in a wide range of applications including EOR 

(Bayat, Junin, Ghadikolaei, et al. 2014). Al2O3 has been tested for both limestone 

(Bayat, Junin, Samsuri, et al. 2014) and sandstone (Ogolo et al. 2012, Hendraningrat 

and Torsæter 2015) oil reservoirs. Compared to other types of NPs such as TiO2, SiO2, 

and Al2O3 has the lowest absorption rate into the limestone surface however it shows 

the highest efficiency in EOR due to its ability to reduce the capillary forces of the 

porous media and also reduce the viscosity of the oil at all temperatures (Bayat, Junin, 

Samsuri, et al. 2014). In this context, Ogolo et al. (2012) demonstrated that despite the 
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measured reduction of oil-brine interfacial tension during Al2O3 injection, the 

reduction in oil viscosity is the dominated effect to displace oil from the porous media. 

Consequently, Al2O3 suspension is the recommended nanofluid to produce more oil 

from heavy oil reservoirs. Also, the initial wettability of rocks can dramatically impact 

the efficiency of nanofluids in EOR. Hendraningrat and Torsæter (2015) revealed that 

the highest oil recovery rate via nanofluid flooding can be achieved from the 

intermediate-wet core while the lost recovery rate was recorded from the oil-wet core. 

The results confirm the dominating role of the structural disjoining pressure on oil 

recovery by nanofluid flooding (Zhang et al. 2016). Typically, NPs accumulate in the 

indeterminate space sandwiched between the oil droplet and the rock's surface. This 

in-between edge can only exist in the intermediate surface when the contact angle is 

less than 90° (Al-Anssari, Nwidee, Arif, et al. 2017). Like other types of NPs, Al2O3 

is unstable when solely dispersed in water, and it tends to flocculate, aggregate, and 

precipitate directly after the formulation of nanofluid. Stabilizer such as Povidone 

(C6H9NO) can be added to the nanosuspension to minimize instability of the dispersion 

at all temperatures (Hendraningrat and Torsæter 2015). Thus, Al2O3 NPs can be 

classified as a successful agent for EOR projects for heavy crude oil from sandstone 

reservoirs.  

 

2.6.1.2 Titanium oxide (TiO2) NP   
 

The use of this NP as an EOR agent was investigated for both sandstone 

(Hendraningrat and Torsæter 2015, Ehtesabi et al. 2014, Zargartalebi et al. 2015) and 

limestone (Bayat et al. 2015) reservoirs. Comparison studies revealed that TiO2 NP is 

less effected as EOR agent than another type of NPs such as Al2O3, ZrO2, and SiO2 

(Bayat et al. 2015, Hendraningrat and Torsæter 2015). In line with that, Ehtesabi et al. 

(2014) stated that TiO2 has no significant influence on the water viscosity or the oil-

water interfacial tension which makes the effect of these NPs on EOR process limited 

by the alteration of surface wettability. Further, core flooding experiments with 0.01% 

concentration TiO2 nanofluid into sandstone core revealed a substantial pressure drop 

indicating a blockage of the pores. Probing the porous media after injection with TiO2 

NPs showed dramatic sedimentation and over-deposition of NPs on the surface which 

explained the huge reduction in water contact angle and thus shifting of wetness to 
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more water-wet. Reported data in the literature showed a higher ability of nanofluid to 

alter the wettability of oil-wet surfaces when the base fluid is brine and not DI-water. 

This can be explained by the effect of salt ions on NPs stability and the subsequent 

precipitation of NPs in the pores media. The contentious precipitation of NPs in the 

porous media, due to reservoirs harsh conditions including high temperature and 

salinity, can block the pores and decrease the recovery factor dramatically. Thus, in 

the oilfield, it is essential to use a minimum concentration of NPs and control the 

deposition to avoid blockage issues. 

 

2.6.1.3 Zirconium oxide (ZrO2) NP 
 

Nwidee et al. (2017)  studied the effect of zirconium oxide (ZrO2) NPs on wetting 

preference of fractured limestone formations during EOR process and compared it 

with Nickel oxide (NiO) NPs. Results showed a significant increase in oil recovery 

from limestone core after immersing in ZrO2 nanofluid for a specific time and 

according to specific core/nanofluid weight ratio. The enhancement in oil recovery 

was related to the wettability alteration of oil-wet core samples to water-wet. This was 

confirmed by contact angle measurement on oil-wet calcite samples that immersed in 

a nanofluid. Measurements reported a drastic reduction of contact angle after 

immersing in ZrO2 nanofluid refereeing to alteration of wettability of the porous 

medium. Compare to NiO at the same NP concentration and immersing condition, 

ZrO2 demonstrated a better efficiency while NiO was not useful as a wettability 

modifier. Literature has reported more types of metal oxide NPs including NiO2, MgO, 

SnO2, CuO, Fe2O3. However, studies revealed that the overall oil recovery using these 

types of NPs was decreased despite the probable effect on wettability or interfacial 

tension. This reduction in oil recovery is most likely due to the instabilities 

agglomeration of NPs in the porous media (Dastvareh and Azaiez 2017) and the 

associated reduction in permeability.  
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2.6.2 Organic NPs (Carbon NPs and Carbon nanotubes (CNT) 
 

In general, the term organic materials refer to all compounds with carbon in their 

structure. Typically, carbon NPs and Carbon nanotubes (CNT) are the most popular 

organic nanomaterials. Other diamond NPs that made of carbon atoms such as 

fullerene-C60, C70, C76, C78 and C84, graphene, and graphite nanopowder have 

gained less attention in science and industry than Carbon NPs and CNT due to 

difficulties in controlling the surface properties of that materials. Carbon NPs are 

mainly synthesized via a hydrothermal process and the surface of the produced NPs 

can be desirably modified to be applicable for specific applications. Also, the CNT can 

be single or multi-walled carbon nanotube (MWCNT). These CNTs are strongly 

hydrophobic. Several studies have introduced carbon NPs and CNT as an EOR agent. 

Most recently, Ghalamizade Elyaderani et al. (2019) have conducted systematic study 

on using different concentration of functionalized MWCNT (0.01,0.05, and 0.1 wt%) 

to investigate the effect of these NT on the interfacial tension, wettability, viscosity 

and the stability of nanofluid in the presence of brine (NaCl) during EOR process. 

Results showed that the interfacial tension is decreased with increased NPs 

concentration (from 0.01 to 0.1 wt%) due to the adsorption of NPs on the oil/nanofluid 

interface. Also, as expected, the viscosity of the nanofluid was increased with NPs 

concentration which improves the displacement efficiency of water to oil and prevents 

the unfavourable fingering action in the pore space. Further, a significant shifting of 

wettability towards more water-wet was indicated via a drastic reduction of water 

contact angle with the presence of MWCNT. The created emulsion was water-in-oil 

(W/O) emulsion where the size and number of water droplets in the oil phase increase 

with NPs concentration. Interestingly, the nanosuspension was stable for 10 days 

without the addition of any surfactant or surface-active materials. Eventually, the study 

showed that the addition of 0.005 wt% sulfonated polymer to the nanosuspension 

keeps it stable even in the saline environment. Thus, functionalized MWCNT is a 

promising agent to enhance heavy-oil recovery via mechanisms of interfacial tension 

reduction, wettability alteration of oil-wet reservoirs, increasing the aqueous phase 

viscosity and creation of water-in-oil emulsion.  
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2.6.3 Inorganic NPs (Silica NPs) 
 

Inorganic material is the traditional definition of any compounds that are free of carbon 

in their molecular structure. Silica also is known as silicon dioxide is one of the most 

abundant components in the universe and it is the fundamental component of sand and 

sandstone. Silica can be found naturally as quartz or can be made-up synthetically. 

Silica NPs are cheap price, environment friendly, and possibility to functionalize the 

surface properties for particle usage. Thus, silica NPs are commonly used in many 

industrial applications such as subsurface industries and particularly EOR. In 2002, 

silica was the first suggested NPs for EOR applications by (Ju et al. 2002). This study 

starkly revealed for the first time that oil recovery can be enhanced by flooding with 

silica NPs despite the slight reduction effects on the permeability. Following the 

announcement of Ju et al. (2006), tremendous number of studies have investigated the 

role of silica NPs and their different types in EOR applications. Types of silica NPs 

that applicable in EOR may embrace Alumina coated silica NPs, Hydrophobic silica 

NPs, Spherical fumed silica NPs, silica-core/polymer-shell NPs, Silanized-silica 

(silica grafted with silane) NPs, Polysilicon (PSNPs), Hydrophobic and lipophilic 

polysilicon (HLP) NPs, and Lipophilic and hydrophilic polysilicon (LHP) NPs (Negin 

et al. 2016, Al-Anssari 2018). After the pioneered work of Ju and his co-researchers 

(Ju et al. 2002, Ju et al. 2006, Ju and Fan 2009), the use of silica NPs to improve oil 

recovery became the most significant discussion topic in petroleum industry. Zhang et 

al. (2010) formulated NPs-stabilized emulsions for EOR applications. Their results 

showed that oil-in-water (O/W) and water-in-oil (W/O) emulsions augmented with 

surface-coated silica NPs remain stable for several months without coalescence. 

