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Abstract 
Conventional chemical enhanced oil recovery (EOR) methods show a promising role in 

enhancing oil recovery from carbonate and sandstone reservoirs due to decreasing the interfacial 

tension (IFT), wettability alteration and mobility improvement. Nowadays, application of 

nanomaterials at different types and shapes in EOR are attracting researchers and companies 

because of their unique chemical and physical properties. This thesis focuses on the synthesis and 

application of green nanocomposites (NCs) in EOR. Several NCs were synthesized in a green way 

using the extracts of different sources of plants and characterized using ultraviolet–visible 

spectroscopy (UV–Vis), scanning electron microscopy (SEM), X-ray diffraction (XRD) and 

Fourier-transform infrared spectroscopy (FTIR). Nanofluids as EOR injection solutions are 

prepared from dispersing the synthesized green NCs (250 to 2000 ppm) within various aqueous 

phases including water at different salinity levels, surfactant and mutual solvents. The prepared 

nanofluids were then tested by various experimental studies related to the stability of injections 

fluids, IFT behavior, wettability alteration, oil/nanofluid emulsification and oil displacement. The 

pendant drop technique was used to measure the interfacial tension (IFT) of crude-oil/nanofluid 

systems, the wettability behavior of carbonate rock samples was studied using the contact angle 

(CA) measurement, and 26 core samples were used to observe the role of the synthesized NCs in 

improving oil recovery using oil displacement tests.  

From the obtained results, it can be stated that the synthesized NCs are valid with applicable 

features of size, shape and crystallinity. A nanofluid prepared from dispersing 1000 ppm 

TiO2/Quartz NCs within the distilled is the most effective green NCs in reducing the IFT which is 

by 96% from 28 to 1.141 mN/m. Meanwhile, ZnO/Montmorilant NCs enabled to alter the 

wettability of the carbonate rock to the strongest water wet state by reducing the CA from 134 to 

19° when it is added to the natural surfactant extracted from Cyclamen Persicum plant. However, 

NCs-5-DW nanofluid formulated from mixing 2000 ppm ZnO/SiO2/bentonite NCs within the 

distilled water enabled to produce an additional 21.41% original oil in place (OOIP) after the 

waterflooding which is the highest oil recovery factor that was obtained among all synthesized 

NCs. In addition, these greenly synthesized NCs exhibited a good behavior in altering the relative 

permeability and emulsification.  

 

Keywords: Green nanocomposites; plant extract; interfacial tension; wettability; oil recovery. 
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1. Introduction 
Global energy’s need will remain to rise with the growing population of the world. According 

to U.S. Energy Information Administration (EIA), the world will be needing over 47% more 

energy in 2050 compared to 2010 due to the population expansion and industrialization (Gordon 

and Weber, 2021). Despite that, renewable energy and nuclear power will assist us to face these 

difficulties, with about 2.5% increment per year. Nonetheless, fossil fuels will remain to provide 

approximately 70% of the globe energy use, which increases the world need for petroleum to 129 

million barrels per day (mbbl/day) depending on recent records from the US EIA (Gordon and 

Weber, 2021; Mirzavandi et al., 2023). This higher demand on petroleum has to be satisfied by 

locating new oilfields and/or expanding the life of current producing fields. New oil and gas fields 

have become significantly difficult to be discovered (Hama, 2023). The agreement in the 

petroleum industry is that most of the large, easily producible reservoirs were already found. The 

remaining unidentified reserves are either in difficult locations and environments or are energy-

intensive to produce (Lashari and Ganat, 2020). Conventional technology focuses on producing 

hydrocarbons using the natural reservoir mechanisms including pressure variation, water aquifer 

and gas cap, or merely employs secondary energy by injecting water into the reservoir to push the 

oil towards the production wells. Although, above 50% OOIP remained stuck in the reservoir as a 

residual oil because of capillary forces (Udoh, 2021). Extracting the residual oil economically is 

the main concern and challenge of the industry. For this purpose, thermal, chemical and gas 

enhanced oil recovery (EOR) methods provided a remarkable enhancement in the oil recovery, 

which improved oil production by about 20% (Schramm, 2000; Schneider, 2023). However, the 

current EOR techniques are expensive and only accounted for less than 10% of the global 

production of 100 mbbl/day. Thus, the oil and gas industry is currently focused on innovative 

strategies and techniques which can extract extra hydrocarbons from currently discovered 

reservoirs (Schneider, 2023). 

Nowadays, the oil and gas industry has attracted much consideration on applications of 

nanomaterials with the size typically less than 100 nm. Nanomaterials have become widely used 

due to having unique optical, magnetic and electrical features (Torsater et al., 2012; Lau et al., 

2017). Regardless of having this technology at the beginning stage, nanotechnology has shown a 

great potential in several applications of petroleum industry, such as increasing the quality and 

capacity of tools in hydrocarbon exploration (Torsater et al., 2012), enhancing oil recovery 

(Avendano et al., 2012; Behera and Sangwai, 2022), improving the rheological and filtration 
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properties of drilling mud (Ikram et al., 2021; Oseh et al., 2023), improving the strength and quality 

of drilling tools (Ismail et al., 2014), achieving cementing with better features (Maagi et al., 2020; 

Goyal et al., 2021), and developing the injection fluids with high stability and efficiency (Roustaei 

et al., 2013). Particularly, nanomaterials within different dispersion media, as shown in Figure 1a, 

can be easily transported through the porous media and reach to the oil bank because of possessing 

smaller sizes than micron-sized rock pores (see Figure 1b, d). As can be seen, the prepared 

nanofluids can be injected into the oil reservoir like the conventional methods of oil recovery and 

they displace hydrocarbon towards the production wells. However, the dispersion stability of NPs 

inside the nanofluids is crucial and it is usually reduced through the porous media as it is reported 

by Lashari et al. (2022) and Toma et al. (2022). Thus, dispersing nanoparticles within the polymer, 

surfactant and alkaline is recommended to provide better stability inside the porous media (Ali et 

al, 2019; Lashari et al., 2022; Toma et al., 2022; Hamdi et al., 2022; Roslan et al., 2023). Hamdi 

et al. (2022) and Roslan et al. (2023) were successful in improving the stability of injected 

nanofluids using polymer-NPs composites for EOR applications. In addition, nanomaterials can 

have the impact on the microscopic and macroscopic displacement efficiencies of oil recovery in 

the porous media, especially the polymer NCs or functionalized nanomaterials (ShamsiJazeyi et 

al., 2014; Kazemzadeh et al., 2018; Ali et al., 2018; Bila et al., 2019; Ali et al., 2019; Rezvani et 

al., 2020; Davoodi et al., 2022; Manshad et al., 2022). Figure 1c demonstrates the mechanism of 

improving the areal and vertical sweep efficiencies of the crude oil due to improving the mobility 

ratio under the influence of polymeric nanofluids. Meanwhile, these nanofluids can modify the 

IFT, wettability, capillary pressure and relative permeability due to their strong adsorption to the 

rock surface that makes crude oil free and entering the liquid-liquid interface which creates the 

disjoining pressure (see Figure 1d,f). Moreover, polymer NCs can provide a stronger emulsion 

between the crude oil and injected nanofluid through the porous media as shown in Figure 1g. 

Which is another reason behind the improvement of the oil recovery.   
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Figure 1 Mechanistic illustration of nanofluid flooding considered in this study; a) dispersion of 

the synthesized NCs, b) nanofluid injection into the porous media, c) macroscopic 
displacement mechanisms including vertical and areal sweep efficiency, d) microscopic 
displacement mechanisms of recovery efficiency, e) mobility ratio behaviour under the 
impact of nanofluid, f) EOR mechanisms (IFT reduction and wettability alteration) that 
affect the microscopic displacement of oil, g) oil-nanofluid emulsion.  
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Oil recovery from EOR methods can be improved using new eco-friendly techniques. 

According to what have reported in the literature and presented in Figure 1, there are some main 

arguments behind the development of the green NCs and applying as chemical EOR agents to 

improve the oil recovery from the mature oil reservoirs: 

• The surface area to volume ratio of nanomaterials (nanocomposites) is too large, which 

means that only a small concentration of them is needed to induce EOR injection fluids. 

Thus, the lower costs and better logistics can be achieved due to needing a smaller volume 

for transportation and storage compared to other additives. 

• Nanomaterials can be dispersed in different aqueous phases to develop the EOR nanofluids, 

such as water, alcohols, glycols and surfactant solutions.  

• Nanomaterials are small enough to pass through the reservoir's pore network. They might 

even be able to penetrate nanoscale pores that other additives cannot access. 

• Combining nanoparticles with the natural polymer will result the development of the 

polymeric nanofluids with better stability of NPs, mobility of injection fluids and sweep 

efficiency. 

• Many nanoparticles have passed ecotoxicity tests, for example titanium dioxide and silica 

nanoparticles are already used as food additives (Peters et al., 2012; Weir et al., 2012). So, 

adding the natural polymer to providing them more likely to be approved for field 

applications, will have no risks on the environment and underground waters.  

The main objective of synthesizing the objective-oriented nanomaterials was to develop EOR 

agents with the capacity to cover the roles of conventional chemical methods (surfactant and 

polymer flooding), eco-friendly and environmentally friendly. We thus proposed several greenly 

synthesized nanocomposites (NCs) using the extract of plants and identified using various 

analytical methods in terms of size, morphology, composition and elemental analysis. The 

synthesized NCs were dispersed within different aqueous phases to develop nanofluids. The 

developed nanofluids were applied to reduce the IFT between oil and aqueous phases, alter the 

wettability of carbonate rocks, change the relative permeability curve, increase the viscosity of 

injected fluid, improve oil/aqueous phase emulsions, and improve oil recovery.  
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2. Nanotechnology  
In the view of literature, nanomaterials possess an astonishing lengthy history (Heiligtag and 

Niederberger, 2013). Vollath (2013) declared that nanomaterials had already been used a long time 

ago by the Sumerians before the recent desire for the development and use of these tiny particles. 

In other words, after lots of years of intense and deep research, work, struggle and efforts, it turned 

out that nanomaterials were not the sole invention of humans even though there are many man-

made and synthesized nanoparticles (Heiligtag and Niederberger, 2013). Nanomaterials are a wide 

class of materials which are substances, solid or colloidal particles with the size ranges from 1 to 

100 nm in diameter or at list on of their dimensions is within the mentioned range (Hendraningrat 

and Torsæter, 2015; Khan et al., 2016; Subbenaik, 2016; Fakoya et al., 2017; Rizvi et al., 2018). 

As is obvious, nanomaterials can be different in size, shape, composition and originality. Thus, the 

classification of nanomaterials is crucial for better understanding of their use. Figure 2 illustrates 

the different types of the nanomaterials dependent on the composition (organic, inorganic, 

carbonaceous and composites), dispersion (isomeric and inhomogeneous), dimensionality (0D, 

1D, 2D and 3D), phases (single and multi) and origin (natural, incidental and engineered), such as 

nanoparticles, composite nanoparticles, nanotube, nanowire, composite nanowire, nanoplates, 

nanobelts, nanosheets and microporous composite electrode (Harish et al., 2022).  

Nanomaterials exhibit distinctive, unique and exceptional properties and features, which are 

tremendously different from others, due to their small sizes, larger surface area per unit volume 

and special higher chemical reactivity than that of other particles (Kamal et al., 2017; Fakoya et 

al., 2017; Kazemzadeh et al., 2018). It is worth mentioning nanomaterials are not, indeed, as simple 

as one might have thought of; rather they are comprised of three layers: (i) the core (the 

nanoparticle’s principal part), (ii) the shell layer (unlike the core, it is a different material chemically 

in all features), and (iii) may have small the surface layer (a layer which molecules, surfactants, 

metal ions and/or polymers stuck to them) (Khan et al., 2016). In terms of the morphology, 

nanomaterials can be varied dependents on their high and low aspect ratio which is the ratio of 

their longest to shortest size; nanobelts, nanotubes and nanowires can be categorized within the 

long aspect ratio nanomaterials and short aspect ratio nanomaterials consist of nanocubes, 

nanoparticles and nanocomposites.  



Habilitation Thesis           Department of Physical Chemistry 

11 

 
Figure 2 Classification of the nanomaterial dependent on; a) composition, b) dispersion, c) 

dimensionality, d) phases, and e) origin. 

 

A large number of methods are suggested by the scientists to synthesize a wide diversity of 

nanomaterials of different shape, size and chemical and/or physical properties as shown in Figure 

3 (Abou El-Nour et al., 2010; Heiligtag and Niederberger, 2013; Kango et al., 2013; Subbenaik, 

2016). As is clear, these methods and techniques of the nanomaterial preparation are generally 

divided into two groups including bottom-up and top-down. The top-down covers the procedural 

steps that convert the bult materials to nanomaterials, such as lithography, ultrasonication and ball 

milling. However, synthesize of nanomaterials from atom to atom, cluster to cluster and molecule 

to molecule to assemble particles is called bottom-up method which includes sol-gel technique, 

chemical precipitation and biological methods. 
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Figure 3 Schematic illustration of the synthesis methods of nanomaterials; bottom-up and top-

down categories (Srivastava et al., 2020). 

 

Solvent evaporation, as a synthesis method from bio-based compounds, is the one of most 

common methods for the preparation of nanoparticles (Murakami et al., 1999; Desgouilles et al., 

2003). During this process, compound solutions can be prepared in emulsions and advanced by 

exploitation of the chloride and chloroform (Bastos-Arrieta et al., 2014). However, this has 

currently been replaced with the organic compound that provides a higher pharmacological 

medicine profile and urges particles to be within the 500 nm in size. The prepared emulsions, oil-

in-water as single emulsion and double emulsions including (water-in-oil)-in-water, are converted 

into a nanoparticle suspension by conducting a controlled evaporation of the dissolved solvents 

(Salager, 2000; Mendoza-Muñoz et al., 2016; Sharma et al., 2023). Such sort of process applies 

the high-speed homogenizations or ultrasonification, followed by evaporation of the solvent, either 

by continuous magnetic stirring at elevated temperatures, rotary evaporation, thin-film evaporation 

or spray drying. Afterwards, the nanosized particles can be collected and characterized using 

various analytical techniques. Figure 4 illustrates the general procedural steps of the nanomaterial 

synthesis using ball milling as the top-down method and sol gel solvent evaporation as the bottom-

up method. As is obvious, ball milling method can produce nanomaterials from the bulk particles 

which convert to powder and then nano-sized particles under the mechanical processes (see Figure 

4a). This process consists of a specialized milling machine that mill the powder to nanomaterials 
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by milling balls and a rotary motion mechanism (Salavati-Niasari et al., 2013; Wirunchit et al., 

2023). On the other hand, nanomaterials are synthesized from the atoms and clusters using 

mixtures of aqueous phases, magnetic stirrer, ultrasonicate and then evaporation (see Figure 4b). 

As is clear, this process involves the transformation of a sol, a colloidal suspension of solid 

particles in a liquid medium, into a gel through a controlled chemical reaction. The gelation process 

leads to the formation of a three-dimensional network of nanoparticles or a continuous film 

structure. The sol-gel method provides precise control over composition, structure, and 

morphology, making it suitable for tailoring nanoparticles with specific properties (Alagiri and 

Hamid, 2015; Hasan and Azhdar, 2023).  

 
Figure 4 Top-down and bottom-up methods of the nanomaterial synthesize: a) ball milling, and 

b) sol-gel solvent evaporation (Srivastava et al., 2020).  

2.1. Nanocomposites 

Composites are mixtures of two or more substances or layers of nanoparticles that are mixed 

to obtain a blend bearing the characteristics of the parental substances with enhanced performance. 

It is composed of two parts, a discontinuous phase called “reinforcement” and a continuous phase 

called “matrix”. However, according to Cammarata (2006), nanocomposites can be defined as a 

blend of several mixtures with different phases and one of those elementary particles must have 

a) 

b) 
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the scale of less than 100 nm. Okpala, (2014) stated that experiments have proved adding different 

types of nanocomposites to their macroscopic counterparts can efficiently yield new byproducts 

with enhanced qualities and higher surface area to volume ratios compared to conventional 

composites. The properties of nanocomposites are dependent on the morphology, dimension, 

agglomeration, diffusion and composition of materials (Kango et al., 2013).  

 
Figure 5 Polymer matrix nanocomposites; a) unintercalated (micro-composite), b) intercalated, 

and c) exfoliated (Fawaz and Mittal, 2015).  

Nanocomposites (NCs) are basically classified depending on their matrix material into three 

different groups; metal matrix nanocomposite, MMNC (Ceschini et al., 2016; Bhowmik and 

Arora, 2022), polymer matrix nanocomposite, PMNC (Mago et al., 2011; Guo et al., 2018), and 

ceramic matrix nanocomposite, CMNC (Low, 2018). Polymer matrix NCs is a combination of the 

nanoparticles and polymer in different manners including unintercalated (micro-composite), 

intercalated and exfoliated (see Figure 5). Polymer nanocomposites can be green NCs dependents 

on the synthesis process and biodegradability of the materials used. This kind of NCs is cost-

effective and eco-friendly along with providing an excellent performance in many engineering and 

medical issues, such construction, oil recovery, drug delivery ad vaccination. Well dispersion of 

the nanoparticles within NCs will improve the efficiency polymer matrix due to the ability of 

nanoparticles towards a strong interaction between two phases and having a large surface area. 

However, the formulation of polymer NCs with even distribution of nanoparticles is difficult 
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because of their high surface energy and tendency toward the agglomeration (Koo, 2019). 

According Fawaz and Mittal (2015), nanoparticles enable the adjustment of the configuration, 

function, and characteristics of nanocomposites wherein adding only one nanoparticle can 

introduce a particular functionality that is absent in natural polymers. Diverse combinations of 

natural polymers and particles at the nanoscale are tested to attain the targeted properties, 

expanding their potential applications. 

 

2.2. Green synthesis of nanocomposites  

Several physical and chemical methods can be used to synthesis nanoparticles, such as 

pyrolysis and attrition are the most common physical methods, and chemical techniques are 

photochemical, electrochemical and chemical reduction. As is stated by Nikolaidis (2020), the 

simplest and most widely used method for the fabrication of the metal oxide NPs with high stability 

is the chemical reduction. While, all these chemical and physical techniques have shown various 

disadvantages including high cost, toxicity, environmental hazardous and high energy 

consumption. Thus, introducing a new approach to replace integrating the toxic chemicals in the 

fabrication of the nanomaterials is necessary. This non-toxic, ecofriendly and low-cost approach 

was attracted by researchers which is based on the biological processes. They involved the plant 

extract in the process of developing the nanomaterials under different conditions of pH, 

oxygenation, temperature and time. Figure 6 illustrates the schematical diagram of the general 

procedural steps of synthesizing metallic nanomaterials from the plant extract when Mn+ are 

dropped to M0 NPs (Bai and Zhang, 2009; Saratale et al., 2018). The green synthesis of 

nanomaterials from microorganisms (bacteria or fungi) to plant extracts can be addressed as a key 

part of the nanotechnology, which results in better energy efficiency, designing safer products, 

preventing the bio-based waste, eliminating the pollution and decreasing the accident potentiality 

(Schmidt, 2007).  
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Figure 6 Schematic illustration of the general procedure of green synthesis of metal nanoparticles 

from the plant extract (Keat et al., 2015) 

Green synthesis of nanocomposites refers to a method of fabricating the nanomaterials in the 

same way of green nanoparticles but combing with, coating by or mixing within the matrix 

materials. Similarly, in this simple and eco-friendly approach, different biological sources can be 

used including bacteria, fungi, yeast, algae and plant. All these sources can be used to synthesis 

variety number of nanoparticles dependents on the integrated salt base and experiment conditions 

(Herrera-Becerra et al., 2008; Gericke and Pinches, 2017). The production of nanomaterials using 

the green synthesis method can be influenced by several factors, such as pH, temperature and time. 

For instance, the shape and size of nanoparticles can be varied dependents on the concentration of 

hydrogen ions. Lower acidic creates larger particles; a reaction medium with 2 pH produces 

nanorods and smaller NPs with the size of 5-20 nm cab be produced at the pH above 5 (Armendariz 

et al., 2004; Sathishkumar et al., 2009). Similarly, the reaction temperature during the synthesis 

process has a vital role in controlling the shape and size of the produced nanoparticles.  Raju et al. 