Results also declare that the initial wettability of silica NPs (bare or surface-coated 

NPs) determines the type of emulsion formed (O/W or W/O). Metin et al. (2011) 

studied the stability of silica NPs suspension and the role oil reservoirs conditions 

including the pH, temperature, and salinity on the stability of NPs after nanofluid 

injection. Using spectral analysis of the Si-O bond at wave number of 111cm-1 with 

the Attenuated total reflection-Fourier-transform infrared (ATR-FTIR), results 

indicated a structural change of NPs surface with pH change. These results were 

confirmed by zeta potential measurements at different pH. For the first time, Metin et 

al. (2011) introduced the critical salt concentration (CSC) and report its data for 

different salts including NaCl, CaCl2, BaCl2, and MgCl2. Literally, the CSC is the salt 
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concentration in the nanofluid above which the silica suspension becomes unstable. 

Amraei et al. (2013) found silica NPs can strongly shift the wetness status of 

hydrophilic carbonate surface into water-wet and reduce the oil/water interfacial 

tension. Up to date, a large body of studies were investigating the application of silica 

NPs in EOR. Recently, Al-Anssari, Arif, Wang, Barifcani, Lebedev, et al. (2018) 

conducted a series of contact angle measurement experiments at reservoirs pressure, 

temperature, and salinity. They announced that what has been approved at ambient 

conditions is also applicable at reservoir conditions including 20Mpa, 70°C, and harsh 

salinity. In their experimental work, they used CO2 gas to raise the pressure in the 

optical cell during wettability assessment and that has attracted the attention to the 

potential of silica NPs on carbon capture and storage projects (Al-Anssari, Arif, Wang, 

et al. 2017a, b). 

 

 Field Implementation of NPs    

 
The first field implementation of NPs injection flooding was performed in the Liauhe 

field of China. Practically, NPs were fed to the reservoir via steam injection through 

the injection well (Kazemzadeh et al. 2019, 2018). Also, in 2012 five kilograms of A-

Dot NPs was dispersed in 255 barrels of seawater and injected to one of the observation 

wells in the Ghawar field of Saudi Arabia. The flooding procedure was continued until 

NPs had advanced about 6 meters in the reservoirs. The well was closed for 72 hours 

and the hydrocarbon production was the start again. The tested samples indicated that 

only 10% of the injected NPs had been trapped in the well (Kazemzadeh et al. 2015).   

 

 NPs Adsorption-Desorption into carbonate reservoirs 
 

In the last decade, contact angle measurement was the main measurement method to 

evaluate NPs influence on the properties of the rock of oil reservoirs. Typically, more 

reduction of water contact angle of nano-treated oil-wet surfaces refers to higher effect 

in terms of wettability alteration (Hendraningrat and Torsæter 2015, Zhang et al. 2016, 

Al-Anssari, Nwidee, Arif, et al. 2017, Al-Anssari, Arif, Wang, Barifcani, Lebedev, et 

al. 2018, Rezaei Gomari et al. 2019, Rostami et al. 2019). Such higher effect reflecting 
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a higher adsorption rate of NPs into the solid surface. However, the reduction in 

contact angle is not always related to chemical surface treatment including nano-

treatment. For example, the decline in contact angle might related to the effect of water 

on the carboxylic groups on oil-wet carbonate surface. Moreover, it is well agreed that 

the surfaces charge dramatically changes due to the addition of even little amount of 

NaCl to the surrounded solution. Thus, the amount and chemistry of aqueous solution 

control the surface charge on the mineral, and it is logical to affect the surface 

wettability (contact angle) with or without the presence of NPs. Thus, contact angle 

measurement is not typically the perfect scale for NPs adsorption into solid surfaces.  

The electrostatic interactions control NPs behaviour in underground applications. Such 

surfaces normally carry ionic charges depending on the surrounding water chemistry. 

The electrostatic forces between high surface energy NPs, and between NPs and rock 

surfaces govern the circumstances of NPs combined, suspend, adsorbed, or desorbed 

into the rocks. Naturally, the salinity and acidity governor the electrostatic interactions 

in hydrocarbon reservoirs. Salinity has a screening effect on the electrical double layer 

of NPs which reducing the repulsive activity between adjusted NPs. Since the 

repulsive forces mitigate the effect of the collision and coalescence and thus 

aggregation of NPs as well as particle settlement in the pore space, extensive ionic 

strengths thus increase the van der Waals attraction force (Saleh et al. 2008) leading 

to vital aggregation and adsorption rate of NPs into rocks surfaces (Kobayashi et al. 

2005). Such complexity in aqueous phase chemistry, NPs charges, and reservoirs 

conditions make it unpractical to consider the change in wettability (contact angle) as 

a successful practice to evaluate NPs adsorption. (Espinasse et al. 2007). Different 

techniques and properties can be more valid for NPs adsorption evaluation such as 

SEM, EDS, and AFM which this study concentrated on. 

 

 Conclusion 
 

Efficient displacement of oil from underground formations is key in helping to meet 

the unceasing worldwide energy demand. Oil can be recovered via three recovery 

stages including primary, secondary (water flooding), and tertiary (EOR) oil recovery 

processes (Thomas 2008b). However, due to the fact that most of the discovered oil 

reservoirs are in the matured stage, the conventional recovery methods such as primary 
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and secondary oil recovery will not recover majority of remaining oil. Studies reported 

that primary and secondary oil recovery process can produce no more than 30% of the 

original oil in place (Wu et al. 2008) leaving drastic amount of oil in the geological 

formations of carbonate reservoirs. Typically, the remaining amount of hydrocarbon 

can be partially produced via tertiary oil recovery (Gupta and Mohanty 2010) including 

chemical EOR (Sharma and Mohanty 2013). Nevertheless, some critical challenges 

may limit the efficiency of chemical EOR processes such as high materials cost, high 

potentials of chemical mismatches, and losing of chemicals via trapping or adsorption 

in the porous media. Thus, smart chemicals are extensively required to overcome such 

potential issues in EOR applications. Nanotechnology, and particularly nanofluid, 

have been suggested as an elegant solution for EOR issues. The dispersed NPs in such 

nanofluids can significantly alter the wettability of oil-wet surfaces into water-wet, 

reduce the oil/water interfacial tension, and influence the viscosity of the displacement 

fluids. Mostly, adsorption of NPs into the liquid-liquid or solid-liquid interfaces in the 

key for NPs role in EOR applications. Understanding the adsorption behaviour of NPs 

into the carbonate surface is crucial as it controls the ability of nanofluids to alter the 

wettability of oil-wet carbonate reservoirs into water-wet and thus facilitate the 

displacement of hydrocarbon and increase the recovery rate. The aim of this work is 

to demonstrate the adsorption scenarios of silica NPs into calcite surfaces at reservoir 

conditions such as high pressure and temperature. The practical applicability of the 

prepared nanodispersions was studied via systematic testing of NPs adsorption via 

probing the nano-treated surfaces and the stability of NPs.          
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 Experimental Methodology with Results and 
Discussions (Reversible and irreversible adsorption of 
bare and hybrid silica nanoparticles onto carbonate 
surface at reservoir condition) 

 

Realistic implementation of nanofluids in subsurface projects including carbon 
geosequestration and enhanced oil recovery requires full understanding of 
nanoparticles (NPs) adsorption behaviour in the porous media. The adsorption 
behaviour of NPs into porous media is controlled by the physicochemical interactions. 
These interactions include the interaction between each two adjusted NPs and between 
the NP and the porous media grain surface. This study investigates the reversible and 
irreversible adsorption of silica NPs onto oil-wet and water-wet carbonate surfaces at 
reservoir conditions. 

Each carbonate sample was treated with different concentrations of silica nanofluid to 
investigate NP adsorption in terms of nanoparticles initial size and hydrophobicity at 
different temperatures, and pressures. Aggregation behaviour and the reversibility of 
NP adsorption onto carbonate surfaces was measured using dynamic light scattering 
(DLS), scanning electron microscopy (SEM) images, energy dispersive X-ray 
spectroscopy (EDS), and atomic force microscopy (AFM) measurement.  