(2011) stated that the higher reaction temperature can lead producing more spherical nanoparticles, 

whereas triangular nanoparticles can be synthesized at lower reaction temperature when they 

synthesized gold NPs from leaf extract of Cymbopogon flexuous. In addition, green synthesis of 

nanomaterials can be affected by time duration of the reaction media. With the variation in the 

time duration, nanomaterials can be synthesized at different quality, properties and morphology 

(Darroudi, 2011; Kuchibhatla et al., 2012). In this study project, different green nanocomposites 
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(NCs-1 to 8) were synthesized as shown in Table 1. As can be seen, these green nanocomposites 

were synthesized from different sources of the plant, salts and matrix materials. The selection of 

the types of metallic nanoparticles (ZnO, SiO2, TiO2 and Fe2O3) and matrix materials 

(polyacrylamide, xanthan gum and bentonite) is based on the literature and their performance in 

oil and gas industry.  

Table 1 Synthesized nanocomposites and their plant source, salts and matrix materials.  

NCs Plant source  Salts Matrix material Product 
NCs-1 Pomegranate seed  ZnCl2 & Na2SiO3 Xantahn Gum ZnO/SiO2/Xanthan 
NCs-2 Pomegranate seed  Na2SiO3 & TiO(OH)2 Polyacrylamide TiO2/SiO2/PAM 
NCs-3 Euphorbia 

condylocarpa 
TiO(OH)2 Quartz  TiO2/Quartz 

NCs-4 Adinandra dumosa 
leaves  

Na2SiO3 Montmorilant & 
Xanthan gum 

SiO2/Montmorilant/Xanthan  

NCs-5 Cordyline fruticosa  ZnCl2 & Na2SiO3 Bentonite ZnO/SiO2/bentonite  
NCs-6 A.conyzoides L  ZnCl2 Montmorilant ZnO/Montmorilant  
NCs-7 Euodia hortensis leaf  FeCl3·6H2O  Mineral–Soil Fe3O4/Mineral–Soil  
NCs-8 Euphorbia 

condylocarpa  
Na2SiO3 KCl & Xanthan Gum SiO2/KCl/Xanthan  

 

2.2.1. Plant sources  

Several types of the botanical sources which are locally exist can be used to synthesis green 

nanomaterials, such as the plant, leaf, seed, flower, marine plant, fruit, fruit peel, root, stolon waste 

and gum. Among these botanical sources, several plants can be found that can provide the active 

phytochemical antioxidants with high concentrations. From these phytochemical antioxidants, 

nanomaterials are produced in a green and economically feasible way which reduces the 

environmental pollution. Researchers applied various plant sources in their green synthesis 

protocols of fabricating nanomaterials, such as Aloe vera plant (Phumying et al., 2013), Alfalfa 

plant (Ramasahayam et al., 2012), Kappaphycus alvarezii plant (Yew et al., 2018), Syzygium 

cumini seed (Venkateswarlu et al., 2014), Green tea leaf (Xiao et al., 2016), Lagenaria siceraria 

leaf (Silveira et al., 2017), Eucalyptus leaf (Weng et al., 2017; Gan et al., 2018), Ananas comosus 

peel (Venkateswarlu and Yoon, 2015), Rice straw (Khatae et al., 2017), Arabic gum (Horst et al., 

2017). In this research project, several plant sources were used including pomegranate seed, 

Euphorbia condylocarpa, Adinandra dumosa leaves, Cordyline fruticosa, A.conyzoides L and 

Euodia hortensis leaves as shown in Figure 7.  
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Figure 7 Images of plant sources used in the preparation of the green nanocomposites.  

2.2.2. Preparation methods 

Synthesized NCs were designed in a way to deliver several functions in EOR, as shown in 

Figure 1, with improved nanoparticles performance, for instance TiO2/SiO2/PAM NCs that 

composed of the silica and titanium oxide nanoparticles and polyacrylamide polymer. When a 

nanofluid prepared from NPs flows thorough the porous media interfingering might occur and 

cause hydrocarbon to remain behind.  However, when a polymeric nanofluid that contains NPs 

distributed on the surface (chains) of the polymer as the substrate, a continuous chain between 

nanoparticles is likely to make the nanofluid flow with an even displacement front in porous media. 

Thus, the inter-fingering of normal water that is expected within the oil phase may be prevented 

and better displacement efficiency can be achieved leading to much improved oil recovery from 

the reservoir as shown in Figure 8.   

Pomegranate seed Adinandra dumosa leaves 

 

Euodia hortensis leaves  

 

A.conyzoides L 
 

Euphorbia condylocarpa 
 

Cordyline fruticosa 
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Figure 8 Schematic illustration depicting the flow behaviour of nanofluids within the porous 

medium; a) polymeric-nanofluid made of polymer nanocomposites, and b) nanofluid 
made of nanoparticles (re-drawn after Afolabi and Yusuf, 2018).  

 

The green nanocomposites mentioned in Table 1 were synthesized as follows:  

§ ZnO/SiO2/xanthan nanocomposites (NCs-1) 

In a 500 mL beaker, 2 gm of ZnCl2 and 5 gm of sodium metasilicate (Na2SiO3) were mixed 

with 200 mL pomegranate seed extract at 80 ºC and 850 rpm stirring for 2 hr until the formation 

of a light black precipitate (Figure 9). The precipitate was then separated using filtration and heated 

up to 600 °C by furnace to burn all the remaining plant particles. Then, it was washed with hot 

distillate water many times to remove impurities. The clean temperature precipitate was then dried 

at room and mixed with 10 gm of Xanthan powder using mortar and pestle, and under reflux for 2 

hr at 80°C. Finally, the dried and cleaned ZnO/SiO2/xanthan nanocomposites was collected and 

characterized as ready to be used for EOR applications (Ali et al., 2019)  

 
Figure 9 A schematic diagram of the green synthesis ZnO/SiO2/xanthan NCs.  
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§ TiO2/SiO2/PAM nanocomposites (NCs-2) 

Multi-pots approach was used to synthesis TiO2/SiO2/PAM nanocomposites in an eco-friendly 

manner using the pomegranate seed extract (Ali et al., 2021). Polyacrylamide was used as a 

substrate for the NPs. This plant has a rich makeup of phytochemicals which are the source of 

many biologically active compounds such as phenolics, aromatic esters, steroids, terpenoids, 

essential oils and other bioactive constituents used in various applications (Islam et al. 2015; Sajadi 

et al., 2019; Nasrollahzadeh et al., 2019). Following the methodology of Nasrollahzadeh et al. 

(2019) and Sajadi et al. (2019), the extract of the pomegranate seeds was collected and filtered into 

two beakers of 500 mL size. In one beaker, 6 gm of Na2SiO3 was added while 3 gm of TiO(OH)2 

was added to the other. Both were mixed with 200 mL of the filtered extract at 80 ºC and 850 rpm 

and stirred until a dark greenish-brown formation precipitated. The precipitates for both 

nanoparticles were filtered, heated up to 600 °C, and washed to remove impurities. The obtained 

nanoparticles were mixed with 12 gm of polyacrylamide (PAM) powder under reflux conditions 

with ethanol solvent for 2 hours at 80 °C.  

§ TiO2/quartz (NCs-3)  

Titanium oxide NPs was synthesized from euphoria condylocarpa extract in a green way then 

was combined in a composite with the quartz (Zargar et al., 2020). First, 400 mL of plant extract 

was collected in a beaker and 6 gm of TiO(OH)2 was mixed with it by stirring until a dark brown- 

greenish formation became precipitated. The precipitate was then filtered from the solution and 

heated up to 600 °C using a furnace to burn all the remained plant particles. Afterwards, the burned 

precipitate was washed to remove the impurities and dried at room temperature. The clean obtained 

TiO2 was mixed with 12 gm of quartz powder using mortar and pestle, and under reflux for 3 hr at 

80 °C.  

§ SiO2/Montmorilant/xanthan nanocomposites (NCs-4) 

100 gm of dried leaves of Adinandra dumosa plant were mixed with 500 mL of distilled water 

at 80 ◦C for 30 min under reflex conditions (Nazarahari et al., 2021). Then, the prepared aqueous 

extract was filtered and stored at 4 ◦C for further application. Afterwards, 1 gm of sodium 

metasilicate (Na2SiO3) and 4 gm of montmorillonite were mixed with 100 mL of the prepared 

extract by maintaining pH around 9 (adjusted by 0.1 mol/L of Na2CO3) during the stirring at 80 
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◦C. This mixing process was continued for 5 hr until SiO2/montmorillonite precipitate was formed 

followed by the drying process at 80 ◦C for 24 hr. Thereafter, SiO2/montmorillonite precipitate 

was mixed with 10 gm of xanthan gum with the presence of 100 mL ethanol at 80 ◦C for 3 hr to 

form SiO2/Montmorilant/xanthan nanocomposites precipitate followed by filtration and drying 

process.  

§ ZnO/SiO2/ bentonite nanocomposites (NCs-5) 

To create the extract of the plant, 50 gm of the dried powder of Cordyline fruticosa leaves 

mixed with 500 mL distilled water at 80 ◦C under continues stirring at 600 rpm for 30 min. Later, 

in a 250 mL flask, 2 gm ZnCl2, 5 gm Na2SiO3 and 10 gm bentonite were mixed with 100 mL 

Cordyline fruticosa leaves extract under reflux condition at 9 pH (adjusted by 0.1 mg Na2CO3) and 

kept under the stirring at 60 ◦C for 24 hr until absolute formation of NPs and their deposition on 

the surface of bentonite. The reason of adding clay is due to its cheap cost to produce ZnO/SiO2/ 

bentonite NCs economically viable. In addition, it behaves as polymer chains in order to create a 

better distribution of nanoparticles rather than agglomeration. The mixture then filtered and 

obtained precipitate was dried and kept to identification and application processes (Manshad et al., 

2022).  

 

§ ZnO/montmorillonite nanocomposites (NCs-6) 

The prepared A. conyzoides L plant extract (100 mL) was placed within a beaker of 250 cm3 

volume to provide the stabilized reducing medium of synthesis. Chemical powders of zinc chloride 

and microscopic crystals of montmorillonite phyllosilicates were then added to the reducing 

environment for 2 and 8 gm, in turn. To increase the chemical reaction role-in surfaces, the solution 

was continuously stirred; also, to increase the reaction rate, the temperature increased to 80 °C and 

was kept constant. The used synthesized method was the precipitation method; therefore, the 

stirring process continued until a white precipitate was formed within the system. The precipitated 

materials were then screened from the synthesized environment through the filtration process. The 

product went under a 100 °C heating process and washing with distilled water for any elimination 

of purity inclusions in synthesized NCs (Nourinia et al., 2022).  
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§ Fe3O4/mineral–soil nanocomposites (NCs-7) 

The synthesis of Fe3O4/mineral–soil NCs was carried out in several steps: preparation of the 

plant extract, synthesis of Fe3O4 nanoparticles, development of nanocomposites, and 

characterization of the synthesized NCs as shown in Figure 10. The Euodia hortensis leaves were 

dried at ambient temperature and powdered. In 500-mL flask, 50 gm of the dried powder was 

mixed within the distilled water using magnetic hot plat stirrer at 70 °C for 2 h. The achieved 

extract was then filtered using the centrifugation at 7000 rpm. After- ward, 5 gm of FeCl3·6H2O 

and a certain amount of Na2CO3 to keep pH above 10 were mixed with 100 mL of the filtered 

extract in 250-mL flask. The mixture was well mixed until the dark color was obtained and filtered 

using the centrifuge to separate the precipitate. The collected precipitate was burned in an oven 

and then washed using ethanol to achieve the green iron oxide NPs. Lastly, the synthesized NPs 

were mixed with 12 gm of natural mineral soil using a refluxing system at 70 °C and 700 rpm for 

12 h to obtain Fe3O4/mineral–soil NCs (Ali, 2022). 

 
Figure 10 Synthesis procedure of Fe3O4/mineral–soil nanocomposites from Euodia hortensis 

leaves.  

§ SiO2/KCl/Xanthan nanocomposites (NCs-8)  

A composite of KCl (as a common salt), SiO2 (as nanoparticles) and xanthan gum (as a natural 

stabilizing polymer) was synthesized from euphorbia condylocarpa plant (Motraghi et al., 2023). 

100 mL of euphorbia condylocarpa plant extract was first mixed with 5 gm of Na2SiO3 while 

stirring at 80 °C for 10 hr at 10 pH. After the components were mixed together thoroughly, 
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precipitation was obtained. Then the obtained precipitation was separated and added to an 

ethanolic suspension of 10 gm of the xanthan gum as substrate at 80 °C for 5 hr under reflex 

conditions. Further, after drying and milling of the precipitate, the milled SiO2-xanthan 

nanocomposites was mixed with 100 mL KCl-hydroalcoholic solution at 100 °C and stirred for 4 

hr. Finally, the SiO2/KCl/Xanthan nanocomposites was produced by drying and milling of the final 

precipitate (see Figure 11).  

 
Figure 11 A schematic diagram of the green synthesis of SiO2/KCl/xanthan NCs from euphorbia 

condylocarpa plant.  

2.2.3. Characterization  

Nanomaterials are available in many types, different shape and various dimensions; thus, the 

advanced techniques should be used to analysis their physical and chemical characteristics 

including the size, morphology, crystal structure and composition. The main techniques that are 

useable nowadays and used in this project are ultraviolet-visible (UV-Vis) spectroscopy, scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) 

and Fourier-transform infrared spectroscopy (FTIR). 

• Ultraviolet-visible (UV-Vis) spectroscopy 

When the salts were mixed with the plant extract and the colour of the colloidal solution is 

changed, the UV-Vis analysis was carried out for the solution to confirm the synthesis of 

Fuel 340 (2023) 127464

4

resonant frequency oscillation method. Before each use of the device, it 
is washed with water and acetone and then dried. Also, Mettler Toledo 
S230, and WTW™ inoLab™ Cond 7310 were used to measure conduc-
tivity and pH, respectively. 

2.5. IFT measurement 

IFT measurement between oil and different types of solutions was 
performed using the pendant drop method. A VIT-6000 device (manu-
factured by Fars, accuracy 99 %) includes ISCO pumps, a chamber with 
glass windows, a metal needle (needle is closed in the bottom of the 
chamber), a light projection, a camera and a computer with an image 

Table 3 
The composition and main roperties of crude oil used in the study.  

Component C1 C2 C3 iC4 nC4 iC5 nC5 C6 C7 C8 C9 C10 C11 C12
+ Total 

Molar percent  0.00  0.08  0.73  0.72  2.22  1.10  1.10  8.66  9.32  6.60  7.14  5.36  5.01  51.96  100.0 
Molecular weight(MW) = 247 

Molecular weight of C12
þ = 380 

Specific gravity of C12þ @15.55 ◦C = 0.9369 
Saturation pressure of reservoir fluid @60.6 ◦C = 14.04 MPa  

Fig. 1. Schematic illustrates the procedural steps of developing NCs [74,75].  

Fig. 2. XRD spectrum pattern of the nanocomposite [74,75].  

F. Motraghi et al.                                                                                                                                                                                                                               
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nanoparticles dependents on the surface resonance of free electrons. Figure 12 shows the Uv-Vis 

spectrum of the colloidal solutions that contain the silica and titanium nanoparticles when were 

synthesized from the extract of pomegranate seeds. This technique is usually used in the nano 

science and technology for evaluating the optical properties of the particles. During the analysis, 

the absorption of radiations would be reported based on the concentration of the analyte within the 

solutions for different ultraviolets (near: 180-390 nm, and visible: 390-780 nm). Worsfold et al. 

(2019) stated that the radiation energy of organic solutions is absorbed in the near ultraviolet. Uv-

Vis instrument can be single or double bema that mainly consists of the sample holder, detector, 

radiation source and output. For instance, the Uv-Vis spectrums shown in Figure 12, two bonds of 

phenolics around 300 nm wavelength with the absorbance of 1.9 and 2.8 were observed for TiO2 

and SiO2, respectively. Titanium and silica NPs bonds provide strong proof of the presence of 

potent antioxidants inside the pomegranate seed extract that led the synthesise of the nanoparticles 

in accordance with the results reported in the literature (Patil et al., 2018; Panda et al., 2018; Babu 

et al., 2018). In the same way, the Uv-Vis analysis was conducted for all mentioned NCs to confirm 

the synthesis of nanoparticles before further processing towards the fabrication of the NCs.  

 
Figure 12 Uv-Vis spectrum of pomegranate seeds extract to fabricate TiO2 and SiO2 NPs and 

finally TiO2/SiO2/PAM nanocomposites (NCs-2). 
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• X-ray diffraction (XRD) 

After confirming the fabrication of the nanoparticles by Uv-Vis spectroscopy, the process of 

synthesizing NCs was continued until green composites of nanomaterials were obtained. The 

crystalline structure and chemical composition of the synthesized NCs were investigated using X-

ray diffraction (XRD) technique. According to Kohli (2012) and Sima et al. (2016), this analysis 

can be used to estimate the features of crystallites including chemical composition, physical 

properties, structure and orientations. Since XRD analysis is dependent on the elastic scattering of 

X-ray photons by crystal planes, Bragg’s formula shown in the below equation is used to determine 

the lattice spacings (Kacher et al., 2009).  

𝑛𝜆 = 2𝑑	𝑠𝑖𝑛(𝜃)      (1) 

where: 

n: order of reflection,  

λ: X-ray wavelengths, 

d: spacing between crystal planes, and  

θ: angle between the reflected beam and the crystal plane.  

To identify the composition of any unknown synthesized nanocomposites, its XRD pattern 

along with the position and intensity can be compared with reference patterns reported by 

international center for diffraction data (ICDD) and in the publications. For all eight green NCs 

mentioned in this study, the XRD analysis was performed, and the patterns are presented in Figure 

13. As is obvious, any NCs demonstrated different pattern of XRD dependents on the elastic 

scattering response of X-ray photons. For example, Figure 13a contains all the peaks associated 

with the crystalline planes of pure SiO2 and ZnO concerning the crystallinity and phase purity of 

nanoparticles deposited on the surface of xanthan. Three XRD intense peaks were observed 

(labelled “010”, “002” and “012”) with the reflections from 31.5 to 36 degrees equivalent to the 

peaks of Zinc and silica NPs observed in previous studies (Khorsand et al., 2011; Zhang, 2011; 

Maqusood et al., 2012). In addition, a typical XRD pattern of TiO2/SiO2/PAM NCs is shown in 

Figure 13b. The presented pattern contains all the peaks associated with the crystalline planes of 

pure TiO2 and SiO2 nanoparticles deposited on the surface of polyacrylamide. Three major (“023”, 

“032” and “043”) and three minor (“051”, “052” and “060”) peaks were observed with the 

reflections about 25, 38 and 48 degrees, and 54, 55 and 63 degrees, respectively. 
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Figure 13 XRD patterns of green synthesized NCs; a) ZnO/SiO2/Xanthan, b) TiO2/SiO2/PAM, c) TiO2/Quartz, d) SiO2/Montmorilant/Xanthan, 

e) ZnO/SiO2/bentonite, f) ZnO/Montmorilant, g) Fe3O4/Mineral–Soil, and h) SiO2/KCl/Xanthan NCs.  

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 
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• Fourier-transform infrared spectroscopy (FTIR). 

Furthermore, the molecular structure of all synthesized NCs was estimated using the Fourier 

transform infrared spectrometer (FTIR) analysis. This instrument consists of different components, 

such as interferometer, sample holder, radiation source, amplifier, data converter and detector. 

Basically, the source creates the radiation and send it to the detector through samples by 

interferometer. When the infrared radiation passes through the sample molecules (molecular 

bonds), wavelengths would be absorbed by molecules. This absorption makes sample molecules 

to transfer the vibrational energy due to changing their dipole moment. Finally, the received signals 

by detector will be converted to analog data and reported as the FTIR pattern by computer 

(Srivastava et al., 2020). The reported data as the intensity of absorption peaks for any molecule 

bond relies on the density of the that bond exist within the sample which is directly related to the 

dipole moment vibration and transition of the energy level. The FTIR spectrums of all synthesized 

NCs mentioned in Table 1 are shown in Figure 14. For example, the FTIR spectrum of 

Fe3O4/Mineral-soil NCs synthesized from the extract of Euodia hortensis plant is illustrated in 

Figure 14g. As is obvious, the intense peaks at 462.94, 1018.34, 1084.11, 3431.82 cm-1 confirm 

the deposition if the phytochemicals on the surface of the nanostructure available in the 

synthesized of Fe3O4 and mineral soil. The bending peak of S-O group can be seen at the 

wavenumber of 462 cm-1 and the stretching vibration of S=O group is observed at 1018 cm-1. 