Results show that the initial hydrophilicity of the NP and the carbonate rock surface 
can influence the NPs adsorption onto the rock surfaces. Typically, oppositely charged 
NP and rock surface are attracted to each other, forming a mono or multilayers of NPs 
on the rock. Operation conditions including pressure and temperature have shown 
minor influence on nano-treatment efficiency. Moreover, DLS measurement proved 
the impact of hydrophilicity on the stability and adsorption trend of NPs. This was also 
confirmed by SEM images. Further, AFM results indicated that a wide-ranging 
adsorption scenario of NPs on the carbonate surface exists. Similar results were 
obtained from the EDS measurements. This study thus gives the first insight into NPs 
adsorption onto carbonate surfaces at reservoirs conditions.   

This chapter illustrate all materials, devices, and equipment used in this study. 
Moreover, all the obtained results are presented and discussed here. Initially, the 
chapter gives a brief introduction for the topic and then describes the used materials 
and fluids including their functional and other physicochemical properties. The calcite 
surface aging procedure is then outlined, and the stability of the formulated 
nanodispersion demonstrated. Eventually, the influences of aging with nanofluid on 
the surface properties including surface roughness is extensively discussed. 
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 Introduction 
 

Inorganic fillers, particularly silica nanoparticles (NPs), have a wide potential 

application in many industries including cosmetics, food products, drug delivery, and 

geological industries including aquifer decontamination, carbon capture and storage, 

and enhanced oil recovery (EOR) (Al-Anssari et al. 2016). In the oil and gas industry,  

once primary and secondary oil recovery methods can no longer produce sufficient 

amount of hydrocarbon, EOR (also called tertiary recovery method) can be utilized for 

more hydrocarbon production (Li 2011). Nanofluid flooding is regarded as a potential 

EOR technique in oil-wet reservoirs. Nanofluids, dispersion of NPs in a base fluid (Al-

Anssari, Arif, Wang, Barifcani, and Iglauer 2017), have been suggested to facilitate 

oil displacement from the porous media (Nikolov et al. 2010, Kondiparty et al. 2011). 

Reduction of water contact angle on the oil-wet solid surfaces in addition to the 

interfacial tension reduction is the main NPs mechanisms in EOR (ShamsiJazeyi et al. 

2014, Al-Anssari, Nwidee, Ali, et al. 2017). In this context, NPs (i.e. silicon dioxide; 

SiO2) can enhance hydrocarbon recovery via rendering the wettability of oil-wet 

surfaces to water-wet (Al-Anssari et al. 2016, Nwidee et al. 2017) which in turn 

promotes the spontaneous imbibition of brine into the low-permeability rock (Gupta 

and Mohanty 2010). Although NPs efficiency as wettability modifier is limited by the 

adsorption of these fine particles onto the fluid-fluid interface (Dugyala et al. 2016) 

and solid surface (Zhang et al. 2016), there is a dramatic lack of understanding about 

NPs adsorption onto rock surfaces at reservoirs conditions. According to the available 

literature, no previous study concerning nanoparticle adsorption has been conducted 

at subsurface pressure, temperature, and salinity. 

Recently, there have been several studies on the application of silica NPs to render the 

oil-wet rock surfaces water-wet for the enhanced oil recovery. Moghaddam et al. 

(2015) have compared the effectiveness of different NPs on wettability alteration of 

oil-wet calcite surfaces. Their results showed that SiO2 nanoparticles are more efficient 

in terms of contact angle reduction. Zhang et al. (2015) proposed that NPs mutually 

experience reversible and irreversible adsorption on the solid surfaces. In their study, 

nanofluid was injected into columns packed with a crushed sedimentary rock at 
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ambient condition. The NPs concentration in the effluent stream showed that NPs 

adsorbed onto the solid surfaces until the adsorption capacity was reached i.e. when 

the NPs in the effluent equals to that in the injection stream. Subsequent injection of 

DI-water into the columns led to dramatic desorption of nanoparticle, which was 

indicated by the significant concentration of NPs in the effluent stream. More recently, 

Al-Anssari, Wang, Barifcani, Lebedev, et al. (2017) reported the influence of 

nanofluid concentration and treatment temperature on the reduction of water contact 

angle on nano-treated calcite samples. Using technologies including scanning electron 

microscopy (SEM) images, energy dispersive X-ray spectroscopy (EDS), and atomic 

force microscopy (AFM) measurements, the researchers investigated the adsorption of 

silica NPs onto calcite samples and the formation of nanotextured surfaces. 

Understanding of adsorption behaviour of NPs on rock-solid surfaces is one of the 

critical issues in the oil and gas industry. Physicochemical interactions between NPs 

and treated surfaces (Metin, Baran, et al. 2012) and between NPs itself (Metin et al. 

2011) are the main controlling factors for the potential irreversibility of NPs adsorption 

in the porous media (Petosa et al. 2010, Mondragon et al. 2012). Typically, 

physicochemical interactions are mainly controlled by the surfaces charge (Al-

Anssari, Arif, Wang, Barifcani, and Iglauer 2017). While the surfaces charge of NPs 

depends on the surface type of such NPs, and condition of the environment (Hamouda 

and Gomari 2006) and the composition of formation brine (Nooney et al. 2015, 

Alroudhan et al. 2016). Theoretically, the Derjaguin – Landau – Verwey – Overbeek 

(DLVO) theory can demonstrate the effect of physicochemical interactions on NPs 

behaviour. DLVO theory suggested that the interaction forces between particles and 

between the particle and the surface control NPs aggregation, deposition, adsorption, 

adhesion, and desorption (Chen et al. 2011). In this context, DLOV force is the 

algebraic summation of the attraction and repulsive forces. The attraction force is the 

van der Waals force and the repulsive force is the electrostatic force (Alroudhan et al. 

2016). In addition, in case of NPs adsorption, more forces can be considered within 

DLVO theory including hydrophilic and lipophilic forces (Guzmán et al. 2011), 

repulsive steric forces (Nugroho et al. 2013), and magnetic forces (He et al. 2012). 

To-date, a limited number of studies have demonstrated the interactions between NPs 

and solid surfaces. Furthermore, all the previous studies were conducted at ambient 

condition ignoring the potential impacts of subsurface severe condition on the 
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adsorption scenarios of silica NPs. Moreover, all previous studies have used NPs 

concentration in the effluent as an indication for NPs adsorption or retention in the 

porous media. Lecoanet et al. (2004), for example, have assessed the transport of NPs 

in an artificially designed porous media. They reported that NPs display broadly 

diverse mobility behaviour. Further, surface-modified NPs (hydrophobic) exhibited 

maximum mobility. Rodriguez Pin et al. (2009) investigated the withholding of silica 

NPs after injection into sedimentary rocks. They have reported breakthroughs of 

effluent NP referring to significant mobility in the porous media.  

Despite studies concerning NPs behaviour on solid surfaces in the lab at ambient 

condition, challenges in using NPs in real fields are of high potential due to the 

complex reservoirs conditions such as heterogeneous formations, high pressure, 

temperature, and salinity (Al-Anssari et al. 2016). This study, thus, investigated the 

fundamental aggregation, adsorption, and desorption properties of bare and hybrid 

(silanized) silica NPs onto oil-wet and water-wet carbonate surfaces at different 

pressures, temperatures, and initial hydrophilicity of NPs. This series of operation 

conditions help to cover all the potential scenarios in the oil production industry. 

Dynamic light scattering (DLS), atomic force microscopy (AFM), scanning electron 

microscope (SEM), energy dispersive X-ray spectroscopy (EDS) were used to 

investigate NP-carbonate surface interactions at the nanoscale. These methods can 

directly evaluate the interactions of NPs with solid surfaces and their molecular 

arrangement and order. 
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 Experimental Plan   
 

The study technique adopted in this chapter was principally based on the aim and 
objectives of the work. The qualitative style of the study (Figure 3-1) was primarily 
adopted for analysis of NPs adsorption in terms of surface roughness and surface 
morphology at reservoirs conditions in addition to the stability measurements of the 
nanofluids. The practical aspect of the work includes laboratory experiments that 
allowed the accomplishment of the objectives of the study and makes up for most of 
the work. The experimental study process is shown in chart 3-1. 