However, a very broad trough of O-H stretch is recognized at the wavenumber of 3431 cm-1. In 

addition, Figure 14e shows the FTIR spectrum of ZnO/SiO2/bentonite NCs synthesized from 

Cordyline fruticose extract. As can be seen, some main signals concerning the OH, C=O, C=C and 

C-C functional groups probably belonging to the antioxidant phenolics of the plant extract and the 

natural clay used (Tapondjou et al., 2016). Additionally, the main peaks of Zn-O and Si-O are also 

shown according to Kang et al. (2010) and Singh et al. (2019). These signals confirm the 

adsorption of plant phytochemicals on the surface of nanocomposite which beside showing the 

green synthesis of the system, they increase the stability of nano-surface against environmental 

decomposition and deformation side processes. 
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Figure 14 FTIR spectrums of green synthesized NCs; a) ZnO/SiO2/Xanthan, b) TiO2/SiO2/PAM, c) TiO2/Quartz, d) 

SiO2/Montmorilant/Xanthan, e) ZnO/SiO2/bentonite, f) ZnO/Montmorilant, g) Fe3O4/Mineral–Soil, and h) SiO2/KCl/Xanthan 

nanocomposites.  

 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 
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• Electron microscopy (SEM and TEM) 

The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are 

common and advanced techniques of electron microscopies that nowadays researchers and 

technicians use for taking images of materials at the nanoscale with high resolution. Earlier, the 

optical microscopes were the only option for capturing material images using photons. However, 

introducing the electron microscopy gave the capability of observing nanomaterials with high 

resolution at large magnifications.  SEM and TEM can observe the image of the samples with an 

atomic resolution due to having the shorter wavelength compared with the optical microscopy by 

photons. For SEM analysis, the sample is prepared simply and installed in a right place inside the 

SEM instrument to analyse the sample area at micron or nano sizes depends on the electron 

responses from a concentrated beam. When the electrons fired onto the sample area, they will be 

attracted by a positive charge detector that displace the morphology of the sample (Zhou and Li, 

2015). On the other hand, with the same mechanism of SEM by spreading the electrons from a 

highly concentrated beam over the sample area, TEM is used to identify the internal structure of 

the materials. The only difference is that the electrons pass through the nano- or micro-sized 

particles by TEM; thus, it can identify the phase and internal structure of the materials (Ebnesajjad 

and Ebnesajjad, 2013). The morphological analysis of all synthesized NCs is shown in Figure 15. 

For example, the morphology of ZnO/SiO2/xanthan NCs synthesized from the extract of 

pomegranate seeds is illustrated by SEM and TEM images shown in Figure 15a and 15i, 

respectively. Similar morphology was observed elsewhere (Yeganeh-Faal et al., 2017; El Shafey, 

2017; Azarshin et al., 2017) enabling the shapes of SiO2 and ZnO, with sizes below 100 nm, to be 

identified. In figures, the particles were prepared with the formation of clusters with random 

distribution of the silica and zinc NPs on the xanthan surface for fabricating the nanocomposite. 

Also based on the SEM and TEM images, the synthesized was identified as being successfully 

prepared with the sizes of below 100 nm. Meanwhile, TEM results of TiO2/SiO2/PAM NCs 

synthesized in a green way from the same extract is shown in Figure 15j.  As is clear, the prepared 

materials contain the particles with the size of nanometric around 10 nm. This has been also 

confirmed by SEM in accordance with the observed shapes of nanomaterials, which are very 

similar to shapes of TiO2 and SiO2 reported in the literature (Mahalingam, 2017; El Shafey, 2017; 

Azarshin, 2017).  As can be seen, the particles were clustered together with random distribution of 

the silica and titanium NPs on the surface of the polyacrylamide (see Figure 15b). 



Application of green nanocomposites in enhanced oil recovery 

 30 

 

  
Figure 15 Morphological analyses of green synthesized NCs; a) SEM of NCs-1, b) SEM of NCs-

2, c) SEM of NCS-3, d) SEM of NCs-4, e) SEM of NCs-5, f) SEM of NCs-6, g) SEM 
of NCs-7, h) SEM of NCs-8, i) TEM of NCs-1, and j) TEM of NCs-2.  
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2.3. Nanofluid preparation and characterization  

Nanofluid, as a crucial part of this research project, can be defined as a fluid that contains 

dispersed nanomaterials. Different types of aqueous phases including water, alcohol, surfactant 

and mutual solvents were used as the dispersion media for the green nanocomposites. Figure 16 

illustrates the methods of the nanofluid preparation and characterization. As can been, 

nanomaterials can be dispersed within these aqueous phases of fluids at different concentrations 

varying from 100 to 5000 ppm using magnetic stirrer for a period of time between 4-8 hr at rotation 

speed of 600-800 rpm and room temperature (Sharma et al., 2016). The ultrasonic homogenizer is 

also used to obtain a good dispersion of the nanoparticles inside the liquid phase with high stability. 

The suspension stability is a major consideration of the nanofluid to exhibit its unique properties 

and functions over a certain time. Thus, several methods were used for characterization of the 

nanofluid, such as pH, conductivity, viscosity and visualization.  

 
Figure 16 Schematic illustration of nanofluid preparation and characterization including stirring, 

sonication, density meter, viscometer, conductivity meter and pH meter.  

 
Table 2 shows the details of the nanofluids developed from the dispersing the synthesized 

nanocomposites (NCs-1 to NCs-8) at different concentrations with various aqueous phases. 

Nanofluids were prepared as follows:  

- NCs 4 and 7 were mixed with the distilled water at different concentrations of 100 to 2000 

and 250 to 1000 ppm, respectively.  
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- NCs 1, 3 and 5 were dispersed with water under the influence of different salinity levels 

(from low to high salinity) at concentrations of 500 to 2000, 250 to 1000 and 250 to 2000 

ppm, respectively.   

- NCs-2 is mixed with the smart water made of different dissolved ions including NaCl, KCl, 

MgCl2, CaCl2, Na2SO4, MgSO4, K2SO4 and CaSO4 at different concentrations of salts 

ranging from 2500 to 10000 ppm and NCs concentration of 500 to 1500 ppm.  

- NCs-6 was mixed with the surfactant-based fluid extracted from Cyclamen persicum plant 

at concentration ranging from 250 to 2000 ppm.  

- The last NCs was dispersed within the mutual solvents of ethanol and methyl ethyl ketone 

at concentrations ranging from 500 to 1500 ppm.  

Table 2 The recipe of the nanofluids prepared from dispersion of the synthesized NCs within 

different fluids, such as water, surfactant and alcohol.  
NCs Description Dispersion 

media 
NCs 
concentration 
(ppm) 

Condition  

NCs-1 ZnO/SiO2/Xanthan Water 500-2000  Different salinity levels 
NCs-2 TiO2/SiO2/PAM Smart water  500-1500  Various dissolved ions 
NCs-3 TiO2/Quartz Water 250-1000  Different salinity levels 
NCs-4 SiO2/Montmorilant/Xanthan Water  100-2000 Distilled water  
NCs-5 ZnO/SiO2/bentonite Water  250-2000 Different salinity levels 
NCs-6 ZnO/Montmorilant Surfactant 250-2000 Natural surfactant from 

Cyclamen persicum plant 
NCs-7 Fe3O4/Mineral–Soil Water  250-1000 Distilled water  
NCs-8 SiO2/KCl/Xanthan NCs Mutual solvent  500-1500 Ethanol and methyl ethyl 

ketone solvents 

 

Visual observation of the developed nanofluids by naked eyes is one of the techniques that 

was used to evaluate the suspension stability of the greenly synthesized NCs over the time. Figure 

17 illustrates the images of some samples of nanofluids prepared from mixing TiO2/SiO2/PAM 

NCs within water at different concentrations of 500, 1000 and 1500 ppm over the time period of 

six days. As can be seen, an excellent suspension stability of the of the nanofluids was obtained in 

first four days. This high stability might be due to the presence of PAM as a substrate in the 

synthesized NCs (Yang and Liu, 2010; Chen and Xie, 2010; Yu and Xie, 2012). However, the 

sedimentation of the dispersed NCs started to happen in day 5, and at the end of day 6, 

nanocomposites with the concentrations of 500 ppm were completely precipitated at the bottom of 

the vessels (Saw et al., 2023). Meanwhile, the nanocomposites of 1000 and 1500 ppm were 
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partially precipitated at the bottom of the vessels. Hence, it can be conducted that the nanofluids 

developed at higher concentrations of the nanocomposites provided better stability over the time.  

   
Day#1 Day#2 Day#3 

   
Day#4 Day#5 Day#6 

Figure 17 Visual suspension stability observation of nanofluids prepared from NCs-2 at different 

concentrations of 500, 1000 and 1500 ppm over 6 days period of time.  

 

Furthermore, Figure 18 illustrates the measured pH values, as one of the crucial 

physiochemical properties of nanofluids, formulated from the synthesized ZnO/SiO2/bentonite 

NCs dependents on the NCs concentration and salinity of the dispersion media. As is obvious, pH 

has the direct influence on the aggregation and the suspension stability of nanoparticles within the 

colloidal solution (Fovet et al., 2001; Yu and Xie, 2012). The measured pH of all prepared 

nanofluids at different salinity level (HiSal: high salinity, LoSal: low salinity, MoSal: moderate 

salinity and distilled water) and various NCs concentrations are shown in Figure 18a. As can be 
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seen, the value of pH is in the range of 6.9 to 8.1 where a stable aqueous phase can be obtained. 

The pH is changed with changing the salinity and increasing the concentration of NCs; when the 

salinity of the aqueous phase is high, pH is increased with increasing the NCs concentration, 

however, the pH of the nanofluids in decreased with increasing the NCs concentration when the 

salinity is too low. Meanwhile, more stable trends of the conductivity and density of nanofluids 

were achieved (see Figures 18b,c). These two properties were more influenced by the effect of 

salinity compared with concentration of ZnO/SiO2/bentonite NCs. Generally, the density of the 

nanofluid was slightly increased from 0.995 to 1.028 gm/cm3 which is belonged to the HiSal 

nanofluids. Nevertheless, the conductivity was highly changed from 30 mS/m to 284 mS/m under 

the impact of water salinity rather than NCs concentration.   

 

 
Figure 18 Characteristics of nanofluids prepared from mixing 250, 500, 1000 and 2000 ppm 

ZnO/SiO2/bentonite NCs within HiSal, Mosal, LowSal and distilled water. 

a b 

c 
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3. Interfacial tension reduction  
Nanomaterials in the form of nanofluids have shown an effective role in EOR applications for 

improving oil recovery from oil reservoirs by activating the wettability alteration and interfacial 

tension reduction (Aurand et al., 2014; Ismailov and Veliyev, 2011; De Castro Dantas et al., 2017). 

IFT reduction is a critical mechanism of the chemical EOR that leads better oil efficiency by 

breaking the forces exist in an interference between crude oil and water inside porous spaces. 

Nanomaterials usually try to form a layer in the interface between water and crude oil (Dahle et 

al., 2013; Davoodi et al., 2022). This layer produces less interfacial tension between immiscible 

phases depends on the concentration of NPs dispersed within nanofluids (Hendraningrat et al., 

2013; Roustaei et al., 2013). Thus, crude oil can be free to move easier towards the production 

well. Nanomaterials composed of nanoparticles and a matrix material (i.e., polymer) with better 

surface features can reduce the IFT greatly due to providing a withstanding impact on the 

interfacial interaction between the displacing fluid and crude oil (Garmroudi et al., 2022; Saw et 

al., 2023; Asl et al., 2023). In addition, nanocomposites can develop the nanofluid with better 

dispersion stability because of presence of polymer chains. The IFT between the crude oil and 

different aqueous phases is measured with an interfacial tension apparatus (VIT-6000) using a 

pendant drop method from estimating the dimensions of the suspended droplet of crude oil within 

the displacing fluid (Figure 19b). After receiving the image of the droplet from a camera, the 

software identified the value of IFT based using equation 2. 

𝛾 = ∆".$.%
&

      (2) 

where ∆ρ is the difference between the density of the drop and bulk fluids (gm/cm3), g is the 

gravitational acceleration of the earth (cm/sec2), D is the large diameter of the droplet (cm), and H 

is the droplet shape factor. In our research studies, the IFT between the crude oil and nanofluids 

prepared from mixing the synthesized NCs within the distilled water, smart water, surfactant and 

mutual solvents at different concentrations under different temperature, pressure and salinity 

conditions as mentioned in was measured using pendant drop and ADSA (axisymmetric drop 

shape analysis) shape analysis technique (see Figure 19a). As can be seen, the setup consists of 

fluid pump, light panel, camera, fluid vessel and computer. The crude oil is injected into the view 

cell through a needle that can generate the oil droplet to be captured by a camera.  
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Figure 19 Schematic presentation of high-pressure (HP) and high-temperature (HT) IFT 

measurement setup; a) pendant drop VIT-600 apparatus, and b) crude oil droplet. 

IFT values measured from each system of crude-oil/aqueous phase is varied to another one 

dependent on the concentration of NCs, types of additives, temperature and salinity. The minimum 

IFTs obtained under the influence of each the prepared nanocomposites are shown in Table 3. As 

can be seen, TiO2/Quartz NCs enabled to provide the minimum IFT between two immiscible 

phases when it is mixed with the distilled water, which is 1.141 mN/m. Generally, the synthesized 

NCs were highly effective when they dispersed with low salinity water (distilled water) and 

reduced IFT significantly, for example NCs-1 decreased IFT to 2.547 and 2.016 mN/m when it is 

mixed with the distilled water and low salinity water, respectively. However, the same 

nanocomposites created 9.85 mN/m as the minimum IFT at the same experimental condition when 

it is mixed with the high salinity water. This is true for the other green NCs (NCs-3, NCs-5 and 

NCs-7) when the same behavior was observed. In addition, mixing the synthesized NCs within the 

surfactant and methyl ethyl keton enabled high reduction in the value of IFT to 1.5-2.5 mN/m. 

Meanwhile, when SiO2/KCl/Xanthan NCs is mixed with ethanol, it doesn’t affect the value of IFT 

highly which is unfavorable. As is obvious, the initial IFT values between oil/seawater and 

oil/distilled water were measured to be about 31.8 and 28.312 mN/m, respectively. 

 

 

 

 

 

(a) 

(b) 



Habilitation Thesis           Department of Physical Chemistry 

37 

Table 3 IFT values measured under the effect of nanofluids developed from dispersing green 

polymer NCs within different aqueous phases.  

NCs Description Dispersion 
media 

NCs conce. 
(ppm) 

Condition  Minimum IFT 
[mN/m] 

NCs-1 ZnO/SiO2/Xanthan Water 500-2000  Distilled water 2.547 
Low salinity 2.016 
High salinity  9.85 

NCs-2 TiO2/SiO2/PAM Smart water  500-1500  KCl-5000 6.0 
K2SO4-5000 8.9 
CaSO4+CaCl2 (2500) 10.7  
K2SO4+CaCl2 (25000) 8.0 

NCs-3 TiO2/Quartz Water 250-1000  Distilled water 1.141 
Low salinity 8.977 
High salinity  8.513 

NCs-4 SiO2/Montmorilant/xanthan Water  100-2000 Distilled water  15.42 
NCs-5 ZnO/SiO2/bentonite Water  250-2000 Distilled water 2.59 

Low salinity 3.1 
High salinity  5.59 

NCs-6 ZnO/Montmorilant Surfactant 250-2000 Natural surfactant from 
Cyclamen persicum plant 

2.46  

NCs-7 Fe3O4/Mineral–Soil Water  250-1000 Distilled water  3.69 
NCs-8 SiO2/KCl/Xanthan NCs Mutual 

solvent  
500-1500 Ethanol  6.4 

Methyl ethyl keton 1.51 
 

As an example, the effect of ZnO/SiO2/Xanthan (NCs-1) and TiO2/SiO2/PAM (NCs-2) on IFT 

under different temperature, pressure and salinity conditions are presented below. It was identified 

that the IFT was reduced to its optimum value, 2.016 mN/m, by the influences of the synthesized 

NCs-1. When the salinity of water was decreased 20 times based on the salting-out approach, the 

IFT was reduced by 38% from 31.8 to 19.68 mN/m. Meanwhile, adding NCs-1 into the DW and 

LoSal water lead the IFT to be greatly decreased to its lowest values. The measured IFT values 

between the oil/nanofluid (DW) and oil/LoSal-nanofluid are 2.547 and 2.016 mN/m, respectively, 

at the same experimental conditions (see Figures 20-22). Figures 20-22 illustrate the effects of 

pressure and temperature on IFT reduction at different NCs-1 concentrations and water salinity 

ranges. In this work, the experiments were performed at 30, 50 and 70°C temperature and 500, 

1000 and 1500 psi pressure. The effect of temperature on IFT reduction is strong compared with 

the impact of pressure. In all the cases, the IFT values were reduced more by increasing the 

temperature (part a on Figures 20-22). However, in some cases the pressure had an inverse relation 

with the IFT reduction but in others there is no clear trend of the impact of pressure (part b on 

Figures 20-22). In Figure 22, when the concentration of NCs is 2000 ppm and salinity of water is 

low; by increasing temperature from 30 to 70°C, the IFT of oil/optimum nanofluid was reduced 
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by 45% from 3.71 to 2.016 mN/m; while, the IFT was increased by about 40% from 2.215 to 3.71 

mN/m when pressure was raised from 500 to 1500 psi.  

 
Figure 20 IFT values measured at 500 ppm NCs-1 concentration (a) effect of temperature on IFT 

reduction at various salinity levels and ambient pressure (b) effect of pressure on IFT 
reduction at various salinity levels and room temperature. 

 
Figure 21 IFT values measured at 1000 ppm NCs-1 concentration (a) effect of temperature on IFT 

reduction at various salinity levels and ambient pressure (b) effect of pressure on IFT 
reduction at various salinity levels and room temperature. 
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Figure 22 IFT values measured at 1500 ppm NCs-1  concentration (a) effect of temperature on 

IFT reduction at various salinity levels and ambient pressure (b) effect of pressure on 
IFT reduction at various salinity levels and room temperature. 

 

From carrying out all the IFT under the effect of smart water with the presence of the single 

dissolved-ion and binary dissolved ions, four optimal smart solutions were selected; OSS1 consists 

of 5000 ppm KCl, OSS2 made-up of 5000 ppm K2SO4 dissolved in water, 5000+5000 ppm 

CaSO4+CaCl2 was identified as the first optimal smart solution (OSS3) of binary-ion system, and 

the last optimal smart solution (OSS4) was with 2500+2500 ppm of K2SO4+ CaCL2.  In order to 

study its effect on the IFT reduction and wettability alteration, smart nanofluids were prepared by 

adding TiO2/SiO2/PAM NCs to the optimal smart solutions at 500, 1000 and 1500 ppm 

concentrations. Figure 23 presents the results of the IFT measured under the influences of the smart 

nanofluids. As cane be seen, the minimum IFT was achieved with the nano-KCl-5000 smart 

nanofluid prepared from dispersing 500 NCs within the OSS1. With this smart nanofluid, the IFT 

was reduced by 60.7% from 15.3 to 6 mN/m. This drop in IFT could be due to the accumulation 

of nanoparticles as a single-layer at the interface between two immissible phases in the porous 

media, which provide a weak IFT compared with surfactants (Dahle et al., 2013). Additionally, 

Hendraningrat and Torsaeter (2014) stated that this force can be justified by managing the 

concentration of nanoparticles. For example, the same smart water (OSS1) increased the IFT by 

increasing the NCs concentration from 500 to 1000and 1500 ppm, which is quite consistent with 
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the results reported by Bahraminejad et al. (2019). Similarly, when the NCs added to other optimal 

smart solutions (OSS2, OSS3 and OSS4) at different concentrations, different IFTs with the small 

variation were obtained from the smart nanofluids. The variation in the IFT value for all the studied 

nanofluids prepared from OSS2, OSS3 and OSS4 was ranged between 8 to 12 mN/m. Hence, we 

mostly focused on the CA results to select the optimum concentration of NCs.  

 

 
Figure 23 IFTs measured between crude oil and smart nanofluids prepared from mixing 

TiO2/SiO2/PAM NCs with the optimal smart solutions (KCl-5000, K2SO4-5000, 

(CaSO4+CaCl2) - (2500+2500), and K2SO4+CaCl2) - (25000+25000) at 500, 1000 and 

1500 ppm NCs concentration.  
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4. Wettability alteration  
Wettability can be defined as the spreading tendency aqueous phases on solid surfaces in the 

porous media. The wettability as a crucial reservoir parameter plays a significant role in control 

the flow behavior of fluid phases inside the reservoir and affects the moveability of hydrocarbons 

toward the production wells (Lashari et al., 2022). The state of the fluids exist in the porous media 

can be classified into three states, such as water-wet, oil-wet and intermediate-wet sates as shown 

in Figure 24. As can be seen, water is absorbed onto the surface of the rock and is completely 

covering the solid surfaces in the porous media in a water-wet system. Thus, the crude oil is 

accumulated inside the pore spaces which can be easily produced by displacing fluids with a 

portion of trapped crude oil left in the reservoir. However, in the oil-wet system, crude oil is 

spreading on the solid surfaces and water is accumulated in the center of the pore spaces (Abdallah 

et al., 2007). To produce hydrocarbon from such wetting state, the displacing fluid should have a 

stronger adsorption ability to replace the crude oil and a portion of remaining crude oil is called 

residual (see Figure 24). Wettability alteration is a phenomenon of changing the state of the rock 

from water-wet to stronger water-wet or from oil-wet towards the water-wet to make hydrocarbons 

free for extraction. This phenomenon is conducted by different processes and chemical EOR is 

one the most common wherein some active agents with high adsorption adhesion are injected into 

the reservoir to replace the crude oil on solid surfaces (Yuan et al., 2019). The low salinity water 

and nanofluid as displacing fluids are highly attracted by the solid surfaces in the porous media, 

especially the carbonate rock (Yuan et al., 2019; Kumar et al., 2023).  

 
Figure 24 Fluid distributions (water-wet and oil-wet) inside porous media before, during and after 

displacement of hydrocarbons (re-drawn after Abdallah et al., 2007). 
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For better understanding the mechanism of reducing the contact angle and altering the 

wettability of the reservoir from the oil-wet system towards the water wetting, it is necessary to 

consider the concept of disjoining pressure during nanofluid processes shown in Figure 25. Within 

this thin film, the NPs tend to arrange themselves in well-ordered layers. This arrangement 

increases the entropy of the nanofluids due to the greater freedom of the NPs in the nanofluids 

(Lashari et al., 2022). The result of this arrangement exerts additional disjoining pressure at that 

interface more than that in the bulk liquid. Paul et al. (2012) reported that a film of nanofluids on 

the surface of the rocks has the ability to separate and release the reservoir fluids. In this way, the 

wetting system can be changed from oil-wet to water wet. This can increase the displacement 

efficiency of crude oil through the porous media (Sun et al., 2017). Aveyard et al. (2003) explained 

that this film of nanofluids can be influenced by some parameters, such as nanoparticle 

concentrations and sizes, salinity, temperature and surface rock properties. Moslan et al. (2017) 

studied the effect of alumina NPs on wettability alteration in carbonate reservoir rock and 

identified that this nanomaterial is capable of altering the wettability system from the oil-wet to 

water-wet and increasing the recovery of oil by about 11.25%. Yuan et al. (2019) and Lashari et 

al. (2023) stated that from all the wettability systems, EOR nanofluids have shown a stable 

performance and altered the wettability on the quartz surface to strongly water-wet and improved 

the oil recovery better than the silica-based NPs due to the modification some properties including 

pH, conductivity and particle size distribution.  

 
Figure 25 The schematic of the EOR mechanisms of Nanofluids through the porous media. 
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In addition, the wettability of the used rock samples was determined by contact angle 

measurement when two immiscible liquids are presence, as shown in Figure 26a. The measurement 

consists of medium to hold the crude oil droplet on the surface of the rock with the presence of the 

aqueous phase, a camera, computer, illuminator and liquid storage vessels. When the snapshot of 

the crude oil droplet is captured, it will be sent to computer to estimate the right and left contact 

angle (CAs). According to the average value of CA, the wettability state can be defined as the oil-

wet when the contact angle is higher 90°, neutral wet when the contact angle equals to 90°, or 

water-wet at the contact angle less than 90° (Tang et al., 2023). The experimental work of the 

contact angle measurements was started with preparing the rock plates of 2 mm from carbonate 

rock samples. After obtaining the smooth plates, they were cleaned using the toluene and distilled 

water. The smooth and cleaned sections were then submerged into the crude oil for the time period 

of 2-3 weeks at 70°C to achieve the oil-wet state (see Figure 26b). Afterwards, the aged rock slices 

were then dropped into the enclosed containers filled with different aqueous phases including 

distilled water, low-salinity water, seawater, smart water, mutual solvents, surfactant and 

nanofluids under the static condition of 3-7 days. Finally, the contact angle (CA) of the crude oil 

droplets on the surface of all aged slices were measured under the influences of synthesized green 

nanocomposites.  

 
Figure 26 Schematic illustration of the contact angle measurement; a) CA measurement setup, 

and b) preparation and aging of rock plates used in measuring contact angle. 
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All greenly synthesized nanocomposites including NCs-1, NCs-2, NCs-3, NCs-4, NCs-5, 

NCs-6, NCs-7 and NCs-8 are used in the contact angle (CA) measurement at different 

concentrations. Figure 27 shows the minimum obtained vales of the contact angles of the crude oil 

droplets on the surface of the prepared rock plates obtained under the influence of the formulated 

nanofluids at different conditions (see Table 1). As can be seen, the minimum CA was obtained 

under the impact of nanofluid NCs-6-surfactant developed from mixing ZnO/Montmorilant NCs 

with the extract of cyclamen persicum plant, which is 19° that presents a strong water-wet system. 

However, NCs-3-HSW and NCs-5-HSW nanofluids prepared from mixing TiO2/Quartz and 

ZnO/SiO2/bentonite NCs within the high salinity water exhibited the least performance in reducing 

the CA and recorded CAs of 112 and 103.5o, respectively. This confirms that both synthesized 

NCs were not applicable to be dispersed with water at high salinity level (HSW) and not able to 

alter the wettability of the rock from water-wet state. Overall, all synthesized NCs demonstrated a 

significant performance in altering the wettability of the rock samples at lower salinity levels of 

water. ZnO/SiO2/Xanthan NCs enabled to decline the CA of the crude oil on rock plates from its 

initial value above 90o to a favourable range between 34 to 53o under the influence of water salinity 

(see Figure 27). CAs with the range varied from 44 to 50o were obtained under the effect of 

TiO2/SiO2/PAM NCs dispersed within smart water contains various dissolved salts. In addition, 

TiO2/Quartz NCs was successful to alter the wettability from oil-wet towards water-wet when 

dispersed within the distilled water (DW) and low salinity water (LSW). Meanwhile, significantly 

low CAs of 22 and 33° were obtained by SiO2/KCl/Xanthan and Fe3O4/Mineral–Soil NCs when 

mixed within the distilled water (DW).  

Furthermore, Figure 28 illustrates the snapshots of crude oil droplets on the prepared rock 

surfaces under the influences of the optimal smart solutions (OSS1-4) with and without the 

presence of TiO2/SiO2/PAM NCs. These optimal solutions of smart water were selected dependent 

on their efficiency in reducing the IFT and CA from several salts (NaCl, KCl, MgCl2, CaCl2, 

Na2SO4, MgSO4, K2SO4 and CaSO4) when they mixed with the distilled water separately and 

together at different concentrations from 250 to 10000 ppm (see the included publication 6, Ali et 

al., 2021). OSS1 consists of 5000 ppm KCl, OSS2 made-up of 5000 ppm K2SO4 dissolved in water, 

5000+5000 ppm CaSO4+CaCl2 was identified as the first optimal smart solution (OSS3) of binary-

ion system, and the last optimal smart solution (OSS4) was with 2500+2500 ppm of K2SO4+ 

CaCL2. As can be seen, different values of CAs were were measured with various shapes of crude 
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oil droplets dependent on the type of the used dissolved ions and NCs concentrations, but entirely 

the variation was between 49 to 109° (Figure 28). This variation in the measured CAs is quite 

normal based on the reports of Azarshin et al. (2017). For instance, the CA value of the OSS1 

(KCl-5000) was firstly increased from 65.7° to 70° by adding 500 ppm NCs, then reduced to 59° 

by increasing NCs concentration to 1000 ppm and raised again to 90° at 1500 ppm. The minimum 

CA of 48.3° was measured with the presence of the OSS2 (K2SO4-5000) at 1500 ppm NCs, which 

was reduced by 45% from 89°. Moreover, the lowest CAs measured with OSS3 ((CaSO4+CaCl2)-

(2500)), and OSS4 ((K2SO4+CaCl2)-(25000) were 62° and 57° at 1500 and 1000 ppm 

concentrations of green NCs, respectively. Generally, OSS2 consists of SO42- divalent ion and 

OSS3 solution contains the divalent ions (Ca2+ and SO42-) together represented the best 

performance in proving a good water-wet state. Overall, the maximum CA of 109° was identified 

with the presence of Nano-OSS3-1500 nanofluid prepared from mixing 1500 ppm 

TiO2/SiO2/PAM NCs within a smart water that contains 2500 ppm of CaSO4 and CaCl2 salts. This 

nanofluid was unsuccessful in altering the water-wet wettability to oil-wet state. However, Nano-

OSS2-1500 nanofluid enabled to alter the wettability greatly from oil-wet to water-wet system 

with a contact angle of 48.3°. In addition, some other nano-optimal smart solutions had an effective 

performance in decreasing the value of the CA, such as Nano-OSS2-100, Nano-OSS3-1000, Nano-

OSS4-500 and Nano-OSS4-1000 (see Figure 28).  

 
Figure 27 Contact angles (CAs) of crude oil droplets on the surface of rock plates under the 

influence of nanofluids prepared from green NCs within various aqueous phases.  
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Figure 28 Shapes of crude oil droplets on the carbonate surface under the influence of the optimal 

smart solutions (OSS1, OSS2, OSS3 and OSS4) and smart nanofluids (nano-OSS1, 
nano-OSS2, nano-OSS3 and nano-OSS4) at different concentrations of TiO2/SiO2/PAM 
NCs. 

 

Furthermore, the mechanism of the wettability alteration in the porous media along with the 

distribution of the crude oil on the carbonate slices with the presence of nanofluids is shown in 

Figure 29. As is clear, the mechanism of wettability alteration is divided into three phases; oil 

blank when the system is oil-wet and crude oil is spread on the solid surface with no chemical 

influence on the crude oil/rock interaction (Figure 29c1,2), the mobile zone when the injected 

nanofluid is penetrating the oil blank and both aqueous phases are exist mobile oil and residual oil 

and wettability alteration started towards water-wet but not completely chanced (Figure 29b1,2), 

and the nanofluid bank when the nanofluid already displaced crude oil and existing wetting state 



Habilitation Thesis           Department of Physical Chemistry 

47 

is water-wet with minimum contact angle (Figure 29a1,2). The crude oil is spread completely on 

the solid surfaces in the oil bank with high contact angle above 90° that exhibits oil-wet state (see 

Figures 29c1,2). When the nanofluid injected to displace the crude oil, the contact angle affected 

to be decreased in the mobile zone due to demonstrating a high adhesion force between the 

nanofluid and the rock surface as shown in Figure 29b1. Thus, the injected nanofluid is flowing 

into the interface between the crude oil and rock surface which creates a disjoining pressure to 

alter the wettability with a CA of 50-60° (see Figure 29b2).  Meanwhile, a significant change in 

the state of the wettability is obtained in the nanofluid bank when the crude oil is displaced by the 

injected nanofluid as shown in Figure 29a1,2. In this phase, the contact angle is minimal between 

20-40° which exhibits a strong water-wet system with the presence of the residual oil saturation 

but most of the producible crude oil is displaced towards the production well.  

 
Figure 29 The mechanism of wettability alteration of rock under the influence of green NCs in in 

different stages; a) late stage with strong water-wet, b) early stage, and c) the strong oil-
wet exists in the porous media without any alteration.  
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5. Oil recovery 
5.1. Core plug preparation 

Rock samples from outcrops were used to prepare the core plugs which were carefully cut in 

a desired length with a diameter of 1.5 in. The prepared plugs were cleaned by a Soxhlet extraction 

using ethanol and toluene at a temperature between 60-80°C for 1-5 days to remove all the presence 

water, oil and any other residues. The core plugs were then dried by placing into an oven at 70°C 

for 6 hours. The dry weight of the prepared core samples was measured. Then, the porosity and 

permeability of core samples were measured using the helium porosity meter and gas permeameter 

as shown in Figure 30a. A coreflooding device shown in Figure 30b was used to perform the oil 

displacement tests. As is clear, it consists of HPHT pump, liquid cylinders, core holder, pressure 

gauges, valves and hydraulic pump. In this study project, different phases of fluids were used to 

estimate the oil recovery factor (RF) including water (distilled or brine), crude oil and EOR 

injection solution. The distilled water and brine were used as the secondary oil recovery process 

and followed by injecting low salinity water, smart water, surfactant and nanofluid injection as the 

tertiary recovery process (enhanced oil recovery, EOR). The nanofluids prepared from the 

synthesized NCs were injected into all used core samples and the obtained results of oil recovery 

were compared with the results of other chemical solutions.   

In order to establish the saturation profiles inside the prepared core plugs, initially, each core 

sample was placed inside the core holder and the brine accumulator was connected to the core 

holder, then a confining pressure of 1000 psi greater than the injection pressure was applied (see 

Figure 29b). After connecting the coreflooding system, the Brine was injected with 0.25 cm3/min 

rate by fluid injection pump. Before setting the cores inside the core holder, the dead volume of 

the core holder and tubes was measured. The saturation of the cores was achieved when the core 

produce brine and injection was stooped. Afterwards, oil accumulator was connected to the core 

holder instead of the brine accumulator and the confining pressure is applied to the core. Then, 

crude oil was injected into the core samples at different rates from 0.1 to 0.5 cm3/min and the 

produced water was measured in a graduated flask. After occurring the breakthrough, extra 2 pore 

volumes (PVs) of crude oil were injected to complete the saturation process. From the collected 

water in the graduated flask, the initial water saturation (Swi) was measured. Then, the saturated 

cores were kept for one week to achieve the complete and stable oil-wet state. In addition, in one 

of the cases, the performance of a synthesized NCs, named Fe3O4/Mineral–Soil, on the oil recovery 
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was evaluated using the spontaneous imbibition using Amott cell. Two imbibition tests were 

carried out under the effect of the brine and nanofluid and the test was monitored to determine the 

amount of the oil expelled from the core plugs and recorded as % of original oil in place (%OOIP) 

versus for 28 days at 50 °C.  

 
Figure 30 Oil displacement test; a) core plug preparation, and b) coreflooding setup.  

 

Overall, 25 different core samples mostly from carbonate rock and one core plug was prepared 

from the sandstone were used. The used rock samples were collected in the middle east mostly in 

south-east of Iran and north of Iraq. The prepared core plugs have different ranges of porosity from 

7.75 to 18.41%, permeability is between 3.2 and 30 mD, the initial water saturation is from 21 to 

45.3% and pore volume is about 5.3 to 14 cm3 as shown in Figure 31. As can be seen, the 

permeability is mostly low for all samples, except the sandstone core plug which is the highest 

with 30 mD. In addition, the average porosity of all used core plugs is about 12.54% and the 

permeability is averagely equal to 7 mD. Meanwhile, the average value of the pore volume and 

the initial water saturation are 9.06 cm3 and 33.6%, respectively.  
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Figure 31 Main characteristics of core plugs including porosity, permeability, initial water 

saturation and pore volume.  

 

5.2. Oil displacement 

Oil displacement experiments were started by injecting water as a secondary recovery process 

without the presence of any chemical additives including NCs. Afterwards, the performance of the 

synthesized NCs was tested by injecting the nanofluids prepared from different NCs at different 

concentrations within the different aqueous phases into core plugs. Meanwhile, other types of EOR 

solutions were injected after waterflooding to compare the outcome of the nanofluid EOR. The 

injection rate used to displace of the crude oil was ranged between 0.1 and 0.6 cm3/min during 

both phases of secondary and tertiary recoveries. These flooding tests were conducted under the 

temperature and pressure ranged between 1400 to 2000 psi and 50 to 75°C, respectively to 

represent the reservoir condition. Figure 32 illustrates the estimated values of oil recovery factories 

from the secondary and tertiary processes of the waterflooding and chemical injection. As can be 

see, the oil recovery factor of waterflooding varied between 36 to 51.05% original oil in place 

(OOIP). One sample of sandstone core plug was used with the porosity of 15.32% and permeability 

of 30 mD and enabled to expel the highest amount of the crude oil during the secondary phase of 

production due to having a good permeability. Otherwise, all other core plugs that are prepared 

from thee carbonate rock exhibited the almost the same behaviour in extracting the crude oil 

dependents on the permeability. While oil recovery factor during the tertiary phase is less 

compared with the oil recovery during waterflooding and ranged from 5.3 to 21.41% OOIP. This 
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situation is normal because from primary and secondary recovery un-trapped and non-residual 

crude oil is producing; however, the remaining trapped hydrocarbon is the target of the EOR 

techniques to break-down the crude-oil/water/rock bonds. The variation in the value of the 

recovery factor during this phase is dependent on the ability and performance of the injection 

solutions. NCs-1-DW nanofluid prepared from mixing 1500 ppm of ZnO/SiO2/Xanthan green NCs 

within the distilled water enabled to extract extra 19.28% OOIP. For the smart waters (OSS1, 

OSS2, OSS3 and OSS4 as the optimal smart solutions) prepared from mixing 5000 ppm KCl, 5000 

ppm K2SO4, 2500 ppm CaSO4 and CaCl2 and 25000 ppm K2SO4 and CaCl2, the oil recovery factor 

was around 5.3-8.1% OOIP. Meanwhile, after injecting the smart nanofluids prepared from 

dispersing TiO2/SiO2/PAM NCs within these smart waters, the oil recovery increased to 10.5% 

OOIP. In addition, when TiO2/Quartz NCs is applied with the salinity levels of distilled water, low 

salinity water and high salinity water as NCs-3-DW, NCs-3-LoSal and NCs-3-HiSal nanofluid, 

better oil recovery was obtained from 10 to 21% OOIP. The performance of NCs-5 was the highest 

with the presence of ZnO/SiO2/bentonite NCs within the distilled water which is 21.42% OOIP. 

However, the weakest performance of the synthesized green NCs was observed when 

ZnO/SiO2/xanthan is mixed with the surfactant and enabled 6% OOIP. Overall, mixing the green 

NCs within the distilled water exhibited the highest effectiveness in extracting the crude oil after 

waterflooding (see Figure 32).   

 
Figure 32 Oil recovery factor obtained from waterflooding and tertiary recovery under the 

influence of the synthesized green NCs.   
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Furthermore, the oil recovery and pressure drop profiles of the secondary and tertiary 

processes obtained from the coreflooding by brine and chemical solutions contains the synthesized 

NCs are shown in Figure 33. For instance, the cumulative oil recovery improved steadily as more 

brine was injected before approaching a plateau at around 2 PVs. The waterflooding recovery 

factor was identified to be 46.96% original oil in place (OOIP). Then, the cumulative oil production 

was increased by 19.28% OOIP by injecting the NCs-1-LoSal nanofluid prepared from 

ZnO/SiO2/Xanth NCs. Again, the 2nd plateau value was arrived at after injecting roughly 2 PVs. 

At that point the total cumulative oil recovery from both of waterflooding and EOR nanofluid 

flooding was 66.24% OOIP (Figure 33a). In addition, Figure 33b-e demonstrate the flooding 

profiles of 8 core plugs used with NCs-2; wherein, the profile of each optimal smart solution with 

and without the presence of TiO2/SiO2/PAM NCs is shown on a separate figure. For instance, the 

flooding profiles of OSS1 and its performance under the impact of NCs from the core plugs 1 and 

2 are shown together in Figure 33b. As is clear, the waterflooding from both plugs are almost 

similar, but nano-OSS1-1000 enabled to extract an extra 0.3% OOIP compared with the OSS1. 

While, Figure 33c presents the recovery profiles of OSS2 and its nanofluid. The performance of 

waterflooding through the plug#3 was higher compared with its performance through the plug#4 

due to having better reservoir properties. Similarly, the ability of the smart water EOR was 

increased by 0.42% by adding NCs into the OSS2. The recovery profiles of binary-salt systems 

(CaSO4+CaCl2; K2SO4+ CaCL2) under the influences of the synthesized NCs are shown in Figure 

32d,e. (CaSO4+CaCl2)  and (K2SO4+ CaCL2) binary systems illustrate the low recovery efficiency 

of 5.3 and 6.1% OOIP, respectively, but their ability in enhancing oil recovery were improved to 

10.5 and 7.5 % OOIP by adding 1500 and 500 ppm NCs, respectively. The pressure drop curve 

across a core plug during waterflooding is higher compared with the nanofluid injection because 

oil production is based on the pressure and displacement force during this stage (see Figure 33d). 