 

 

 

Figure 3-1: Flow chart of the study 
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 Experimental Task Assessment 
 

Experiments were systematically applied on carbonate surface at lab and reservoir 

conditions. The study was initiated with the choice of appropriate acid aging calcite 

samples to achieve oil-wet carbonate surfaces which are the status of carbonate 

reservoirs. Then, nanofluid formulations, surface treatment with NPs, and extensive 

series of AFM, zeta potential and particle size distribution measurement were 

conducted to evaluate the adsorption behaviour of NPs onto calcite surface at different 

reservoirs conditions including oil-wet, and water-wet calcite surfaces, ambient and 

high pressures, and ambient and high temperatures. The treatment with NPs was 

conducted via immersing of calcite off-cuts in diluted or concentrated nanofluids.      

 

 Materials 
 

Hydrophilic silicon dioxide (SiO2) NPs (5 – 10 nm powder, porous spherical, 99.5 

wt% purity) supplied by Sigma Aldrich/ Australia was implemented in this study to 

formulate different nanofluids. NPs have been used as supplied (hydrophilic) or after 

treatment with silane components in the silanization process which produces hybrid 

(hydrophilic) NPs. Each type of NPs (hydrophilic and hydrophobic) were dispersed 

separately in base fluid (DI water, brine, or surfactant) to formulate different 

nanofluids. The bulk density of silica NPs are ranging between 2200 – 2600 

𝑘𝑔/𝑚  and the molecular mass is 60.08 𝑔/𝑚𝑜𝑙𝑒.  

DI-water (conductivity = 0.02 mS/cm) freshly supplied by David Gray was used as a 

cleaning agent and mainly to prepare different formulations such as brine, or directly 

as the base fluid for NPs in some nanodispersions. In this context, to simulate all 

potential conditions in subsurface formations, brine at different concentrations were 

formulated via dissolving of sodium chloride (NaCl ≥99.5 mol%, supplied by Sigma 

Aldrich/ Australia) in water using magnetic starrier for 30 minutes  

3-aminopropyl triethoxysilane (H2N(CH2)3Si(OC2H5)3; (Figure 3-2), supplied by 

Sigma Aldrich  where used to manipulate the initial hydrophobicity of hydrophilic 

silica (pure) NPs into a hydrophobic (hybrid) condition via silanization process (Grate 
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et al. 2012, London et al. 2013). The density of this silane is 964 𝑘𝑔/𝑚  and the 

molecular mass is 221.37 𝑔/𝑚𝑜𝑙𝑒. 

 

Figure 3-2 Chemical structure of (3-aminopropyl) Triethoxysilane 

 

For adsorption measurements of NPs on carbonate surfaces at different initial 

wettability, calcite samples were used as a representative for carbonate 

reservoirsError! Reference source not found. Further, to mimic all potential 

scenarios in oil reservoirs, some samples were aged with stearic acid to manipulate the 

initial surface wettability.  

Stearic acid CH3(CH2)16COOH (weight solid; ≥98.5% purity, long-chain (C18, 

number of carbon atoms = 18, Figure 3-3) supplied by Sigma Aldrich was used to 

prepare a 0.01 M stearic acid in decane solution which was used to alter the wettability 

of the original calcite surface to oil-wet (Hansen et al. 2000, Morse and Arvidson 2002, 

Shi et al. 2010, Al-Anssari, Wang, Barifcani, Lebedev, et al. 2017, Ali et al. 2019).  

      

Figure 3-3Stearic acid structural formula. 

 

Decane (n-decane (C10H22), colourless liquid purity ≥ 99.9 mol% from Rowe 

Scientific) was used to prepare 0.01M stearic acid. The boiling point of n-decane is 

574.1K and the molecular mass is 142.28 𝑔/𝑚𝑜𝑙.  
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Carbon dioxide CO2 food grad (99.9 mol% (liquid phase) from BOC, gas code-082) 

was injected to increase the pressure in the nano-treatment cell when it is required 

according to the experiment design.  

Methanol (> 99.9mol%, from Rowe Scientific), n-hexane (> 95mol %, from Sigma-

Aldrich), and acetone and were used as cleaning agents. Typically, such chemicals 

were used to clean the solid surfaces before each experiment. 

Ultrapure nitrogen (N2 colorless, non-reactive gas at purity 99.99 mol %) from BOC/ 

Australia was used as a drying agent during surface cleaning steps. Nitrogen gas was 

used as a cleaner alternative to the compressed air for drying to prevent any potential 

contaminations that may extremely impact the liability of surface property 

investigations.  

 

 Instruments and measurements devices 
 

Ultrasonic homogenizer (300 VT Ultrasonic Homogenizer/ BIOLOGICS) was used to 

separate NPs in different base fluids. The sonicator composed of two main parts 

including the generation part and the transducer part linked with each other by a power 

cord. The generation section comprises a control port with all indicators and regulators 

that governor the sonication energy (time and power). The transducer part, on the other 

hand, transforms the electric power to ultrasonic waves via solid titanium tip. The two 

parts of the sonicator can be compacted together or separated in a way allows the 

reduction of sound pollution via keeping the transducer part in a soundproof box. 

Mechanistically, the sonicator uses sound waves to disperse and suspend solid particles 

(i.e. fine and nanoparticles) in a liquid phase. In this context, the time and power of 

the sonication process are limited by several factors including the type, concentration 

and surface properties of NPs as well as the composition (i.e. salinity) of the liquid 

phase (Al-Anssari et al. 2016). A magnetic stirrer, 1500 RPM, made by Across 

International was utilized to mix NaCl with DI-water during the preparation of brine.  

Surface preparation steps and particularly surface cleaning is an essential step in 

surface property measurements. Consequently, the plasma model Yocto, made by 

diener plasma-surface-technology, was used to clean and activate the solid surfaces. 

Mainly, plasma treatment can minimize contamination on calcite surface before 
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treatment with stearic acid or nanofluid and before surface measurements via an atomic 

force microscope (AFM). The plasma unit composed of the generator part (frequency: 

100 kHz, power 30W), and vacuum pump (suction power: 0.75 m3/h). Typically, the 

programmed working period is 4 minutes. However, in the case of extensive 

contamination, the plasma treatment steps should be repeated more than once.   

Four digits-electronic balance model BTA-623, made by PHOENIX Instruments was 

used in this study Figure 3-9. The high accuracy of this 4-digit device allows the 

accurate formulation of dilute nanofluids at small volume samples. For example, 

formulating of 20 ml 0.001 wt% nanofluid requires the weighing of 0.0002g of NPs to 

be dispersed in the base fluid. Formulating of such small sample help to minimize the 

waste and keep dealing with freshly formulated nanofluids at the desired 

concentration. In addition to NPs, the balance was used to weigh NaCl during brine 

formulation and to exactly weigh the calcite samples to use the accurate calcite to 

nanofluid weight ratio (i.e. 1/5 calcite mass/nanofluid mass).      

The vacuum drying oven model VO-16020 made by Across International which 

connected to a vacuum pump model TW-1A made by Across International were used 

in this study for drying, and high-temperature-aging during calcite modification with 

stearic acid. The heating section of the vacuum drying oven stainless-steel chamber 

and two metal grids to place the solid samples or liquid containers on. The VDO unit 

can be used for heating purposes only or for vacuum only or for vacuum heading 

together according to procedure requirements.  

The high-pressure/high-temperature setup (Figure ), was used to allow the treatment 

of calcite samples with nanofluid to take place at reservoirs condition; including high 

pressure, high temperature, and salinity. This setup consists mainly of a stainless-steel 

cell designed to work under harsh conditions similar to reservoir conditions. For 

increasing the temperature of the treatment-cell to the designed degree, a fiberglass-

sheathed heating tape with a power density 0.013 watt/mm2, made by 

THERMOCOAX was used. The exceptional flexibility of the product allowed the total 

pending of the heading tape around the stainless-steel cell.  
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Figure 3-4 photographs of the high pressure/high-temperature setup. 

 

Further, the temperature increase was controlled by digital thermal controller model 

TTM-002, TOHO which connected to a thermocouple model SA1XL, Omega was 

used. Eventually, to increase the pressure inside the treatment -cell to the desired 

pressure, Two high precision syringe pumps were used in this system with pressure 

accuracy 0.1% FS (Figure 3-4).   