The pressure is highly increased after injecting 0.2 PV of water and then started to reduce due to 

the breakthrough of the injected water out of the core plu. Afterwards, the pressure continued in 

declining till the end of the displacement by injecting 4 PVs of water and nanofluid. 



Habilitation Thesis           Department of Physical Chemistry 

53 

 
Figure 33 Oil recovery and pressure drop profiles of some core plugs during secondary and tertiary recovery by injecting different types 

of water, surfactant and nanofluids prepared from NCs.; a) NCs-1, b-e) NCs-2, f) NCs-3, g) NCs-4, h) NCs-5, and i) NCs-6.

 

4. Economic feasibility of TiO2/SiO2/poly(acrylamide) nanocomposites

Enhanced oil recovery is usually implemented to increase the cumu-
lative production rate of the oilfiled, and consequently, the total profit
and revenue must be increased. In order to utilize a successful chemical
EOR approach, all project steps including design, economic viability, im-
plementation way and material fabrication must be well studied. The
primary target of the chemical EOR flooding is providing and improving
the IFT reduction andwettability alteration. In this work, TiO2/SiO2/poly
(acrylamide) nanocomposites is fabricated in a green and economic
way from the pomegranate juice and usedwith the smartwater as a hy-
brid chemical EOR approach. The synthesized NCs is effectively de-
creased the IFT and CA from 30 mN/m and 95.7° to 6 mN/m and 48°,
respectively. This confirms the wettability alteration from oil-wet to
water-wet, which led to improve oil recovery factor by 10.5% OOIP. In
the initial phases of nanomaterial preparation including the design, in-
vestigation and evaluation, the cost is not considerable. However, the
cost of the nanomaterial fabrication has a significant impact in the
later steps of the field implementation. The most applicable advantage

of the nanomaterial is that a good improvement in oil recovery factor
can be achieved using very low concentrations. Thus, the total cost of
the nanomaterial implementation in the field scale would be reduced.

5. Conclusions

A novel nano-EOR agent named TiO2/SiO2/PAM nanocomposites
is synthesized from the extract of the pomegranate seeds in a
green and economical way, which consists of the titanium NPs, silica
NPs and polyacrylamide. The results of several analyses including
UV–Vis, XRD, FT-IR, TEM, EDS and SEM techniques confirmed the va-
lidity of the synthesized NCs. From the prepared single and binary
smart systems, KCl and K2SO4 ions at concentration of 5000 ppm
and CaSO4 + CaCl2 (5000 + 5000 ppm) and K2SO4 + CaCL2
(2500 + 2500 ppm) are selected as the optimal smart solution de-
pendent on the IFT and CA results. The minimum value of IFT be-
tween crude-oil/smart-water system is achieved when 5000 ppm
K2SO4 are used, which is 12.83 mN/m. At the same time, the contact
angle of 44.5° of the oil droplets on the surface of the carbonate rock
is obtained as the minimum value with the presence of 5000 ppm
K2SO4. However, the minimum values of IFT and CA of the crude-
oil/smart-nanofluid are obtained by nano-OSS1 (5000 ppm
KCl + 500 ppm NCs) and nano-OSS2-1500 (5000 ppm K2SO4)
which are 6.1 mN/m and 49°, respectively. In addition, nano-OSS3-
1500 provided the highest oil recovery factor of 10.5% OOIP com-
pared with all other smart-nanofuid solutions. Thus, oil and water
relative permeability curves are shifted to the right side under the
influence of the most effective smart-nanofluid solution.

Credit author statement

Jagar A. Ali: Data curation; Formal analysis; Investigation; Method-
ology; Writing - original draft; Resources; Software. Kamal Kolo: Pro-
ject administration; Writing - review & editing; Supervision. Abbas
Khaksar Manshad: Conceptualization; Writing - review & editing;
Data curation; Supervision.Karl D. Stephen:Writing - review& editing;
Supervision.

Declaration of Competing Interest

None.
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injected; black color line expresses the pressure curve through the injection process, and
red color curve shows the oil recovery factor versus the pore volume injected.
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reduces the IFT, effectively. Afterward, the synthesized TiO2/Quartz NC
with 250, 500 and 1000 ppm concentrations have been added to the
distilled water and seawater with various salinity ranges, and the IFT
between crude oil and nanofluids (DWN, HSN and LSN) was measured,
which was ranged between 2.645 and 21.424mN/m. In this section of
the experiment, we enabled to minimize the IFT by about 92.7% from
36.416 to 2.645mN/m by the effect of synthesized NC and its con-
centration. This observation agrees with Choi et al. [26] and Qi et al.
[27], which they stated that a layered structure develops by the pre-
sence of the nanoparticles at the interface between the crude oil and
polymeric nanofluids, which reduces the IFT. This mechanism will
become more effective and stronger by increasing the concentration of
polymer coated nanoparticles. In this work, TiO2/Quartz was more ef-
fective the distilled water compared to the seawater-based nanofluids
for all the three different nanocomposite concentrations, and the
minimum value IFT has been obtained for between crude oil and dis-
tilled water with 500 ppm NC concentration. According to Al-Anssari
et al. [10], the selected percentage error of IFT measurement was±
5%.

Figs. 11–13 illustrate the effects of pressure and temperature on IFT
reduction at different NC concentrations and water salinity ranges. In
this work, the experiments were performed at 30, 50 and 70 °C and 500,
1000 and 1500 psi. The impact of temperature on IFT reduction is
stronger compared with the effect of pressure. When adding 250 ppm of
TiO2/Quartz NC into the distilled water, its IFT was significantly re-
duced by about 69.8% from 36.14 to 19.986mN/m, however, this
value was changed with increasing the temperature and pressure
(Fig. 11). Generally, IFT was increased with increasing pressure, and
less reduction in its value achieved under the effect of nanocomposite.
While, the temperature had a stronger impact on IFT compared with the
pressure, and it resulted more reduction in the IFT value, for example
from increasing the temperature from 30 to 70 °C, IFT between oil-
DWN250 was reduced from 10.98 to 7.205 mN/m and increased again
to 9.502mN/m when subjected to higher pressure (1500 psi). Ad-
ditionally, for all three other kinds of nanoluids (LSNs, MSNs and HSNs)
the IFT value was rarely reduced by adding 250 ppm of NC, and re-
mained almost constant under the effect of pressure and temperature
except for the low salinity water-based naofluid.

Fig. 12 shows the IFT values measured between crude oil and dif-
ferent nanofluids with the 500 ppm nanocomposite concentration under
the effects of temperature and pressure. As it is obvious, the lowest IFT
about 2.645mN/m was achieved when the crude oil was immersed in
the DWN500 solution under the ambient temperature and pressure

condition, which was more reduced to 1.14mN/m with ivreasing the
pressure to 1000 psi. However, it was again increased with increasing
temperature and pressure up to 8.412mN/m. For the crude oil and
LSNs systems, the IFT was also reduced but gradually and not effec-
tively when NC concentration was increased to 500 ppm; even the effect
of temperature and pressure was also very low. Particularly, for both
MSNs and HSNs, IFT vale almost remained the same when increasing
the NC concentration to 500 ppm with no changes due to the impacts of
pressure and temperature.

Lastely, with dispersing 1000 ppm of TiO2/Quartz within the dif-
ferent saline waters, only a desirbale reduction of IFT was obtained
with the distilled water-based naofluid (DWN1000), but still lower than
the minimum value achieved with the DWN500 (Fig. 13). IFT value was
also influened by the impact of the temperature and pressure. Unlikly,
the similar trends of IFT reduction were achieved for LSN1000,
MSN1000 and HSN1000 nanofluids as with 250 and 500 ppm in pre-
vious cases.

3.4. Wettability alteration

The contact angle of the several aqueous systems was measured to
describe the wettability behavior of the carbonate thin sections with
and without the presence of the synthesized nanocomposites. In this
section, the effect of TiO2/Quarz on the value of the contact angle while
using distilled water, seawater, and diluted seawater (1:10 times and
1:20 times) has been discussed in details. Fig. 14 illustrates values of
contact angles measured under the effect of nanocomposite, salinity
and temperature. Basically, the initial contact angle measurements
showed a strong oil-wet system on the carbonate pellets for all different
solutions with 250 ppm NC concentration. The maximum contact angle
was measured when the aged thin section was submersed into the
seawater-based nanofluid with 250 ppm NC (HSN250), which was
about 117°. Generally, the effect of TiO2/Quartz on the wettability al-
teration was very weak while using seawater, and the contact angle was
only reduced by about 10.25% from 117° to 105° with increasing the
NC concertation from 250 to 1000 ppm. However, an effective reduc-
tion in contact angle was noticed when diluting seawater by 10 and 20
times. Under the same experimental condition and NC concertation,
contact angle was reduced by about 33.6% with 1:10 dilutions and
47.5% with 1:20 dilutions of seawater. From the obtained results in
accordance to Sharma et al. [23], the synthesized nanocomposite was
more effective with low salinity water compared with high salinity
waters and enabled to alter the wettability of the carbonate rock from

Fig. 16. Production profiles of water and LoSal-polymeric nanofluid flooding as a function of injected PV.
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3.4.1. Nanofluid (1000 ppm) injection in sandstone core sample 
The results of the secondary and tertiary recovery tests on core plug 1 

(sandstone) for the 1000 ppm nanofluid injection are presented in 
Fig. 11. It is clear from our results that biosynthesized smart nanofluid 
injection was very effective in enhancing oil recovery in sandstone rock 
samples after seawater injection (secondary recovery potential). After 
the initial crude oil injection in the fully saturated (by de-ionized water) 
sandstone sample, the amount of OOIP was 5.7 cc (61%) and the irre-
ducible water saturation was 39%. Then, seawater injection (secondary 
recovery) produced 51.05% of the OOIP. Afterward, 1000 ppm of bio-
synthesized smart nanofluid was injected which has resulted in a further 
15.79% increase in oil recovery from residually trapped oil in the 
sandstone pore matrix. The breakthrough point for tertiary oil recovery, 
where two-phase flow started (crude oil and 1000 ppm nanofluid in this 
case) has happened in about 1.27 pore volume of 1000 ppm nanofluid 
injection. 

Fig. 12 shows water and oil relative permeability curves plotted via 
Johnson, Bossler, and Nauman (JBN) method for both secondary and 
tertiary recoveries in the sandstone core plug. This method requires 
effluent phase ratio vs time during two-phase displacement and overall 
pressure drop to calculate relative permeability curves. As shown in 
Fig. 12, the intersection point (at 57%) of water and oil permeability 
curves in the secondary recovery stage (located on the left side) indicates 
that the core is weakly water-wet [107]. In the tertiary recovery stage, 
the intersection point (at 65%) of water and oil permeability curves 
moves toward the right side, which confirms that after 1000 ppm NCs 

injection the sandstone core plug became strongly water-wet. This 
shifting in wettability phase towards hydrophilic conditions is respon-
sible for the decrease in residual oil saturation (Sor) and increase in Swr, 
hence resulting in enhancement of oil recovery. 

3.4.2. Nanofluid (250 ppm) injection in carbonate core sample 
Fig. 13 depicts the results of the secondary and tertiary recovery tests 

on core plug 2 (carbonate) for the 250 ppm nanofluid injection. It is clear 
from our results that biosynthesized smart nanofluid injection was also 
very effective in enhancing residual oil recovery in carbonate rock 
samples after seawater injection (secondary recovery potential). After 
the initial crude oil injection in a fully saturated (by de-ionized water) 
carbonate sample, the amount of OOIP was 6.9 cc (68.92%) and the 
irreducible water saturation was 31.08%. Thereafter, seawater injection 
(secondary recovery) produced 40.2% of the OOIP. Afterward, 250 ppm 
biosynthesized smart nanofluid was injected which has resulted in a 
further 11.72% increase in oil recovery from residually trapped oil in the 
carbonate pore matrix. The breakthrough point, where two-phase flow 
started (crude oil and 250 ppm nanofluid in this case) for tertiary oil 
recovery has happened in about 1.52 pore volume of 250 ppm nanofluid 
injection. 

The water and oil relative permeability curves (Fig. 14) via Johnson, 
Bossler, and Nauman (JBN) method for both secondary and tertiary 
recoveries in the carbonate core plug have shown the same phenomena 
as of sandstone core plug, but the degree of change was different. As 
shown in Fig. 14, the intersection point (at 53%) of water and oil 
permeability curves in the secondary recovery stage (located on the left 
side) indicates that the core is weakly water-wet. In the tertiary recovery 
stage, the intersection point (at 67%) of water and oil permeability 
curves moves toward the right side, which confirms that after 250 ppm 
NCs injection the carbonate core plug became strongly water-wet. This 
increase in Swr and decrease in Sor is caused by the shifting of wetta-
bility state from weakly water-wet to strongly water-wet (note that the 
wettability shift in carbonate core plug was 14% compared to 8% in 
sandstone core plug). In a nutshell, enhanced oil recovery methods 
require new materials such as our biosynthesized nanofluid which can 
play an integral part in enhancing the oil recovery and meeting the 
demand of the overgrowing population from the existing sedimentary 
reservoirs. 

4. Summary and conclusions 

Nanofluids or nano-suspensions of various nanocomposites sus-
pended in surfactants, brine solutions, or de-ionized water have pro-
vided a way to deal with different nano-energy applications in 
subsurface formations including drilling [22–24], CO2 storage [32,108], 

Table 6 
Summary of the core flooding tests.  

Core plug 

Characteristic 1 (sandstone) 2 (carbonate) 

Porosity (%) 15.32 12.82 
Permeability (mD) 30 8.23 
Pore volume (cm3) 10.41 9.65 
Initial oil saturation (%) 61 68.92 
Secondary recovery 
Injected fluid Seawater Seawater 
Oil recovery (%) 51.05 40.20 
Oil saturation (%) 29.85 41.21 
Capillary number, dimensionless 0.27 × 10-5 0.43*10-5 

Mobility ratio, dimensionless 28.2 29.1 
Tertiary recovery 
Injected Fluid 1000 ppm –NCs 250 ppm -NCs 
Oil recovery (%) 15.79 11.72 
Oil saturation (%) 25.14 36.38 
Capillary number, dimensionless 0.58*10–5 0.83*10-5 

Mobility ratio, dimensionless 18.2 22.5 
Total oil recovery (%OOIP) 66.85 51.92  
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and enhanced oil recovery [13,19,60]. In this article, a green novel 
(SiO2@Montmorilant@Xanthan) nanocomposite was biosynthesized 
using silica, montmorilant, xanthan, and Adinandra dumosa plant 
extract to comprehend its effects for IFT reduction and wettability shift 
for the applications of EOR. This study was divided into three parts, (1) 
analytical characterization of biosynthesized nanocomposite using, 
XRD, FTIR, TGA, SEM, and EDS techniques, (2) formulating different 
concentrations (100, 250, 500, 1000, 1500, and 2000 ppm) of nanofluid 
to comprehend its effects on IFT reduction and wettability reversal, (3) 
optimum concentrations were acquired for EOR applications in sand-
stone and carbonate formations. The important outcomes of this article 
are outlined below:  

1. XRD analysis showed that silica/quartz is the predominant phase 
present in the nanocomposite followed by Montmorillonite. FTIR 
measurements have shown siloxane bonds (Si–O–Si), (Al – OH) 
bonding, hydrogen bonding (C–H), and hydroxyl bonding (C–OH). 
TGA measurements have revealed that this nanocomposite exhibits 
low weight loss (0.91 mg, 24.44% at 1000 ◦C) and high thermal 
stability. FESEM micrographs have depicted irreversible adsorption 
of nanocomposite with the particle size of 31 to 50 nm and EDS 
measurements have shown that the Si element is responsible for the 

predomination of the quartz structure in the biosynthesized 
nanocomposite.  

2. IFT measurements between crude oil and nano-formulations have 
revealed a 56% reduction from 35 mN/m to 15.42 mN/m at an op-
timum nano-concentration of 250 ppm. A similar effect was noted in 
wettability reversal. The initial contact angle of the oil-wet carbonate 
sample was 150◦ which has reduced to 33◦ at an optimum nano- 
concentration of 250 ppm. The initial contact angle of the oil-wet 
sandstone sample was 140◦ which has reduced to 34◦ at an opti-
mum nano-concentration of 1000 ppm.  

3. The total oil recovery in sandstone rock sample was 66.85% after 
nanofluid injection with the NCs concentration of 1000 ppm, in 
which secondary recovery was 51.05% by seawater injection and 
tertiary recovery was 15.8% by 1000 ppm nanofluid injection. 
However, the core flooding test in a carbonate rock sample resulted 
in the total oil recovery of 51.92% after nanofluid injection with the 
NCs concentration of 250 ppm, in which the secondary recovery was 
40.20% by seawater injection and tertiary recovery was 11.72% by 
250 ppm nanofluid injection. 

Fig. 12. Relative permeability curves of water and oil for the water-wet sandstone rock during the seawater injection and NCs (1000 ppm) flooding (Plotted using the 
JBN method). 
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of tests doubled to 80 ◦C. Thus, nanofluids enabled to reduce the CA up 
to 38% and 42% compared with what achieved in both experiment 
conditions of 20 ◦C and 40◦, respectively. In this experimental condition, 
DW-2000 nanofluid prepared from mixing 2000 ppm NCs within the 
distilled water enabled to reduce the CA of oil droplet on the surface of 
the used carbonate rock by 53% from 139.5◦ to 65.5◦. Hence, it can be 
reported that the wettability of the carbonate rock was altered to a 
moderate water-wet system which is favorable for the extra oil pro-
duction as EOR recovery [18]. 

3.5. Oil displacement 

Oil displacement experiments were carried out in two phases; in the 
first phase, seawater, LoSal-2000 nanofluid, HiSal-2000 nanofluid and 
DW-2000 nanofluid were injected into core plugs 1 to 4, respectively. 
These displacements of crude oil were handled as a secondary recovery 
directly after the achieving the favourable aging of plugs. Additionally, 
in the second phase oil from core plugs 5 and 6 was displaced in two 
steps, (1) by water as secondary recovery method, and (2) by LoSal-2000 
and DW-2000 nanofluids as tertiary recovery. The oil displacement in all 
core plugs was carried out under the same experimental condition of 
temperature, pressure and injection rate. However, the petrophysical 
properties of the used core plugs are not exactly same but with little 
variation and from the same outcrop (see Table 2). The porosity of the 
used plugs varies from 14.32 to 16.3% and permeability is ranged be-
tween 6.93 and 8.13 mD. 

The recovery and pressure profiles of the oil displacement from core 
plugs 1 to4 are illustrated in Fig. 17. As a secondary recovery, the 
maximum oil recovery of 62.14% OOIP was achieved from displacing 
core plug 4 by DW-2000 nanofluid prepared from dispersing 2000 ppm 
of ZnO2/SiO2/bentonite NCs within the distilled water. The water 
saturation in this core plug was reduced from its initial value of 0.547 to 
0.245 (see Fig. 17d). The interaction of the pressure curve with the re-
covery curve can be seen after injecting 0.7–0.9 PVs of fluids into core 
plugs as shown in Fig. 17. Waterflooding was enabled to produce only 
44.2% OOIP, wherein, more hydrocarbon was produced from injecting 
the nanofluids. LoSal-2000 nanofluid produced 55% OOIP and HiSal- 
2000 nanofluid displaced 49.6% of oil. As is obvious, the recovery ef-
ficiency of the core plug was improved with reducing the salinity of 
water and adding the synthesized NCs. 

Furthermore, Fig. 18 illustrates the production profile of the oil 
displacement from core plugs 5 and 6. Waterflooding enabled to extract 
41.2% OOIP from plug#5, and was increased to 59.4% OOIP by 
injecting LoSal-2000 nanofluid. However, core plug 6 showed the better 
recovery efficiency in both phases of recovery. Sweater displaced 44% 
OOIP as secondary recovery, and 21.41% OOIP extra oil was extracted 
when DW-2000 nanofluid was injected into plug#6 after waterflooding. 
Generally, the highest recovery factor of oil was achieved from core plug 
6 when DW-2000 nanofluid was injected as a tertiary recovery method, 
which 65.41% OOIP. 

4. Conclusions 

This study reported the impact of the newly developed nano-
composites, called ZnO2/SiO2/bentonite, on the oil recovery, IFT 
reduction and wettability alteration during secondary and tertiary re-
covery methods at different experimental conditions. In this study, 
several points were raised as summarized below: 

• The minimum IFT of crude oil droplet was achieved with the pres-
ence of DW-2000 nanofluid prepared from mixing 2000 ppm ZnO2/ 
SiO2/bentonite NCs within the distilled water at 80 ◦C, which is 2.59 
mN/m.  

• Additionally, the same nanofluid enabled to alter the wettability 
from the strong oil-wet to a moderate water-wet.  

• The NC concentration and experiment temperature showed a strong 
impact on the reduction of both IFT and CA.  

• The salinity had an inverse influence on the IFT and CA. Thus, the 
minimum values of both EOR parameters were achieved when the 
salinity is near to zero and NC concentration and temperature were 
the highest.  

• The best recovery efficiency was obtained when the DW-2000 
nanofluid was injected into a core plug as the chemical EOR flood-
ing at 75 ◦C and 1400 psi with the injection rate of 0.5 cm3/min, 
which is 65.41% OOIP. 
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Fig. 18. Production profiles of displacing core plugs 5 and 6; sweater was injected into both plugs as secondary recovery method, and LoSal-2000 and DW-2000 
nanofluids injected into plug 5 and 6, respectively as tertiary recovery. 

A.K. Manshad et al.                                                                                                                                                                                                                            

NCs-4-DW-Carbonate 

a 

b c 

e 
f 

g 

h i 
j 



Application of green nanocomposites in enhanced oil recovery 

 54 

5.3. Relative permeability  

Relative permeability is one of the crucial reservoir parameters that influence the flow 

behaviour of the fluids exists in the porous media. Changing the relative permeability is a key 

observation of improving the mobility of the crude oil over the brine towards the production well. 

Figure 34 represents the relative permeability curves (Kro and Krw) of core plugs before and after 

the treatment tertiary recovery by nanofluids and other chemical solutions. In this study, oil 

displacement data were inserted in CYDAR software using Johnson, Bossler and Nauman (JBN) 

approach (Johnson et al., 1959). In this method, the obtained data of the oil displacement pressure 

drop and the ratio of extracted phase during time when two aqueous phases are existed. Generally, 

comparing the relative permeability curves before and after the nanofluid flooding, it can be 

observed that there are appropriate variations in the irreducible water saturation (Swr), the point 

where the water and oil relative permeabilities are equal and the relative permeability curves. 

Relative permeability curve of NCs-1-LoSal nanofluid whon in Figure 34a as an example, values 

of the irreducible water saturation, before (Swir = 0.23) and after treatment (Swir = 0.47), indicate 

that, according to the Craig’s rules of thumb (Anderson, 1987), the wettability of the carbonate 

plug was changed from the oil-wet system to a strongly water-wet system. The most likely 

explanation for this considerable change in relative permeability curves is the adsorption of 

ZnO/SiO2/xanthan NCs on the surface of the carbonate. The oil relative permeability curve was 

considerably shifted to the right because of nanofluid flooding, which suggests that the oil effective 

permeability at a particular water saturation improved as the wettability system was changed to a 

stronger water-wet condition. Similar to the oil relative permeability curve, the crossover point 

was also moved to the right. After injecting the nanofluid, the water saturation at which the water 

and oil relative permeabilities become equal was changed from 0.4 to 0.6. According to the Craig’s 

rules of thumb (Anderson, 1987), this value is typical of strongly water-wet cores.  

In addition, the relative permeability curves estimated from NCs-4 nanofluid floodings 

through the sandstone and carbonate core plugs are shown in Figure 34c,d. As can be seen, the 

intersection point (at 57%) of water and oil permeability curves in the secondary recovery stage 

(located on the left side) indicates that the core is weakly water wet. In the tertiary recovery stage 

when NCs-4 nanofluid prepared from 1000 ppm SiO2/Montmorilant/xanthan NCs is injected, the 

intersection point (at 65%) of water and oil permeability curves moves toward the right side which 

confirms that the sandstone core plug became strongly water wet (see Figure 34c). This shifting in 
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wettability phase towards hydrophilic conditions is responsible for the decrease in residual oil 

saturation (Sor) and increase in Swr, hence resulting in enhancement of oil recovery. Meanwhile 

the same behavior of the relative permeability curves was observed when the same nanofluid was 

injected into the carbonate core plug but with weaker alteration (see Figure 34d).  

   

        

  
Figure 34 Oil and water relative permeability curves before and after treatment of core plugs with 

nanofluids prepared from: a) ZnO/SiO2/xanthan NCs, b) TiO2/SiO2/PAM NCs, c) 

SiO2/Montmorilant/xanthan NCs, and d) ZnO/montmorilant NCs.  

 

4. Economic feasibility of TiO2/SiO2/poly(acrylamide) nanocomposites

Enhanced oil recovery is usually implemented to increase the cumu-
lative production rate of the oilfiled, and consequently, the total profit
and revenue must be increased. In order to utilize a successful chemical
EOR approach, all project steps including design, economic viability, im-
plementation way and material fabrication must be well studied. The
primary target of the chemical EOR flooding is providing and improving
the IFT reduction andwettability alteration. In this work, TiO2/SiO2/poly
(acrylamide) nanocomposites is fabricated in a green and economic
way from the pomegranate juice and usedwith the smartwater as a hy-
brid chemical EOR approach. The synthesized NCs is effectively de-
creased the IFT and CA from 30 mN/m and 95.7° to 6 mN/m and 48°,
respectively. This confirms the wettability alteration from oil-wet to
water-wet, which led to improve oil recovery factor by 10.5% OOIP. In
the initial phases of nanomaterial preparation including the design, in-
vestigation and evaluation, the cost is not considerable. However, the
cost of the nanomaterial fabrication has a significant impact in the
later steps of the field implementation. The most applicable advantage

of the nanomaterial is that a good improvement in oil recovery factor
can be achieved using very low concentrations. Thus, the total cost of
the nanomaterial implementation in the field scale would be reduced.

5. Conclusions

A novel nano-EOR agent named TiO2/SiO2/PAM nanocomposites
is synthesized from the extract of the pomegranate seeds in a
green and economical way, which consists of the titanium NPs, silica
NPs and polyacrylamide. The results of several analyses including
UV–Vis, XRD, FT-IR, TEM, EDS and SEM techniques confirmed the va-
lidity of the synthesized NCs. From the prepared single and binary
smart systems, KCl and K2SO4 ions at concentration of 5000 ppm
and CaSO4 + CaCl2 (5000 + 5000 ppm) and K2SO4 + CaCL2
(2500 + 2500 ppm) are selected as the optimal smart solution de-
pendent on the IFT and CA results. The minimum value of IFT be-
tween crude-oil/smart-water system is achieved when 5000 ppm
K2SO4 are used, which is 12.83 mN/m. At the same time, the contact
angle of 44.5° of the oil droplets on the surface of the carbonate rock
is obtained as the minimum value with the presence of 5000 ppm
K2SO4. However, the minimum values of IFT and CA of the crude-
oil/smart-nanofluid are obtained by nano-OSS1 (5000 ppm
KCl + 500 ppm NCs) and nano-OSS2-1500 (5000 ppm K2SO4)
which are 6.1 mN/m and 49°, respectively. In addition, nano-OSS3-
1500 provided the highest oil recovery factor of 10.5% OOIP com-
pared with all other smart-nanofuid solutions. Thus, oil and water
relative permeability curves are shifted to the right side under the
influence of the most effective smart-nanofluid solution.
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and enhanced oil recovery [13,19,60]. In this article, a green novel 
(SiO2@Montmorilant@Xanthan) nanocomposite was biosynthesized 
using silica, montmorilant, xanthan, and Adinandra dumosa plant 
extract to comprehend its effects for IFT reduction and wettability shift 
for the applications of EOR. This study was divided into three parts, (1) 
analytical characterization of biosynthesized nanocomposite using, 
XRD, FTIR, TGA, SEM, and EDS techniques, (2) formulating different 
concentrations (100, 250, 500, 1000, 1500, and 2000 ppm) of nanofluid 
to comprehend its effects on IFT reduction and wettability reversal, (3) 
optimum concentrations were acquired for EOR applications in sand-
stone and carbonate formations. The important outcomes of this article 
are outlined below:  

1. XRD analysis showed that silica/quartz is the predominant phase 
present in the nanocomposite followed by Montmorillonite. FTIR 
measurements have shown siloxane bonds (Si–O–Si), (Al – OH) 
bonding, hydrogen bonding (C–H), and hydroxyl bonding (C–OH). 
TGA measurements have revealed that this nanocomposite exhibits 
low weight loss (0.91 mg, 24.44% at 1000 ◦C) and high thermal 
stability. FESEM micrographs have depicted irreversible adsorption 
of nanocomposite with the particle size of 31 to 50 nm and EDS 
measurements have shown that the Si element is responsible for the 

predomination of the quartz structure in the biosynthesized 
nanocomposite.  

2. IFT measurements between crude oil and nano-formulations have 
revealed a 56% reduction from 35 mN/m to 15.42 mN/m at an op-
timum nano-concentration of 250 ppm. A similar effect was noted in 
wettability reversal. The initial contact angle of the oil-wet carbonate 
sample was 150◦ which has reduced to 33◦ at an optimum nano- 
concentration of 250 ppm. The initial contact angle of the oil-wet 
sandstone sample was 140◦ which has reduced to 34◦ at an opti-
mum nano-concentration of 1000 ppm.  

3. The total oil recovery in sandstone rock sample was 66.85% after 
nanofluid injection with the NCs concentration of 1000 ppm, in 
which secondary recovery was 51.05% by seawater injection and 
tertiary recovery was 15.8% by 1000 ppm nanofluid injection. 
However, the core flooding test in a carbonate rock sample resulted 
in the total oil recovery of 51.92% after nanofluid injection with the 
NCs concentration of 250 ppm, in which the secondary recovery was 
40.20% by seawater injection and tertiary recovery was 11.72% by 
250 ppm nanofluid injection. 
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Fig. 12. Relative permeability curves of water and oil for the water-wet sandstone rock during the seawater injection and NCs (1000 ppm) flooding (Plotted using the 
JBN method). 

Fig. 13. Oil recovery factor VS pore volume of 250 ppm, NCs injection.  
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Fig. 14. Relative permeability curves of water and oil for the oil-wet carbonate rock during the seawater injection and NCs (250 ppm) flooding (Plotted using the 
JBN method). 
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5.4. Emulsification 

The emulsification stability analysis was carried out for the crude oil with different nanofluids 

prepared from ZnO/SiO2/Xanthan and TiO2/Quartz NCs at different concentrations. Figure 35 

shows the emulsion behaviors of crude oil and NCs-1 nanofluids at concentrations ranged from 

500 to 2000 ppm including nanofluids from mixing the NCs with the seawater (PN500, PN1000 

and PN2000) and nanofluids prepared from mixing the nanocomposites with the LoSal water 

(LPN500, LPN1000 and LPN2000). Figure 35a-f presents the emulsification behavior of all fluid 

systems at different time steps, over 12 hours. On the whole, the stability varied between the time 

steps and across the NCs-1 concentration. As can be seen, after shaking the oil/nanofluid emulsions 

for 30 minutes, the coalescence of some mixtures was quickly occurred during the first two hours 

and increased (Figure 35b-d). On the other hand, the emulsion stability, with no flocculation and 

coalescence, for all other fluid systems was observed at 8 hrs and 12 hrs after settling (Figure 35e-

f). At lower concentration of polymer coated ZnO/SiO2 NCs, higher reduction of the emulsion 

stability was observed in both nanofluid and LoSal nanofluid systems. This is true according to 

the theory of Dickinson et al. (1994) in which they stated that oil droplets quickly experience 

coalescence to develop larger droplets with low polymer concentration which causes the emulsion 

stability to become decreased. However, with increasing the concentration of the synthesized NCs, 

better emulsion stability was obtained due to the better adsorption of the nanocomposites on oil 

droplets and occurring isolation between oil droplets (Ghosh, 2012). The emulsification stability 

of the nanofluids (PNs) developed from the high salinity seawater was gradually improved with 

increasing the NC concentration for all time steps as shown by purple line on Figure 35. The 

stability of the nanofluid emulsion formed with 500 ppm NCs was reduced very quickly after 1 hr 

of settling, and started to reduce after 4 hrs with 1000 ppm NCs concentration. However, a high 

stable emulsion of crude oil/PN2000 was observed through the all settling time-steps, which was 

inferred as an optimal nanofluid. However, there was no steady trend observed with the LoSal 

nanofluids (LPNs) with increasing the NC concentration. The stability of oil/LPN emulsion with 

500, 1000 and 2000 ppm was started to reduce after 1-2 hrs of settling. In addition to this, better 

stability of LPN was identified with 2000 ppm NC concentration compared to 500 and 1000 ppm.  
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Figure 35 Emulsification images of oil/polymeric and oil/low salinity-polymeric nanofluids over 

various time-steps. 
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6. Conclusions and future prospective 

In this thesis, several nanocomposites which were synthesized greenly were evaluated in the 

EOR applications. These NCs were prepared from the extracts of plants and characterized using 

different analytical techniques. NCs dispersed within nanofluids were applied in IFT, contact angle 

and oil displacement tests, the outcomes of the current work can be summarized as follows:  

- The synthesized NCs were evenly dispersed in water with high suspension stability for a 

certain period of time and an excellent rheology and interfacial activity. 

- Synthesized NCs are more effective when mixed within the LoSal and distilled water 

compared with the HiSal water.  

- TiO2/Quartz NCs made from euphoria condylocarpa extract reduced IFT from 28 to 1.141 

mN/m when it is mixed with the distilled water; meanwhile, synthesized SiO2/KCl/Xanthan 

NCs created the minimum IFT of 1.51 mN/m when it is dispersed within methyl ethyl keton.  

- Nano-surfactant solution made up of ZnO/Montmorilant NCs and natural surfactant extracted 

from Cyclamen persicum plant provided the highest performance in altering the wettability 

towards strong water wet by decreasing the CA to 19°. In addition, NCs-1, 4,7 effectively 

reduced the CA to 34.08, 33 and 22°, respectively when mixed with LoSal and distilled water.  

- Nanofluids prepared from mixing NCs-1, NCs-3 and NCs-5 within the distilled water enabled 

to improve oil recovery factor significantly by 19.28, 21 and 21.41% OOIP, respectively. 

Despite the fact that the synthesized nanocomposites in this study demonstrated great potential 

for altering the wettability of oil-wet surfaces and reducing the interfacial tension of oil/water 

systems, more specific studies need to be studied to confirm their economical applicability in the 

real field. Consequently, it is critical to design a cheap nanosuspension with a controlled structure 

and stable formulation. Moreover, although this study investigated a comprehensive range of IFT, 

stability behaviour, wettability alteration, oil recovery, emulsification and relative permeability, 

there remain significant areas that need to covered in the future work. The performance of the 

distribution of the nanocomposites in the porous media must be studied visually using micro-

models. Conducting the visualization study of the impact of nanofluid injection on clay the 

swelling, capillary continuity and capillary discontinuity phenomena in fracture medium in 

micromodels. In addition, the absorption behavior of the nanocomposites to the surface of the 

carbonate and sandstone rocks should be evaluated along with using simulation and modelling.  
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7. Abbreviations and nomenclature 
EOR     Enhanced oil recovery  

IFT      Interfacial tension  

CA    Contact angle 

Kro    Relative permeability for the oil phase  

Krw    Relative permeability for the water phase  

mD      MilliDarcy  

Nanofluid     Nanoparticles dispersed in a fluid   

NCs     Nanocomposites  

NPs     Nanoparticles  

PV     Pore volume  

RF     Recovery factor % OOIP 

rpm     Rotations per minute   

SEM  Scanning electron microscope   

So    Oil saturation   

Soi    Initial oil saturation   

Sor    Residual oil saturation  

Swi    Initial water saturation  

Swir    Irreducible water saturation  

wt. %      Weight percent  

XRD     X-ray diffraction  

∆P      Differential pressure over the core plug  

θ    Contact angle (CA) 

 µ    Viscosity  

σ    Interfacial tension (IFT)  

ρ    Density  

OOIP    Original oil in place  

UV–Vis   Ultraviolet–visible spectroscopy  

FT-IR     Fourier-transform infrared spectroscopy 

TEM     Transmission electron microscopy  

EIA    Energy Information Administration 
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MMNC   Metal matrix nanocomposite 

PMNC    Polymer matrix nanocomposite 

CMNC    Ceramic matrix nanocomposite 

ICDD     International center for diffraction data 

HiSal    High salinity 

LoSal    Low salinity 

MoSal     Moderate salinity 

ADSA     Axisymmetric Drop Shape Analysis 

DW    Distilled water  

OSS    Optimal smart solution 

HSW    High salinity water  

LSW    Low salinity water  

JBN    Johnson, Bossler and Nauman 

PN    Polymeric nanofluid  

LPN    Low salinity polymeric nanofluid  
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a b s t r a c t

Chemical methods of enhanced oil recovery (CEOR) are applied for improving oil recovery from different
kinds of oil reservoirs due to their ability for modifying some crucial parameters in porous media, such as
mobility ratio (M), wettability, spreading behavior of chemical solutions on rock surface and the interfa-
cial tension (IFT) between water and oil. Few decades ago, the surfactant and polymer flooding were the
most common CEOR methods have been applied for producing the remained hydrocarbon after primary
and secondary recovery techniques. Recently, more attention has been focused on the potential applica-
tions of the nanotechnology in enhanced oil recovery (EOR). For this purpose, many studies reported that
nanoparticles (NPs) have promising roles in CEOR processes due to their ability in changing oil recovery
mechanisms and unlocking the trapped oil in the reservoir pore system. This paper presents a compre-
hensive and up-to-date review of the latest studies about various applications of nanoparticles (NPs)
within the surfactant (S), polymer (P), surfactant-polymer (SP), alkaline-surfactant-polymer (ASP) and
low salinity waterflooding processes, which exhibits the way for researchers who are interested in inves-
tigating this technology. The review covers the effects of nanoparticles on wettability alteration, interfa-
cial tension reduction and oil recovery improvement, and discusses the factors affecting the rock/fluid
interaction behavior in porous media through the nanofluid flooding.
! 2018 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Most of the oil-producing fields in the world have reached or
are approaching the stage where the rate of total oil-field produc-
tion is at or close to the decline phase regardless of oil companies’
efforts to delay this phase by using different enhanced oil recovery
(EOR) techniques including polymerchemical flooding, gas injec-
tion, surfactant, low salinity water and thermal methods [1]. Even
though about 50% of the initial oil-in-place is still trapped in the
reservoir as a bypassed and/or as a residual oil, but some older
fields are faced with abandonment [2]. Since the last decade,
numerous researchers are attempting to recover more oil commer-
cially and to delay the abandonment of oil fields by innovating
some newly techniques from utilizing the nanotechnology in oil
and gas industry [3]. Nanotechnology, as the latest worldwide
industrial innovation, uses nanoparticles with the size of 1–
100 nm to enhance the rheological properties of fluids at different
temperatures. This technology covers the construction, characteri-
zation and application of materials, systems and devices of an ele-
ment at the nanometer scale [4,5]. By adding these nanoscale
materials (nanoparticles) into various base fluids, different
nanofluids can be designed and produced with different physical
properties [6]. Specialized literature covers a wide range of
research topics regarding how the various types of nanoparticles
(NPs) are targeting the alteration of specific parameters and
rock-fluid properties in order to enhance the oil recovery (Table 1).
The SEM morphologies of the most used nanoparticles in EOR pro-
cesses are shown in Fig. 1. Generally, there are some favorable out-
comes behind the use of the nanoparticles in EOR applications
(Fig. 2), such as the IFT reduction [7–9], wettability alteration

[10,11], heavy oil swelling [12], asphaltene stabilization [13],
reducing the viscosity of oil [14-16], increasing the viscosity of
injecting fluid [17,18], nano-emulsion creation [19], pore channel
plugging [20,21], and disjoining pressure [22,23]. In some cases,
the dispersion of nanoparticles into the reservoir fluids might lead
to multiple positive results. For instance, disjoining pressure, as an
EOR mechanism, can influence favorably other mechanisms such
as wettability alteration and increasing the sweep efficiency
[24,25].