Experimentally, the pressure of the treatment-cell was increased by pumping CO2 gas 

via the high precision syringe pump model 500D made by TELEDYNE. Then after 

stabilization of pressure and temperature inside the treatment-cell, the nanofluid was 

injected via an accumulator to immerse the calcite sample inside the treatment-cell by 

using the second-high precision syringe pump model 260D which also made by 

TELEDYNE. Before that, to avoid the potential interaction between calcite sample, 

nanofluid, and the CO2 gas inside the treatment-cell, the CO2 was equilibrated with the 

nanofluid before being injected into the treatment-cell. A high-pressure high-

temperature equilibrator was used for this purpose and the equilibration state was 

indicated via observation pH rate of change (Sarmadivaleh et al. 2015).  
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The dynamic light scattering (DLS) and the zeta sizer features are compacted in the 

same device Nano ZS made by Malvern Instrument, UK. The Nano ZS is a high 

performance two angle particle and a molecular size analyzer. The DLS of the device 

allows the detection of aggregates and measurements of small or dilute samples. The 

main limitation of DLS is the sensitivity to light. Typically, the DLS is a laser-based 

technique that measures the particle size and particle size distribution for a sample 

placed in the measurement cell by illuminating the particles with a laser and analyzing 

the intensity fluctuations in the scattered light. Thus, opaque samples with low 

transparency cannot give accurate results. In this context, Brownian motion is the 

backbone for particle size measurements by DLS. Brownian motion is defined as the 

movement of particles due to the random collision with the molecules of the liquid that 

surrounds the particles and due to the collisions between the adjusted particles. The 

key to Brownian motion for DLS measurement is the relationship between movement 

speed and size of the particle. Naturally, small particles move quickly and large 

particles move slowly. The relation between the particle size and particle speed due to 

Brownian motion is explained by the Stokes-Einstein equation (Eq. 3-1). This equation 

assumes the colloid particles are all spheres. 

𝐷 =
∗ ∗ ∗

                                                                Equation 3-1 

where 𝐷 is the diffusion coefficient (limits by the particle speed via Brownian motion. 

R is the gas constant, T is temperature, 𝑁  is the Avogadro number, 𝜂 is the solvent 

viscosity, and 𝑟 is the hydrodynamic radius.  

The theory of DLS measurements is based on the scattering of light passing through 

the colloid solution. Mechanistically, if a small particle is illuminated by a light source 

such as a laser source, the particle will scatter the light in all directions. As the particles 

move in all directions, the constructive and distractive phase addition of the scattered 

light will result in fluctuation of scattering light intensity. The DLS system measures 

the rate of the intensity fluctuation and then uses this value to measure the size of the 

particle. 

The zeta potential of a colloid dispersion is a direct indicator of dispersion stability. 

Characteristically, higher (±) zeta potentials predict a more stable dispersion. A zeta-

sizer model nano ZS made by Malvern Instrument is used in this study to measure zeta 

potential. Typically, the measurement is based on the response of charged particles to 
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an applied electric field. Experimentally, zeta potential measurement is conducted by 

introducing a small amount of colloid dispersion or emulsion to the sample container 

(measuring cell) and put in the cell into the device. The device software will 

automatically measure the accurate electric field strength, adjusts the reference beam 

intensity to ensure the optimal signal to noise ratio, collects and analyzes the data, and 

presents the results on the monitor of the computer. 

 
Atomic force microscope (AFM) model DSE 95-200, Semilab was used to examine 

the changes in surface morphology after different steps of treatment with different 

fluids. The atomic force microscope is a laser-based technique. Describing the prob 

(cantilever with an attached bead of the defined radius (r), the components detecting 

the cantilever deflection (laser beam, photodiode) and the sample.   

 

Studying the adsorption of NPs into solid surfaces require the use of microscopic 

devices to prob the adsorption, desorption, and precipitation behaviour of NPs into a 

solid surface in contact with nanofluid. To achieve this, scanning electron microscope 

(SEM) model 40EsB FIBSEM made by Zeiss Neon was used to 3D-analysis of silica 

NPs adsorption on calcite surface. In general, since calcite is a non-conductive 

substrate, the sample was coated with a platinum layer for more reliable results. The 

device is a double beam focussed ion beam SEM (FIBSEM) that armed with a field 

emission gun as well as liquid metal 𝐺𝑎  ion source.    

Analyzing the surface elements at different stages of treatment is an essential 

measurement to understand the adsorption-desorption trend after being conducted or 

treated with different fluids. To achieve this, energy dispersive microscopy (EDS) 

model Oxford X-act SSD x-ray detector with Inca and Aztec software was used to 

analyze the surface elements of calcite surface before and after being treated with 

different fluids.  

 

3.5.1 Modification of NPs hydrophobicity via silanization 
 

Hydrophobicity of NPs is an essential factor influencing NPs adsorption on a solid 

surface. Consequently, the adsorption behaviour of both hydrophilic and hydrophobic 



49 
 

silica NPs was investigated. The hydrophobicity of NPs can be modified by changing 

the surface coating chemicals. To accomplish this, surface modification of silica NPs 

was performed by silanization, which is the reaction of solid surface with silane 

(Figure 3-). In general, chemical reaction with silane agent is a practical method to 

change the hydrophobicity of silica to more hydrophobic condition (Grate et al. 2012, 

London et al. 2013, Rostamzadeh et al. 2014).  

Experimentally, 1 g silica NPs was dispersed in 50 mL ethanol via a sonicater (300 

VT Ultrasonic Homogenizer/ BIOLOGICS) for 300 seconds to formulate NPs 

suspension. Moreover, a pre-hydrolyzed solution also formulated via dissolution of 

0.7336 g (3-aminopropyl) triethoxysilane into a solution of 14.82 mL ethanol and 0.18 

g H2O (Al-Anssari, Barifcani, et al. 2018). The amount of silane, ethanol, and water 

was controlled by the number of hydroxyl groups moles that situated on 1 g of silica 

NPs (Ma et al. 2007, He et al. 2013). In this context, each (3-aminopropyl) 

triethoxysilane molecule requires three molecules of water for complete hydrolysis 

(Rostamzadeh et al. 2014). Drops of concentrated hydrochloric acid (HCl) were used 

to maintain the acidity of the modification solution (London et al. 2013) at pH below 

the isoelectric point of silica nanoparticles which is around 1 – 2 (Bhatti et al. 2014). 

The silanization formulation was mixed magnetically for 20 min and pipetted to the 

NPs suspension, and then obtained mixture was magnetically stirred for another 24 h, 

at ambient condition. Eventually, treated NPs were centrifuged and impregnated with 

ethanol for 1 day to remove the reversibly absorbed silane compounds and headed 

70°C for 24 h for drying to produce dry hydrophobic (hybrid) NPs.  

 

 

 Figure 3-5 Attachment of (3-aminopropyl) triethoxysilane to silica nanoparticle 
surfaces (London et al. 2013). 
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3.5.2 Formulation of equilibrated brine and nanofluids 
 

The equilibrium between aqueous phase, carbonate, and CO2 is essential to avoid the 

dramatic dissolution of calcite and the subsequent changes in surface charge and 

morphology during nano-treatment (Al-Anssari, Wang, Barifcani, Lebedev, et al. 

2017). In addition, the formation brine is naturally at equilibrium with calcite and CO2 

inside carbonate reservoirs (Stumm and Morgan 1995).  

Different salt concentrations were dissolved in DI water using magnetic starrier (1500 

RPM, Across International) to formulate brine at varied salinity. These different brines 

were used as a base-fluid for the nanofluid. On the other hand, nanosuspensions were 

prepared via sonication of silica NPs in brine using ultrasonic homogenizer (Al-

Anssari, Barifcani, et al. 2018). Different weights of dry SiO2 hydrophilic (bare) or 

hydrophobic (hybrid) NPs (0.002, 0.004, 0.01, 0.014, 0.02 g) were dispersed in 20 ml 

of brine at various salinity (0 – 5 wt% NaCl) to formulate nanodispersions at various 

NP loads (0.01, 0.02, 0.05, 0.07, 0.10 wt% SiO2). Each suspension was sonicated for 

120 seconds to assure a suitable homogeneity. Note that once meet water, NPs tends 

to rapidly aggregate due to the high surface energy (Metin et al. 2011, Metin, 

Bonnecaze, et al. 2012). Effective mixing is the only way to break down these 

aggregates and leave the NPs individually suspended. Also, to avoid the potential 

dissolution of calcite surface during nano-treatment, CO2, calcite, and nanodispersion 

were all equilibrated in a mixing reactor ( 

Figure 3-). In this context, the nanosuspension was mixed with carbon dioxide and off-

cuts of calcite in the equilibrator at the prescribed pressure and temperature for each 

experiment for 1 hour (Al-Anssari, Wang, Barifcani, Lebedev, et al. 2017). 

Characteristically, equilibrium is established when no more CO2 dissolves in the 

nanofluid (El-Maghraby et al. 2012) which was indicated by constant pH.   
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Figure 3-6 Schematic of the high pressure-high temperature equilibrator: (1) 
equilibration vessel, (2) the agitator, (3) pH electrode, (4) pH meter, (5) pressure 
gauge, (6) thermometer, (7) brine or nanofluid pump, (8) CO2 pump, (9) valve. 