In addition to their roles in recovery enhancement mechanisms,
the transportation efficiency of nanoparticles in the porous media
also matters and has been investigated. Rodriguez et al. [26], con-
cluded that besides the ability of nanoparticles to pass easily
through the pore throats in the porous media due to their small
sizes, they can also stay dispersed within the solutions due to their
active surface and high stability [26]. Kanj et al. [27] quantified the
applicable sizes of nanoparticles which are feasible to be trans-
ported through the porous media, and reported that particles with
the size up to 200 um can be easily transported with high disper-
sion stability. In addition, Li and Torsæter [28] studied the trans-
portation and adsorption behaviors of various types of silica NPs
through the porous media. From their results, it was found that
the hydrophilic silica non-structure particles (NSP) have a better
adsorption ability compared to hydrophilic silica colloidal
nanoparticles (CNP) [28]. While, Aurand and Torsaeter [29]
claimed that the adsorption efficiency and recovery performance
of nanofluids with the use of fumed silica NPs is better than with
colloidal silica NPs.

Recently, several research studies indicated that different types
of nanoparticles have promising roles in enhanced oil recovery,

Table 1
List of different classes and types of nanoparticles which can be used in EOR applications including IFT reduction, wettability alteration, emulsion stabilization, mobility ratio and
viscosity modification.

Type of NPs Subject of study Reference Outcomes

Metal Oxide Nanoparticles
Al2O3 IFT & viscosity [43,158] Viscosity reduction is the dominant effect
CuO Viscosity of fluids [170] Reduced oil viscosity and increased the viscosity of injected fluid
Fe2O3, Fe3O4 Mobility ratio [43,84] Not strongly effective
Ni2O3 Viscosity of fluids [43,171] Reduced oil viscosity & increased the viscosity of injected fluid
MgO Fines migration [43,139] Improved the fine migration without any effects on oil recovery
SnO2 Oil recovery [172,173] Not effective for oil recovery but rarely altered the wettability
TiO2 Wettability & IFT modification [174,187] Very effective
ZnO Oil recovery [43] Negatively affected the permeability
ZrO2 Oil recovery [43] Lower oil recovery than injecting only water

Magnetic NPs
Ferro nanofluids IFT reduction [84] Reduced IFT for both oil-wet and water-wet
CoFe2O4 Oil recovery [175] Reduced residual oil from 31.5% to 8.7%

Organic NPs
Carbon NPs Oil recovery [27] Improved oil recovery up to 96%
CNTs EOR agent in HPHT [176] Effective for viscosity reduction

Inorganic NPs
SiO2 Wettability & IFT [177,178] Very effective modifying IFT and wettability
Hydrophobic SiO2 Oil recovery [43,179] Very effective in improving oil recovery
Fumed SiO2 Oil/water emulsion [179] Only changed the wettability.
Silica-core/polymer High temp & high salinity [180] Reduced IFT and improved oil recovery
Silane SiO2 Sandstone reservoir [43,181] Effective in increasing oil recovery
HLP Wettability & IFT [32,37] Very effective in modifying IFT and wettability
LHP Wettability alteration [32,38] Increased oil recovery by wettability alteration
NWP Wettability & IFT [32,37] Stronger impact on the wettability than IFT

Non-silica NPs
Zeolite – [49] Effective in absorbing captions
Nano-sensors – [182] NO DISCOVERY
Nano-sized colloidal disp. gels Sweep efficiency [183,184] Increased oil recovery, moderately
Polymer NPs Oil recovery [185] Still not investigated
Polymer coated NPs (PNP) Oil recovery [186] Improved the mobility, wettability, emulsion and IFT
PAM nano-spheres IFT reduction [49] Reduced IFT and highly improved oil recovery
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Fig. 1. SEM morphologies of various nanoparticles; (A) SiO2 at 1.0 um, (B) TiO2 at 5.0 um, (C) ZnO at 200 nm, and (D) Al2O3 at 200 nm [116,125].

Fig. 2. EOR mechanisms of Nanofluids whithin the porous media.
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particularly, the silica-based NPs because of their ability to alter
wettability, and reduce the interfacial tension (IFT) and improve
the mobility ratio [30,31,39]. In their attempt, Onyekonwu and
Ogolo [32] investigated the ability of various polysilicon NPs
(PSNP), such as lipophobic and hydrophilic (LHPN), hydrophilic
and lipophobic (LHPN) and neutrally wet PSNP (NWPN) to enhance
oil recovery; they found that all the three NPs were efficient for
altering the wettability of the reservoir rocks to strongly water-
wet system [32]. In various experimental studies, Hendraningrat
et al. [33–36,41] verified that the silica-based NPs have a great
impact on increasing oil recovery by changing the surface forces
of reservoir rocks. Their results illustrated that the capability of
the NPs in most nanofluid flooding processes was driven by some
important parameters, such as the size of NPs, the initial wettabil-
ity of rocks, the concentration of NPs, injection rate and tempera-
ture [33–36]. Additionally, Shahrabadi et al. [37] studied the
effect of hydrophobic and lipophilic polysilicon (HLP) nanofluids
on oil recovery with considering the IFT reduction and wettability
alteration. The result of their study showed that the wettability
changed from 123.34! to 95.44! contact angle and IFT reduced
from 25.6 to 1.75 mN/m with an optimum concentration of 4 gr/
lit of HLP NP [37]. From their experimental study, Mohammadi
et al. [38] identified that Al2O3 NP can also work as an active
EOR agent for improving oil recovery in the sandstone reservoir.
Later, as a novel EOR method, Tarek [40] reported that a nanofluid
composed of different kinds of NPs, such as aluminum oxide
(Al2O3), iron oxide (Fe2O3) and silicon oxide (SiO2) can provide bet-
ter oil recovery than a nanofluid prepared only by one type of
nanoparticle.

This review will analyze and discuss an up-to-date published
literature on the efficiency of nanoparticles in chemical enhanced
oil recovery. Particularly, we aim to explain the effect of nanopar-
ticles within the polymer, surfactant, and smart waterflooding on
the modification of wettability and interfacial tension.

2. Nano-chemical EOR flooding

In order to produce oil with a maximum recovery factor, the
production life of a hydrocarbon reservoir has been classified into
three phases; primary, secondary and tertiary production (EOR).
During the primary phase, oil can be produced only by utilizing
the natural energy sources of the reservoir, which includes solution
gas, water aquifer, gas cap, rock and fluid expansion and gravity
drainage. As oil production continues, the reservoir pressure decli-

nes and reaches a point at which there will be insufficient pressure
to support oil production to the surface. Thus, as a secondary
recovery method, gas or water can be injected into the reservoir
in order to maintain its pressure and displace oil toward the pro-
ducing wells. Even though waterflooding has been used as a
promising and effective recovery process, but still part of crude
oil remains as a residue and trapped due to the low viscosity of
the injected water. In order to produce the residual and trapped
crude oil, some more advanced chemical and thermal processes
need to be applied, which are called EOR methods. Published stud-
ies of up to 2000 articles, showed that a thermal technique was
more common EOR method than the chemical flooding, but now
chemical methods are more widely applied in large-scale projects
[3,42].

The Chemical EOR comprises alkaline, surfactant, and polymer
fluid injections. Each of these fluids provides a specific function
and can be used in a combination, for instance surfactant-
polymer (SP) and alkaline-surfactant-polymer (ASP) mixtures.
The rheological properties of these chemical solutions need to be
well assessed in order to reduce the interfacial tension (IFT),
decrease capillary pressure and increase the sweep efficiency.
Thus, the residual and trapped oil can be displaced from the injec-
tion well into the production well. With polymer flooding, the
mobility ratio (M) could be changed to a favorable ratio, which
improves sweep efficiency. On the other hand, surfactant flooding
could alter the wettability and reduce IFT between the displacing
fluid and the oil [42].

Recently, many research studies indicated that by adding
nanoparticles (NPs) into chemical solutions, better performance
of chemical EOR can be achieved [7,29–31]. Ogolo et al. [43] per-
formed some EOR experiments using different types of NPs, with
various sizes, in the different dispersing media including the dis-
tilled water, brine, ethanol and diesel. They reported that alumina
NPs dispersed in distilled water and brine has a high tendency to
increase oil recovery due to the reduction in oil viscosity [43].
While, the ability of both types of silica-based NPs dispersed in
ethanol to increase oil recovery was due to wettability alteration.
However, some permeability problems were found when magne-
sium oxide and zinc oxide were dispersed in distilled water and
brine; and this resulted in a poor oil recovery [43]. In order to
add NPs into the chemical flooding and investigate their effects
on wettability alteration, IFT reduction and oil recovery, an
experimental procedure shown in Fig. 3 can be applied. This
figure demonstrates all the required steps for conducting an

Fig. 3. Flow-chart shows the experimental procedure for studying the effect of nanoparticles on IFT reduction, wettability alteration and oil recovery during nano-chemical
EOR injection.
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experimental work about examining the effect of NPs on the oil
recovery factor, and EOR mechanisms including IFT reduction
and wettability.

2.1. Nano-polymer flooding

In order to improve the efficiency of waterflooding, polymers
can be added to the injected water. This is called polymer flooding,
which is one of the most common chemical EOR methods. By
injecting polymer solutions, the mobility of water can be reduced,
better sweep efficiency can be achieved, and more oil can be recov-
ered [43]. Du and Guan [44] reported that the polymer flooding is
unable in reducing the residual oil saturation but it can be reached
in a shorter time. The ability of the injected polymer to increase the
viscosity of water and to reduce the effective permeability to water
varies according to the types of polymers [43]. The main types of
polymers used in polymer flooding are poly(acrylamide), partially
hydrolyzed poly(acrylamide), poly(dimethyl diallyl ammonium
chloride), biopolymers, exopoly (saccharide), xanthan and welan
[45–47]. In many EOR projects, the efficiency of polymer flooding
was technically and economically confirmed, which increases the
recovery by about 12–15% [42,48]. Wang et al. [49] investigated
the actual data of polymer and waterflooding from an oilfield in
China; they claimed that the polymer injection is economically
more viable compared to water injection. For about two decades,
the polymer flooding was considered as one of the most effective
and promising EOR technique, especially, after applying the largely
scaled polymer flooding in some fields around the world. For
instance, daily oil production increased to about 300,000 bbls/day
in Daqing oilfield in China after applying the polymer flooding
[50,51].

Polymers are generally divided into two groups: synthetic poly-
mers and biopolymers. Synthetic usually means polyacrylamides
and biopolymers are formed from the fermentation process [44].
In practice, xanthan gums and hydrolyzed polyacrylamides
(HPAM) are the two most common types of commercial polymers,
which are used in oilfield operations [52]. Xanthan gums are
polysaccharides polymers that have the ability to provide a favor-
able viscosity, high tolerance to salinity and temperature. While,
the HPAM is a water-soluble polyelectrolyte that provides the neg-
ative charges on the polymer chains [53,54]. However, polyacry-
lamide (PAM) and partially hydrolyzed polyacrylamide (HPAM)
are unable entirely to meet the EOR needs because of hydrolysis
and degradation under high temperature and/or high salinity
[55,56]. When PAM and HPAM polymers flow through the pump,
pipeline and porous media, their polymer chains might be cut off
due to their poor shear resistance [57–59]. Thus, the viscosity of
the polymer would be highly decreased [59]. The viscosity behav-
ior of polymer solutions in a reservoir might change, compared to
water, due to shear thinning and shear thickening influences
[60,61]. Amongst all polyacrylamide based solutions, a high molec-
ular weight is widely used in oilfield EOR projects. On the other
hand, the applicability and efficiency of these polymers can be
influenced by their adsorption characteristics [62]. Moradi [63]
studied the effect of Newtonian behavior, salinity, viscosity and
shear thinning on the flow of hydrolyzed polyacrylamides through
the porous media, and he found that that the salinity has a great
effect on these polymers [63].

In order to obtain a better flow behavior of polymer flooding,
using NPs has recently acquired an excessive interest. Cheraghian
et al. [64] studied the role of NPs in the adsorption of water-
soluble polymers onto the surface of the carbonate and sandstone
rocks. They found that the adsorption of polymer solution reduced
by using nano-clay and nano-silica in both carbonate and sand-
stone rocks [64]. Cheraghian [65] investigated the impact of tita-
nium oxide (TiO2) in different concentrations on the viscosity of

the polymer for improving the oil recovery from the heavy oil
reservoir. His results showed that the polymer solution with NPs
about 2.3 wt% concentration have a direct impact on fluid shear
stress and caused oil recovery to be increased by about 3.9% com-
pared to polymer flooding alone [65]. More recently, Khalilinezhad
et al. [66] investigated the impact of hydrophilic silica NPs on
heavy oil recovery during polymer flooding. They found that the
silica NPs could increase the viscosity of the solution and reduces
the adsorption of the polymer. They also stated that the recovery
of heavy oil and breakthrough time for dispersed silica NPs in poly-
mer (DSNP) flood would be improved in comparison with the con-
ventional polymer flood [66].

2.2. Nano-surfactant flooding

After waterflooding, injecting the chemical surfactant is mostly
applied to recover the trapped and residual oil bypassed by water
due to its ability to reduce the IFT between oil and water and
decrease the capillary pressure in porous media [67]. The injected
surfactant could also lift off the connected oil film from the pore
walls as a result of wettability alteration of the reservoir to strong
water-wet [68]. For these purposes, the surfactant is generally used
in two different ways: first, injecting large pore volumes (up to
60%) of a low concentration surfactant solution into reservoir,
and second, injecting a small pore volume (up to 20%) of a higher
surfactant concentration solution into the reservoir [52]. Among
different types of surfactants include the anionic, cationic, nonionic
and zwitterionic, anionic surfactants are most widely used in
chemical EOR techniques due to their low adsorption behavior
on sandstone rocks. However, cationic surfactants can be applied
to alter the wettability of carbonate rocks from oil-wet to water-
wet [42]. From the literature, it has been reported that the effi-
ciency of the surfactant flooding is influenced by several factors
including chemical types, phase behavior, chemistry, adsorption,
stability, convection, dispersion, optimum formulation, pore mor-
phology, rock wettability, etc. [69,70]. Karnanda et al. [71] reported
that the temperature could have a negative impact on the surfac-
tant flooding process if it reaches a point beyond a cloud point
temperatures and at Krafft point temperature for anionic surfac-
tants. A surfactant will become cloudy and insufficient due to
dropping out of the aqueous solution [72–74]. Moreover, the per-
formance of the surfactant flooding is also significantly affected
by salinity. Bera et al. [75] outlined that high salinity has a negative
impact on the efficiency of surfactant due to producing an unequal
solubility of water and oil within the surfactant micro-emulsion
and resulting unbalanced IFT between the micro-emulsion phase
and presence oil or water phase.

Furthermore, the loss of costly surfactant due to the adsorption
onto the rock surface is one of the main important aspects in
surfactant-based EOR. Numerous studies have been performed on
the adsorption and retention of different types of surfactant-
based chemicals in various types of reservoir rocks [76–82,188].
Austad et al. [83] stated that the adsorption of surfactant has an
inverse effect on the recovery efficiency, and it will be increased
by increasing the surfactant concentration within the injected
chemical solution.

In order to perform the surfactant flooding with a better perfor-
mance, many researchers studied the effect of surfactant and
nanoparticles together. Kothari et al. [84] studied the application
of ferrofluid magnetic NPs with the surfactant flooding for improv-
ing oil recovery; their results showed that a better sweep efficiency
can be achieved compared to the conventional surfactant flooding
due to more reduction of IFT [84]. Le et al. [85] also studied the effi-
ciency of a combination of silica NPs and surfactants as nano-
surfactant flooding for reducing the IFT; their results showed that
the nano-silica had a great influence on EORmechanisms including
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the reduction of adsorption of surfactant onto the rock surface, IFT
reduction between crude oil and brine and oil displacement effi-
ciency [85]. Furthermore, Zargartalebi et al., [86] used two silica-
based NPs include hydrophilic and slightly hydrophobic fumed in
combination with the sodium dodecyl sulfate (SDS) solution, and
observed that the adsorption of surfactant to the rock surface
was reduced due to the formation of the negatively charged clus-
ters by NPs which retains the surfactant molecules in the bulk
solution and prevents their adsorption on the rock surface because
of electrostatic repulsion between the clusters and charged solid
surface [86].

In their investigations regarding the effect of NPs on the adsorp-
tion of the surfactant, Ahmadi and Shadizadeh [76,77,81] illus-
trated that the nano-silica has a direct impact on surfactant
adsorption in which by adding the silica NPs into the natural sur-
factant solution, its adsorption to the carbonate, sandstone and
shale rocks has been reduced. At the same time, Cheraghian [51]
studied the impact of TiO2 on the efficiency of the surfactant chem-
ical flooding in the heavy oil reservoir. They outlined that the oil
recovery increased by about 4.85% during injecting the nano-
titanium surfactant solution compared to the surfactant flooding
alone. Moreover, Emadi et al. [87] reported that adding silica NPs
into Cedr Extraction (CE) surfactant can have a great impact on
the performance of surfactant flooding in terms of improving the
oil recovery and reducing the IFT.

2.3. Nano-surfactant-polymer flooding

Most of the residual oil cannot be displaced by primary and sec-
ondary recovery methods. Thus, chemical EOR techniques, as effec-
tive recovery methods, are applied to increase the oil production,
such as alkaline, surfactant and polymer flooding [42]. In the
1980s, the theory of combining the functions of these chemical
solutions ended in the creation of the most important strategies
of chemical EOR known as surfactant-polymer (SP) and alkaline-
surfactant-polymer (ASP). Subsequently, many investigations have
been conducted on designing, developing and applications of these
techniques [88–94].

The saturation of residual oil can be effectively reduced during
injecting the alkaline–surfactant–polymer (ASP) solution by reduc-
ing IFT and themobility ratio between thewater and oil phases [95].
Pope [96] reported that the alkali can be added into the SP solution
for reducing the amount of adsorptive surfactant within the porous
media and preventing the surfactant from being reacted with acid
exits within the crude oil. Nevertheless, from results of some other
studies, it has been shown that the use of alkali within SP flooding
can introduce some problems, such as the deposition of alkali scales
in the bottom of the hole and within the reservoir, whichmakes the
treatment of produced water more difficult and reduces the viscos-
ity of the injection solution [97–101]. In order to prevent these prob-
lems, some methods have been proposed, such as replacing the
strong alkali with the weaker alkali, or applying the combination
of surfactant and polymer without adding alkalis. Hence, Elraies
[102] performed a series of experiments to evaluate the perfor-
mance of surfactant and polymer solution in the absence and pres-
ence of alkali, and later Maolei and Yunhong [103] used weaker
alkalis, such as organic and alkaline sodium carbonate to reduce
their impact on the viscosity of the ASP solution. From the lab expe-
rience, it has been approved that these limitations of alkalis can be
prevented by flooding the alkali-free SP flooding [104,105].

SP flooding, alkali-free, technique consists of the injection of a
surfactant solution and followed by a polymer slug includes a poly-
mer buffer and injectedwater [88]. It has been identified that the SP
flooding can provide a better recovery performance compared to
other chemical methods; this is because the polymer slug can
improve the sweep efficiency and reduces the mobility ratio, and

surfactant increases the capillary number which is a significant fac-
tor for enhancing oil recovery [106]. In addition, the interactions of
surfactant-polymer in flooding solution within the porous media
are crucial for some scopes concerning the flowbehavior, the oil dis-
placement ability, and chemical losses by adsorption. One of the
main factors that prohibited the use of surfactant in oilfield opera-
tions is the loss of this chemical solution by adsorption onto the sur-
face of reservoir rocks [107–109]. Although it is possible to achieve
an ultra-low IFT by a high concentration surfactant which is higher
than the critical micelle concentration (CMC) but remain expensive.

However, the use of a mixture of hydrophilic and lipophilic sur-
factants has been studied experimentally to improve oil recovery
due to its high ability in preventing the fingering and reducing the
IFT [110–113]. During the injection of SP solution into a high perme-
ability and low temperature reservoir, the highest oil recovery was
obtained at the optimum value of IFT, not a minimum value [104].
This fact is true only for the light oil-heterogeneous reservoir with
high permeability and low temperature [104]. In most investiga-
tionson theSPflooding, only the screeningandevaluationof the sur-
factant and polymer have been considered. However, Ferdous et al.
[114] and Cao et al. [115] stated that the salinity of the brine, reser-
voir temperature and chemical concentrations have also impacted
the mobility ratio and IFT reduction [114,115].