 

3.5.3 Preparation of carbonate surface 
 

Surface cleaning processes are fundamental in surface treatment investigations since 

any remaining contaminants can impact the surface charges (Ma et al. 2013) and 

consequently the adsorption scenario of NPs. Thus, calcite samples were washed with 

equilibrated water to remove any carbonate dust on the surface. Subsequently, the 

samples were dried for 60 min at 90 °C and then exposed to air plasma for 10 min 

(using a Diemer Yocto instrument) to remove any potential organic contaminants 

(Iglauer et al. 2014).  

 

3.5.4 Modification of original calcite with stearic acid  
 



52 
 

To simulate all the potential scenarios inside oil reservoirs including oil-wet and water-

wet rocks, some calcite samples were treated with stearic acid to achieve oil-wet 

substrates. This helps in the study of the adsorption phenomena of NPs on both water-

wet (hydrophilic) and oil-wet (hydrophobic) carbonate formations. Here, the cleaned 

calcite samples were first submerged for 30 min in 2 wt% equilibrated NaCl brine at 

pH = 4 to support the later adsorption of acid on calcite surface. Typically, ionization 

of carboxylic acid groups and the availability of positive sites on the carbonate surface 

are controlled by the pH and ionic strength of the aqueous phase (Eqs. 3-2, 3-3, 3-4, 

and 3-5) (Hoeiland et al. 2001). Subsequently, the samples were dried with ultra-pure 

nitrogen to remove the excess brine from the surface and eventually immersed in 

0.01M steric acid at ambient conditions for 7 days. Mechanistically, carboxylate 

molecules from stearic acid solution are adsorbed on the positive sites of the calcite 

surface. 

 

𝐶𝑎𝐶𝑂
( )

+  𝐻 𝑂( .)  ⇌  𝐶𝑎 +  𝐻𝐶𝑂 +  𝑂𝐻                     Eq. 3-2 

 

𝐶𝑎𝐶𝑂
( )

+  𝐻 𝑂( .)  ⇌  𝐶𝑎 +  𝐻𝐶𝑂 +  𝑂𝐻 + 2𝐻  ⇌  𝐶𝑎  + 

             𝐻 𝐶𝑂 + 𝐻 𝑂                                                                    Eq. 3-3 

 

𝐶𝐻 (𝐶𝐻 ) 𝐶𝑂𝑂𝐻 ⇌  𝐶𝐻 (𝐶𝐻 ) 𝐶𝑂𝑂 +  𝐻                        Eq. 3-4 

 

𝐶𝑎 + 2(𝐶𝐻 (𝐶𝐻 ) 𝐶𝑂𝑂 )  ⇌  𝐶𝑎(𝐶𝐻 (𝐶𝐻 ) 𝐶𝑂𝑂)        Eq. 3-5 

 

 

 

 

 

 

3.5.5 Nano-treatment of carbonate surfaces 
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To investigate the adsorption behaviour of silica NPs on different calcite samples at 

reservoirs conditions, nano-treated samples were prepared by submerging of calcite 

substrate in a nanofluid at designed exposure time, temperature and pressure. To 

accomplish this, each clean calcite sample (original or modified with stearic acid) was 

vertically rested in the nano-treatment vessel. Equilibrated nanofluids were pumped 

directly from the equilibrator into the treatment vessel which maintained at the same 

temperature and pressure of the equilibrator using syringe pump (Teledyne D-260, 

pressure accuracy of 0.1% FS). A constant immersion ratio of 10g nanofluid for each 

1g of calcite was used to achieve duplicated interaction environment between calcite 

and nanoparticles. Further, the pressure inside the equilibrator and the nano-treatment 

vessel was increased using a high precision syringe pump (Teledyne D-500, pressure 

accuracy of 0.1% FS) to the desired value (0.1, 10, 20 MPa). Also, a heating tape was 

used to maintain the temperature at the pre-designed values (296, 323, or 343 K).  

 

3.5.6 Characterization of NPs stability and adsorption 
 

Adsorption of NPs on a solid surface is key to the success of nanofluid in subsurface 

applications. Thus, adsorption characteristics and particularly the ratio between 

reversibly and irreversibly adsorbed NPs were investigated using several techniques 

including atomic force microscopy (AFM, instruments model DME 95-200, Semilab), 

scanning electron microscopy (SEM, Phenom XL, PHENOMWORLD), and energy 

dispersive X-ray spectroscopy (EDS, Phenom XL, PHENOMWORLD). The nano-

treated surfaces were exposed to different solvents including DI water and brine in 

different tests. After each step, the substrate was dried with N2 gas, then EDS, and 

AFM measurements applied to study the irreversibility of NPs adsorption. Before that, 

stability and aggregation behaviour of NPs in the liquid phase were investigated via 

particle size distribution (PSD) using dynamic light scattering (DLS, Zetasizer, ZS 

Malvern). DLS used in this study is a laser-based technique and is very sensitive to the 

opacity of the fluid. Subsequently, relatively dilute nanofluids (0.05 wt% SiO2) were 

used to conduct this measurement.  
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 Results and Discussion 
 

NPs efficiency as EOR agent at reservoirs condition may be different from that 

evaluated at ambient conditions using pure rock samples (Al-Anssari, Arif, Wang, 

Barifcani, Lebedev, et al. 2018). In this context, reservoirs conditions including 

temperature, pressure, and salinity can impact rocks properties (Arif et al. 2019) and 

potentially NPs stability (Al-Anssari, Arif, Wang, Barifcani, and Iglauer 2017). 

Furthermore, rock heterogeneity can limit the mobility and distribution of NPs through 

the formation (Rahman et al. 2016, Arif et al. 2019). The presented and discussed data 

in this section provide the first insight into these potentials.  

 

3.6.1 Stability-aggregation characterization of NPs 
 

Characteristics of the formulated nanosuspensions including NPs zeta potential, 

suspensions acidity, and salinity can impact the stability and aggregation rate of NPs 

(Espinasse et al. 2007, Metin, Bonnecaze, et al. 2012, Mondragon et al. 2012). Thus, 

different nanofluid composed of 0.1 wt% bare or hybrid NPs dispersed in base fluids 

under constant acidity (pH = 6.25) was formulated. The stability was monitored 

visually (Fig.3-7) and by particle size distribution (PSD) measurement (Fig 5, and 6).  

The surface of bare silica NPs is appreciably negatively charged owing to the 

dissociation of the surface silanol (SiOH) groups (Rostamzadeh et al. 2014). Although, 

the pH of the suspension was 6.25 ±0.25 which is way above the isoelectric point of 

silica suspension (IEP of SiO2 occurs at pH = 2 – 3) (Al-Anssari, Arif, Wang, 

Barifcani, and Iglauer 2017), visual evaluation of bare silica nanofluid showed a 

dramatic precipitation and sedimentation after only 6 hours with total phase separation 

after less than 3 days even when the NPs were dispersed in DI-water(Figure 3-). Here, 

the instability of nanofluid was characterized by the clarity of the liquid phase (base 

fluid) rather than the sediment height considering the impact of water content in the 

precipitant on sediment height. Characteristically, the relatively high surface energy 

of NPs owing to the highest surface area to particle size ratio (Dugyala et al. 2016) is 

the main reason for the observed aggregation activities of NPs.  
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Figure 3-7 Photograph of the appearance of nano-suspensions (0.05 wt% bare SiO2 
dispersed in DI-water at pH = 6.25) at different times (h) after sonication process. 

 

Average particle size (APS) measurements, based on particle size distribution (PSD) 

measurements were conducted on nanofluid samples. To assure an identical condition 

and thus measurements consistency, all samples were taken from the same point of 

nanofluid container, just below the top of the container. Samples were taken after 

different intervals from the end of sonication process. At these times, samples were 

taken from a point just below the upper surface of the nanofluid. PSD measurement on 

silica nanofluid reveals the formation of nanoaggregates directly after preparation of 

nanodispersion (Figure 3-8).  
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Figure 3-3 Atomic Force Microscopy of nano-treated calcite samples using bare NPs: 
A) at 70 °C and 0.1 MPa, B) 25 °C and 15 MPa, and C) using hybrid NPs at 25 °C 
and 15 MPa. 

 

Immersing pure calcite sample in nanofluid at 70 °C and 0.1 MPa will raise the surface 

roughness to around 2490 nm (Figure 3-3, A). On the other hand, nano-treatment of 

the similar sample with identical nanofluid but at 25 °C and 15 MPa can only raise the 

surface roughness up to 396 nm. These results revealed a vital impact of nano-

treatment operation condition on NPs adsorption and thus on the change in surface 

roughness (Figure 3-3, B). Also, hybrid NPs adsorption on calcite was examined 

(Figure 3-3, C). Thus, the effect of nano-treatment on surface morphology and 

roughness were addressed after each treatment step (Table 3-1) to understand the 

nature of NPs adsorption on carbonate surfaces. 

Table 3-1 The surface roughness of pure and nano-treated carbonate surface with 
different nanoparticles at different treatment conditions. 

Calcite surface 
condition 

Nanoparticle 
type 

Treatment 
pressure 
(MPa) 

Treatment 
temperature 

(°C) 

Nanofluid 
concentration 
(SiO2 wt%) 

RMS* 
surface roughness 

(nm) 

Pure calcite ------------- ------------- ------------- ------------- 42± 12 
Oil-wet calcite ------------- ------------- ------------- ------------- 69± 15 

Pure calcite bare 0.1 23 0.1 450± 75 

Pure calcite hybrid 0.1 23 0.1 77± 15 
Pure calcite bare 0.1 50 0.1 1270± 125 

Pure calcite bare 0.1 70 0.1 2500± 175 
Pure calcite hybrid 0.1 70 0.1 250± 15 

Oil-wet calcite bare 0.1 70 0.1 2570± 180 

Oil-wet calcite hybrid 0.1 70 0.1 125± 15 
Pure calcite bare 15 23 0.1 313± 18 
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Pure calcite bare 15 50 0.1 463± 22 
Pure calcite bare 15 70 0.1 604± 31 

Pure calcite bare 15 23 0.05 116± 15 
Pure calcite bare 15 50 0.05 178± 17 
Pure calcite bare 15 70 0.05 236± 21 

*Root mean square, roughness measured by atomic force microscopy 

 

Table 3-1 reports the statistics for the effect of NPs adsorption on calcite surface 

roughness. Although adsorption of bare NPs at ambient pressure can significantly 

increase carbonate surface roughness (Nwidee et al. 2017), treating the samples with 

nanofluid at high pressure showed insignificant influence on surface morphology. 

Further, nano-treatment with hybrid NPs has the minor influence of surface roughness 

indicating a uniform nano-coating of the carbonate surface. Mechanistically, the rapid 

aggregation of bare NPs and the subsequent accelerated precipitation of the formed 

aggregates leads to dramatic sedimentation of these nano or possibly micro-aggregates 

on solid surfaces (Al-Anssari, Arif, Wang, Barifcani, and Iglauer 2017, Nwidee et al. 

2017). Mostly, these aggregates reversibly attached to the surface after precipitation 

by gravity effect (Al-Anssari, Nwidee, Ali, et al. 2017). On the other hand, the limited 

aggregation of hybrid NPs keeps these nanostructure suspended in the liquid phase. 

Subsequently, hybrid NPs can only reach the solid surface via a Brownian motion to 

adsorb irreversibly into the surface. This limited adsorption of hybrid NPs forms a 

uniform mono or double nano-layers (Metin, Baran, et al. 2012, Mondragon et al. 

2012). This phenomenon was confirmed by the ultimately limited change in surface 

roughness after treatment with hybrid silica nanofluid. 

 The last three rows of Table 3-1 provide data about the sole effect of temperature on 

nano-treatment at reservoirs pressure (15 MPa), and low NPs concentration 

(0.05wt%). Keeping all other variables constant (Pure calcite, bare, 15 MPa, 0.05 wt% 

NPs), the increase in temperature from 23 °C to 70 °C results in surface roughness 

increase from 116 to 236 nm. This change in surface roughness is very limited 

referring to slight adsorption of NPs. On the other hand, at ambient pressure (0.1 MPa), 

and relatively high NPs concentration (0.1 wt%) the effect of temperature increase was 

more significant and surface roughness increased from 1270 to 2500 nm. This more 

significant changes in surface roughness at ambient pressure is mainly related to the 

dissolution of the carbonate surface (Hamouda and Gomari 2006, Alroudhan et al. 

2016) rather than the adsorption of NPs. 
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3.6.2.2 EDS measurements 
 

EDS results (Table 3-2) Provides data about adsorption of silica (Si) NPs after 

immersing with the same nanofluid (0.05 wt% bare or hybrid SiO2) but at different 

pressure, temperature and initial surface wetness of calcite. Consistent with the 

outcomes of AFM measurements, regarding treatment with hybrid silica nanofluid, 

traces amount of Si was detected on all the tested points on carbonate sample. Note 

that, five different points were selected for EDS measurements at the tested surface of 

each sample and the average was calculated. Characteristically, the low measured Si 

ratio proves the absence of large aggregates and indicate the formation of thin NPs-

layer. Experimentally, significantly higher Si ratios were detected after treatment with 

bare silica nanofluid with relatively high variation between different points. These high 

ratios result from the accumulation of large silica-aggregates (Zhang et al. 2015). In 

this case, most of the NPs are reversibly attached to each other and not adsorbed 

directly on carbonate surface (Al-Anssari et al. 2016). 

 

EDS results also confirm the effect of pressure and temperature on NP adsorption. In 

this context, results show that the increase in temperature until 50°C has no significant 

effect on the adsorption of bare NPs. In this context, Hamouda and Gomari (2006) 

revealed that below 50°C, the carbonate surface entirely positively charges. However, 

with further increase in temperature (≤ 50 °C), the adsorption of such bare NPs 

decreases with temperature and reached a minimum value at 70°C (the highest tested 

temperature). Mechanistically, the change in surface charge of carbonate from positive 

to zero and then negative as temperature increased (Hamouda and Gomari 2006) is the 

main reason for this reduction in NPs adsorption with a potential desorption process 

of already attached NPs at this higher temperature range. In contrast, the adsorption of 

hybrid NPs increases with temperature on both oil-wet and water-wet carbonate 

surfaces. Basically, hybrid NP carries no surface charge (Rodriguez Pin et al. 2009) 

and the reduction of carbonate surface charge with temperature support the deposition 

of hybrid NPs. 
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Table 3-2 Chemical characterization of carbonate surfaces that treated with different 
nanofluids base on the average of five different points on each surface. 

Calcite nanoparticles Temperature 
(°C) 

Pressure 
(MPa) 

Calcium 
% Ca 

Carbon 
% C 

Oxygen 
% O 

Silicon 
% Si 

Pure calcite non 23 0.1 20.7 28.4 50.9 0 
oil-wet calcite bare 23 0.1 20.8 23.1 53.7 2.4 

oil-wet calcite bare 23 15 20.3 22.9 53.5 3.3 
oil-wet calcite hybrid 23 0.1 21.1 27.5 51.2 0.2 
oil-wet calcite hybrid 23 15 21.5 26.7 51.4 0.4 

Pure calcite bare 23 0.1 19.1 21.7 54.3 4.9 
Pure calcite bare 23 15 19.2 20.1 55.5 5.2 

Pure calcite hybrid 23 0.1 21.6 26.5 51.7 0.2 
Pure calcite hybrid 23 15 22.1 26.6 51.2 0.1 
Pure calcite bare 50 0.1 19.5 21.5 54.5 4.5 

Pure calcite hybrid 50 0.1 21.9 26.5 51.1 0.5 
Pure calcite bare 70 0.1 20.4 23.9 53.6 2.1 
Pure calcite hybrid 70 0.1 22.2 22.9 53.1 1.8 

oil-wet calcite hydrophilic 70 0.1 22.3 23.2 52.9 1.6 
oil-wet calcite hybrid 70 0.1 22.6 23.6 52.6 1.2 

 

 

3.6.2.3 SEM images 
 

NPs adsorption was evaluated with a scanning electron microscopy (SEM) and images 

showed the presence of silica clusters on both oil-wet and pure calcite surfaces (Figure 

3-) when treated with bare silica nanodispersion at ambient and high pressure.  

SEM images indicated a partial agglomeration of bare silica NPs into larger clusters 

confirming the APS results in Figure 3-, and Figure 3-. Moreover, the size of clusters 

decreases with pressure (Figure 3-11. A and B). Typically, the effect of CO2-pressure 

on the pH of the nanofluid explains the formation of these larger clusters. 

Characteristically, the original pH of silica nanofluid was 6.25 which is far enough 

from the isoelectric point (IEP, pH = 2 – 3) of silica nanofluid (Al-Anssari, Wang, 

Barifcani, Lebedev, et al. 2017); however, the increase in CO2-pressure brings the pH 

to a value close to the IEP leading to an accelerated agglomeration process between 

neighbouring NPs. Mechanistically, the low or zero repulsive force between particles 

at this low pH (e.g. at or near the isoelectric point IEP) increases the aggregation rate 

after each collision between particles (Nooney et al. 2015, Al-Anssari, Arif, Wang, 

Barifcani, and Iglauer 2017). Consequently, the more and larger clusters will be 
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formed and electrochemically (irreversibly) adsorbed or gravitationally precipitated 

(reversibly) on carbonate surface.  

Furthermore, immersing these nano-treated surfaces in DI-water at the same pressure 

led to smaller nano-silica cluster, which confirmed the degradation and detachment of 

nanoparticles from silica agglomerates and re-dispersing in the water phase due to the 

break of equilibrium condition. 

  

  

Figure 3-11 SEM images of nano-treated oil-wet carbonate surface: (A) hydrophilic 
NP at 0.1 MPa, (B) hydrophilic NP at 20 MPa, (C) nano-treated sample after 
immersing DI-water. The amorphous looking material is the nano-clusters and the 
small pyramid looking structures are the dissolved carbonate surface. 

 

 Conclusions 
 

Nanofluid is a dispersion of nanoparticles (NPs) in a base fluid. Nanofluid flooding is 

a potential approach for enhanced oil recovery (EOR). To give the first insight on NPs 

adsorption onto carbonate surface at the subsurface condition, a series of dynamic light 

scattering (DLS) studies were conducted, including scanning electron microscopy 

(SEM), energy dispersive X-ray spectroscopy (EDS), and atomic force microscopy 

(AFM) measurements. It was found that only a limited amount of hybrid (silanized) 

silica NPs could be adsorbed by oil-wet and water-wet calcite surface at ambient and 

reservoir conditions (Metin, Baran, et al. 2012, Mondragon et al. 2012). Also, the 

average particle size (APS) measurement, which based on particle size distribution 

measurement, showed a limited aggregation of hybrid NPs once dispersed in the liquid 

phase (Nooney et al. 2015, Al-Anssari, Arif, Wang, Barifcani, and Iglauer 2017). This 

stable behaviour of hybrid NPs supports the formation of a monolayer NP cluster on 
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the treated surfaces. In contrast, the dramatic agglomeration of bare silica NPs when 

dispersed in the base fluid result in large silica aggregates (Metin et al. 2011). 

Additionally, immersing the carbonate (calcite) sample in bare silica nanofluids result 

in precipitation of large silica clusters on the solid surface. This was proved by the 

significant increase in surface roughness (from 42 nm to 2500 nm) when measured 

using AFM. Most of bare NPs clusters, however, are reversibly adsorbed on calcite 

surface and easy to get detached when flushed with solvent (i.e. DI-water).  It was also 

found that at high pressure, small nanoclusters were distributed more uniformly along 

the nano-treated substrate. Further, EDS measurements proved the presence of silica 

in all the tested points with narrow and adequate ratios. Nevertheless, at ambient 

pressure, significantly large silica clusters were separately distributed on the nano-

treated surfaces with very wide differences in silica ratios (1.2 – 5.2 % Si). Moreover, 

although temperature values below 50°C showed no significant effect on nanoparticle 

adsorption, increasing the temperature above 55 °C decreases silica adsorption and 

thus the effect of nanofluid on surface wettability. Further, flushing the nano-treated 

surfaces with DI-water can lead to dramatic desorption of adsorbed bare NPs from the 

surface. We conclude that the attachment of NPs, after nanofluid injection into 

carbonate surface, are mostly reversible adsorption process. 
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 Conclusion and Recommendations 
 

 Conclusion 
 

This study reported adsorption measurements of silica nanoparticles (NPs) with 

different initial hydrophilicity into oil-wet and water-wet carbonate surfaces at 

reservoirs conditions to represent more realistic subsurface scenarios. Carbonate oil 

reservoirs, even the mature ones, are naturally fractured oil-wet and mixed-wet which 

dramatically reduces the recovery rate of these reservoirs. Injection of nanofluids; 

dispersions of solid NPs in liquid phase, have drastic impact on the interfacial 

properties at the fluid/rock and fluid/fluid interfaces due to mobility, penetration, and 

adsorption of such NPs into the porous media. Accordingly, there is a direct effect of 

NPs (i.e. silica NPs) on hydrocarbon production during enhanced oil recovery (EOR) 

processes. Further, adsorption of NPs into fluid/rock interface, which is the topic that 

this study concentrated on, is key for such impact of NPs on the recovery rate.  

The following deductions are drawn from this study: 

1. SiO2 NPs can be very efficient for chemical EOR applications even at 

reservoirs conditions including high pressure, temperature, and salinity. 

2. Initial hydrophilicity of NPs (hydrophilic or hydrophobic) can dramatically 

impact the adsorption of such NPs into oil-wet and water-wet (pure) calcite 

surfaces.  

3. Hydrophobic NPs (i.e. Hybrid NPs; SiO2 NPs silanized with 3-aminopropyl 

triethoxysilane) only poorly adsorb into oil-wet and water-wet calcite surfaces 

at all studied conditions revealing lower potential of such hybrid NPs as a 

wettability alteration agent. 

4.  The average particle size (APS) data based on the particle size distribution 

(PSD) measurements of the dispersed NPs in the liquid phase (nano-colloidal) 

indicated very limited growing of hybrid NPs when dispersed in liquid phase 

revealing low aggregation rate and high stability. Such stable behaviour of 

hybrid NPs may support the formation of only monolayer of NP cluster on the 

treated surfaces leaving higher concentration of hybrid NPs freely suspended 

in the liquid phase. This phenomenon induces the potential of hybrid NPs as 
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interfacial tension reduction agent due to the effect of such NPs on the oil/water 

(fluid/fluid) interface rather than the fluid/rock interface. 

5. The dramatic agglomeration of hydrophilic (bare) silica NPs; in contrast, when 

dispersed in the base fluid, result in large and heavy silica aggregates. Such 

heavy aggregates are easy to be precipitated into rock surfaces and this explain 

the significant adsorption of hydrophilic NPs onto oil-wet and water-wet 

calcite surfaces. Such phenomenon gives high potentials for hydrophilic NPs 

as wettability alteration agent in EOR processes. 

6. At high pressure (15 MPs), small nano-clusters were distributed more 

uniformly along the nano-treated substrate. This was proved by SEM images 

and AFM measurements.  

7. The total coverage of calcite surfaces via NPs priming was proved by EDS 

measurements at all treatment conditions. However, at ambient pressure, 

significantly large silica clusters were separately distributed on the nano-

treated surfaces with very wide differences in silica ratios (1.2 – 5.2 % Si). 

8. Increased temperature (above 50°C) reduces the adsorption rate on silica NPs 

into calcite surface. This is mainly due to the inversion of calcite surface charge 

from positive to negative charge at such temperatures. Thus, the charges 

difference between NPs and calcite surface is the prime mechanism for NPs 

adsorption into calcite surface. 

 

 Recommendations for Future Work 
   

The data on the adsorption behaviour of NPs into porous media that available in the 

literature is very minimal, and almost all of it at pure surfaces (NPs, and solid surfaces), 

and ambient conditions (i.e. at atmospheric pressure, and no salinity). In the light of 

results discussed in this study, showing the greater influence of initial surfaces 

hydrophilicity, temperature, and salinity on the adsorption scenarios of NPs into 

carbonate rocks, a systematic study of the effect of various reservoirs rocks, pressure, 

and higher electrolyte concentrations (additional to Na, and Cl ions) on the adsorption 

behavior of different NPs at various initial hydrophilicity into various surfaces is 

needed. Thus, to achieve further insights for understanding of the adsorption behaviour 
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of NPs onto reservoirs rock at subsurface conditions, this study recommends bridges 

to the following gaps: 

1. The current work applies to standard surfaces (i.e. pure calcite ≈ 99.9% CaCO3) 

while, even in carbonate reservoirs, rocks composition may be different 

making the applicability of the reported data limited. 

2. The current data apply for carbonate reservoirs with a limited range of designed 

conditions (i.e. pressure of 0.1 and 15 MPs, temperature of 23, 50, 70 °C, 

salinity of 0, and 0.1 wt% NaCl) with NPs concentration of 0.05, and 0.1 wt% 

SiO2). A field scale analysis at reservoirs conditions including wider range of 

pressure, temperature, and salinity may provide better inside.  

3. Simulation model should account for the adsorption of NPs on rock/fluid 

interface.  
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