Currently, the performance of SP chemical flooding is improved
by adding nanoparticles. The results of laboratory work of many
researchers highlighted that the use of NPs within the surfactant-
polymer flooding improved the oil recovery greatly [116,117].
Sharma et al. [118] performed a comparative investigation to eval-
uate the recovery efficiency of nano-SP flooding and SP flooding
concerning the Pickering emulsion stabilization. They reported
that the cumulative oil recovery was increased up to 60% using
Pickering emulsion compared to conventional SP flooding [118].
Later, Sedaghat et al. [119] examined the effect of SiO2 and TiO2

NPs on the efficiency of polymer-surfactant flooding in heavy oil
reservoir. From the results of their study, it has been concluded
that both types of NPs had a valuable impact on wettability alter-
ation, IFT reduction and increasing the oil production. However,
the silica NPs was more effective compared to the nano-titanium
in terms of contact angle reduction and recovery efficiency [119].
Sharma and Sangawi [120] also studied the application of silica
NP in SP flooding, and they outlined that the silica-SP nanofluid
significantly improved oil recovery due to the reduction of IFT,
increasing the viscosity of the flooding solution and changing the
wettability from intermediate-wet to strongly water-wet. More
recently, Cheraghian [121], in his laboratory work about the effect
of NPs on recovery efficiency, stated that the efficiency of oil recov-
ery by SP flooding can greatly be improved by adding NPs, and the
adsorption of the SP solution reduces with increasing the concen-
tration of NPs [121]. This is because of having such small size, high
surface and contact area which prevents surfactant-polymer mole-
cules to be in contact with the rock surface.

2.4. Smart-nano-waterflooding

In the late 1800s, when the oil reservoirs were depleted in any
oilfields around the world, water injection was started as a sec-
ondary oil recovery method. At the beginning, the amount of the
injected water was considered as the only factor that influences
the oil recovery during waterflooding. However, researchers even-
tually found out that the quality and composition of the injected
water were the most important factors in achieving the highest
oil recovery. The formation brine has usually been used as injection
water in the earlier waterfloods. Reduction of injected water salin-
ity to improve the oil recovery was experimentally first introduced
by Bernard [122]. By the late 1900s, Morrow and co-researchers
[123–127] broadly investigated the effect of the low salinity
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waterflooding on oil recovery. In field scale, the impact of low
salinity (LoSal) water injection on oil recovery was also studied
by the British Petroleum (BP) Company [128]. Since then, studying
the effect of the low salinity wateflooding on oil recovery was been
considered by many researchers as one of the best recovery meth-
ods due to its low cost and being environmentally safe [129–133].
In their studies, Gamage and Thyne [134] proposed different
microscopic mechanisms behind the effect of the low salinity
water, such as fine migration, pH variation, multi-component ion
exchange, double layer effect, osmotic pressure and wettability
alteration [134]. Furthermore, Collins [135] highlighted some other
benefits of this recovery approach that includes scaling and corro-
sion reduction of the equipment involved in the recovery process.
According to the outcomes of many experimental studies, the low
salinity waterflooding is capable of increasing oil recovery by
about 2–42%. This depends on the composition of the injected
brine, the properties of the crude oil and reservoir rock [136].
Nowadays, there are great attention on the effect of LoSal-
nanofluids on oil recovery as EOR method. Haroun et al. [137]
investigated the effect of the various NPs on oil recovery during
smart waterflooding for carbonate reservoirs. Their results showed
that the oil recovery increased from 63% to about 85% by injecting
the smart nanofluids [137]. Assef et al. [138] worked experimen-
tally on the effect of MgO on LoSal waterflooding; they highlighted
that the zeta potential of the porous medium became more posi-
tive by adding MgO NPs into the LoSal solution [138]. Thus, the
fines migration in the presence of both divalent and monovalent
salts was reduced and the performance of LoSal waterflooding
was improved [138]. Huang et al. [139] investigated the effect of
combining the NPs with waterflooding to improve the sweep effi-
ciency of water in the reservoir containing the high amount of
fines. Their results showed a stabilized formation of clays and fines
during flooding operation, and the oil recovery was significantly
improved by about 37% [139]. Additionally, Yuan et al. [140–142]
studied the effect of various NPs in LoSal waterflooding, experi-
mentally and analytically. They concluded that the pre-injection
of the nanofluid prior to the flooding of the LoSal water can
improve the well injectivity and reduces the side effects of fine
migration [140–142]. More recently, the capability of silica NPs
within the LoSal waterflooding was investigated by Zallaghi et al.
[143], experimentally. They reported that the silica hydrophilic
NPs have a positive impact on EOR and can recover more oil due
to the modification of rock/fluid and fluid/fluid interactions at cer-
tain range of salinities and NPs concentrations [143].

3. Wettability

The tendency of a fluid to spread on or adhere to a solid surface
in the presence of other immiscible fluids is known as wettability

[144]. Wettability affects the relative permeability curves, capillary
pressure, dispersion, irreducible water saturation, oil displace-
ment, and reducible oil saturation. In this way, it plays an impor-
tant role in oil recovery mechanisms and the productivity of the
reservoir. Recognizing the relationships between wettability, capil-
lary pressure, and fluid distribution within the pore spaces is cru-
cial for optimizing the oil recovery factor. Such relationships
within crude oil-brine-rock (COBR) system are complicated due
to the complexity of the rock mineralogy and pore structures [5].
The wettability inside the reservoir can be water-wet, oil-wet, or
intermediate wet systems according to the distribution of the flu-
ids around the rock grains as shown in Fig. 4 [144].

3.1. Effect of nanoparticles on wettability alteration

Wettability alteration, as an important EOR mechanism, from
water-wetting system to a strongly water-wet has a significant
role in increasing oil production [5]. It is well known that there
are some active agents and techniques which can be used to alter
the wettability of rock surface to a favorable condition such as sur-
factants, low salinity brine, and selective ions [5]. Few years ago,
many researchers identified that there is a strong effect of NPs
on the wettability alteration (Table 2). For better understanding
the mechanism of reducing the contact angle and altering the wet-
tability of the reservoir from the oil-wet system towards the water
wetting, it is necessary to consider the concept of disjoining pres-
sure during nanofluid flooding. Disjoining pressure can directly
increase the displacement efficiency of crude oil in the porous
media [145]. This is mostly due to the wettability alteration, but
ineffective in changing the interfacial tension. Chengara et al.
[146] stated that nanoparticles form a thin film on a rock surface
which is forced by injection pressure, and tend to arrange them-
selves in well-ordered layers. Consequently, an additional disjoin-
ing pressure would be exerted in an interface more than that in the
bulk liquid. Additionally, Mc-Elfresh et al. [147] reported that a
developed film of nanofluids on the surface of the rocks has the
ability to separate and release the reservoir hydrocarbon. Hence,
the wetting system can be changed from oil-wet to water wet.
On the other hand, Aveyard et al. [148] explained that this film
can be influenced by some parameters, such as NPs concentrations
and sizes, salinity, temperature and surface rock properties. Hence,
in their numerical study, Ju et al. [149] identified that increasing
oil-wetting wettability control nanopowders (IOWCA) have better
ability to improve oil recovery than increasing water-wetting wet-
tability control agents (IWWCA), which is up to 66.41%. However,
the effect of adding zirconium oxide (ZrO2) NPs on the wettability
alteration in the carbonate rock was investigated by Karimi et al.
[150], experimentally. They reported that the ZrO2 nanofluid is
effective for modifying the wettability of carbonate rocks from
strongly oil-wet to the strongly water-wet system due to the

Fig. 4. Fluid distributions in (a) water-wet and (b) oil-wet rock.
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adsorption of NPs by the surface of nanostructured ribbons [150].
In addition, Moslan et al. [151] studied the effect of alumina NPs
on wettability alteration in carbonate reservoir rock, and identified
that this nanomaterial was enabled to alter the wettability system
from the oil-wet to water-wet and increase oil recovery by about
11.25% [151]. Meanwhile, Giraldo et al. [152] injected the alumina
nanofluid into the sandstone reservoir with eight different surfac-
tant solutions and different NP concentrations. They indicated that
the alumina-based NPs can improve the efficiency of the nonionic
surfactants with the low concentration of 100 ppm, and alters the
oil-wet wettability to strongly water-wet form. Thus, the oil recov-
ery from the oil-wet sandstone reservoir was significantly
improved [152]. On the other hand, the ability of metal oxide
NPs to enhance oil recovery with different wettability conditions
was also investigated [152]. For all various wetting systems,
nanofluids had a stable performance and enabled in altering the
wettability on the quartz surface to strongly water-wet and
improved the oil recovery better than conventional chemical flood-
ing [153,154]. At the same time, Moghaddam et al. [155] investi-
gated the influences of various NPs such as ZeO2, CaCO3, TiO2,
SiO2, MgO, Al2O3, CeO2 and CNT on the wettability of carbonate
rocks; among all of the nanoparticles, SiO2, TiO2 and CaCO3 were
selected as the best candidates dependent on qualitative and quan-
titative results of wettability [155]. Furthermore, many researchers
were studied the effect of silica-based NPs on wettability alteration
including Ju et al. [38], Maghzi et al. [156], Yousefvand & Jafari
[157], Hendraningrat & Torsæter [158], and Azarshin et al. [159],
and they claimed that these kinds of NPs are highly efficient in
changing the wettability of the porous media [38,156–159]. Youse-
fvand and Jafari [157] studied the effect polymeric silica-nanofluid
on the oil recovery in a strongly oil-wet system, and highlighted
that the oil production was greatly improved by developing a
water-wet or partially water-wet on the rock surface [157]. In their
investigation regarding the effect of smart nanofluid using silica NP
on oil recovery, Hendraningrat and Torsæter [158] highlighted that

by changing the monovalent (Na+ and K+) and divalent (Ca2+ and
Mg2+) cations, smart nanofluid resulted wettability alteration
towards a stronger water-wet system compared to the nanofluid
and smart water flooding separately [158]. All experimental steps
required for studying the effect of nanoparticles on wettability
alteration is shown in Fig. 6.

4. Interfacial tension (IFT)

The co-presence of crude oil and water as immiscible fluids in
oil reservoirs produces an interfacial tension force (IFT) as shown
in Fig. 5. IFT is the energy that forces the molecule toward the sur-
face from the bulk phase per unit area and it is usually measured in
dynes/cm (milli-Newtons/meter). As one of the main parameters,
IFT can be used to estimate the distribution and movement of flu-
ids in porous media. Hence, IFT has an effective impact on the effi-
ciency of the reservoir to produce the hydrocarbons. Therefore, for

Fig. 5. An interface between oil and water in porous media.

Table 2
A summary of previous works on effects of nanoparticles on contact angle.

NPs NPs size (nm) NPs Conc. Dispersion medium Porous media Contact angle (!) Ref.

Clean With NPs

NSP 7 0.05–0.5 wt% Brine (3 wt% NaCl) Sandstone cores 166 130 [28]
CNP 18 0.05–0.5 wt% Brine (3 wt% NaCl) Sandstone cores 166 124 [28]
c- Al2O3 10–20 0.5–1.5 wt% Brine (180 K ppm NaCl) Carbonate rocks 119.8 40 [38]
ZrO2 24 0–0.1 g/cc Surfactant Carbonate cores 180 40 [150]
Al2O3 4 100–1000 ppm Anionic surfactant Sandstone cores 142 !0 [152]
SiO2 40 0.05 wt% Brine (3 wt% NaCl) Quartz plates 131.2 38.82 [153]
TiO2 21 0.05 wt% Brine (3 wt% NaCl) Quartz plates 131.2 21.64 [153]
Al2O3 17 0.05 wt% Brine (3 wt% NaCl) Quartz plates 131.2 28.6 [153]
ZrO2 >35 0.05 g/100 ml Tween80/Span85 Carbonate cores 140.2 59.7 [155]
MgO >40 0.05 g/10 ml LA3 + Tween80/Span83 Carbonate cores 140.2 98.2 [155]
SiO2 30–40 0.3 g/105 ml Ethylene/glycol + LA3EO Carbonate cores 140.2 68.5 [155]
TiO2 >35 0.05 g/10 ml LA-7EO Carbonate cores 140.2 51.2 [155]
Al2O3 >40 0.03 g/100 ml SDS Carbonate cores 140.2 103.5 [155]
SiO2 12 1–4 g/L Brine (5 wt% NaCl) Sandstone cores 135.5 66 [155]
SiO2 10–15 10gr/200 ml Ethanol Glass micromodel 134.4 54.52 [159]
FSPNs* 10–15 10gr/200 ml Ethanol Glass micromodel 134.4 23.71 [159]
SiO2 14 0.1–5 wt% Distilled water Glass micromodel 100 !0 [156]
Al2O3 20 0.05 wt% CTAB Carbonate dolomite 70 52 [151]
Al2O3 20 0.05 wt% SDS Carbonate dolomite 92 75 [151]
Al2O3 20 0.05 wt% TX-100 Carbonate dolomite 85 62 [151]
ZrO2 40 0.05 wt% CTAB Carbonate dolomite 70 60 [151]
ZrO2 40 0.05 wt% SDS Carbonate dolomite 92 84 [151]
ZrO2 40 0.05 wt% TX-100 Carbonate dolomite 85 71 [151]
TiO2 10–30 50 mg/L DIW Limestone rocks 90 46 [154]
HLP 10–40 4 gr/L Ethanol Sandstone cores 135.5 95.44 [153]
NWP 10–20 4 gr/L Ethanol Sandstone cores 135.5 81.88 [163]
Al2O3 !60 0.5–3 g/L Propanol Sandstone cores 131 92 [164]
Fe2O3 40–60 0.5–3 g/L Propanol Sandstone cores 132.5 101 [164]
SiO2 10–30 0.5–3 g/L Propanol Sandstone cores 134 82 [164]
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evaluation of enhanced oil recovery techniques, it is crucial to
determine the IFT between oil/brine or oil/injected fluids [82].
For measuring IFT between brine and oil phases, a spinning drop
tensiometer can be used. If a micro-emulsion as a third phase is
identified to be present in any cases, the oil phase can be consid-
ered as a middle phase in order to achieve the IFT measurements
with more accuracy in [113]. In order to reduce the saturation of
residual oil, it is essential to have a high capillary number and
low IFT between water/oil [82].

4.1. Effect of nanoparticles on interfacial tension reduction

Interfacial tension (IFT) reduction between oil and water in the
oil reservoir is an important mechanism and target of EOR, which
directly affects the capillary pressure, permeability and flow
behavior of fluids in porous media. This was usually done using
chemical which are very costly. Therefore, nanofluid EOR tech-
nique as a novel technology has been developed to reduce the
IFT more effectively. Thus, some nanoparticles have been high-
lighted as efficient EOR agents for IFT reduction, such as silicon
dioxide (SiO2), aluminum oxide (Al2O3), and titanium dioxide
(TiO2) as shown in Table 3 [160–168]. Nanoparticles usually try
to form a layer in the interface between water and crude oil
[160,161]. This layer produces less interfacial tension between
immiscible phases depends on the concentration of NPs dispersed
in nanofluids [162,160]. In 2012, Roustaei et al. in their experimen-
tal attempt to study impacts of different polysilicon NPs including
hydrophobic and lipophilic polysilicon (HLP) and neutrally wet
polysilicon (NWP) on IFT reduction and improving oil recovery,
they stated that both HLP and NWP improved oil recovery. But
from their results, it can be seen that the HLP NPs had a higher
impact on the IFT and the NWP nanofluid influenced the wettabil-
ity alteration more strongly [163].

Afterward, influences Fe3O4, Al2O3 and SiO2 NPs within the pro-
panol on EOR recovery performance was investigated by Joonaki

and Ghanaatian [164]. Both alumina and silica NPs acted as effi-
cient agents for improving oil recovery due to their ability to
change the wettability and reduce IFT, while the iron oxide was
less effective. At the same time, Bayat et al. [154] studied the use
of metal oxide NPs within the deionized water (DIW) to improve
oil recovery through limestone cores at various temperatures,
and claimed that alumina is the most efficient NPs for EOR applica-
tion through limestone reservoirs at all various temperatures due
to reducing IFT and oil viscosity [154]. Later, Moradi et al. [39]
added silica NP into water-alternating-gas (WAG) to improve the
recovery efficiency. Their results showed that the IFT was greatly
reduced because of NP adsorption at the interface between oil
and water, and higher oil recovery factor obtained using NPs with
smaller sizes [39]. While, Saigal et al. [165] used silica NP for sta-
bilizing the polymer flooding emulsions, such as xyleneand cyclo-
hexane in water. The most efficient and stable emulsions were
identified at lower grafting density of 0.077 chains/nm2 for only
about 0.05 wt% of particles [165].

Furthermore, the effects of NPs on IFT reduction have also been
observed with the surfactant flooding process. Esmaeilzadeh et al.,
[166] conducted an experimental work to study the effect of zirco-
nium oxide NPs on IFT between air-water and oil-water for differ-
ent types of surfactant solutions include anionic surfactant
(sodium dodecyl sulfate, SDS), cationic surfactant (Dodecyl tri-
methyl ammonium bromide, CTAB), and nonionic surfactant (Lau-
ryl alcohol 7 mol ethoxylate, LA7). For all surfactant solutions, the
IFT was effectively decreased between n-heptane and water, and
air–water. But above micelle concentration (CMC) of surfactants,
ZrO2 NP have no effects on IFT [166]. In addition to IFT reduction,
the adsorption behavior of surfactant was also considered while
using NPs within the surfactant flooding. In their study, Zaid
et al. [167] added ZnO NP and Al2O3 NP into the sodium dodecyl
sulfate (SDS) solution to minimize the adsorption of surfactant
onto rock surfaces. In the same way, Zargartalebi et al. [86] used
different NPs includes a hydrophilic and slightly hydrophobic

Table 3
A summary of previous works on effects of nanoparticles on interfacial tension (IFT).

NPs NPs size (nm) NPs Conc. Dispersion media Porous Media IFT (mN/m) Ref.

Clean With NPs

FNP 7–16 0.05 wt% DIW Sandstone cores 16.41 12.61 [29]
CNP 8–75 0.05 wt% DIW Sandstone cores 16.41 12.15 [29]
HLP N/A 0.05 wt% Surfactant Quartz plate 18.4 5.4 [52]
SiO2 7–12 1.0 wt% SDS Sandstone cores 20 1.87 [86]
SiO2 20–30 5 wt% Surfactant Sandstone cores 35 10.9 [87]
SiO2 40 0.05 wt% Brine (3 wt% NaCl) Quartz plates 19.2 17.5 [153]
TiO2 21 0.05 wt% Brine (3 wt% NaCl) Quartz plates 19.2 n.a. [153]
Al2O3 17 0.05 wt% Brine (3 wt% NaCl) Quartz plates 19.2 12.8 [153]
SiO2 10–15 10 gr/200 ml Ethanol Glass micromodel 37.5 22.1 [159]
FSPNs 10–15 10 g/200 ml Ethanol Glass micromodel 37.5 13 [159]
Al2O3 20 0.05 wt% CTAB Carbonate dolomite 8.46 1.65 [151]
Al2O3 20 0.05 wt% SDS Carbonate dolomite 9.88 2.75 [151]
Al2O3 20 0.05 wt% TX-100 Carbonate dolomite 9.13 2.55 [151]
ZrO2 40 0.05 wt% CTAB Carbonate dolomite 8.46 1.85 [151]
ZrO2 40 0.05 wt% SDS Carbonate dolomite 9.88 2.78 [151]
ZrO2 40 0.05 wt% TX-100 Carbonate dolomite 9.13 2.64 [151]
Al2O3 40 50 mg/L DIW (26 !C) Limestone rocks 26.5 18 [154]
TiO2 10–30 50 mg/L DIW (26 !C) Limestone rocks 26.5 17.5 [154]
SiO2 20 50 mg/L DIW (26 !C) Limestone rocks 26.5 17 [154]
Al2O3 40 50 mg/L DIW (60 !C) Limestone rocks 21.1 13.2 [154]
TiO2 10–30 50 mg/L DIW (60 !C) Limestone rocks 21.1 12.4 [154]
SiO2 20 50 mg/L DIW (60 !C) Limestone rocks 21.1 11.2 [154]
HLP 10–40 4 g/L Ethanol Sandstone rocks 26.3 1.75 [163]
NWP 10–20 4 g/L Ethanol Sandstone rocks 26.3 2.55 [163]
Al2O3 !60 0.5–3 g/L Propanol Sandstone cores 38.5 2.25 [164]
Fe2O3 40–60 0.5–3 g/L Propanol Sandstone cores 38.5 2.75 [164]
SiO2 10–30 0.5–3 g/L Propanol Sandstone cores 38.5 1.45 [164]
SiO2 12 1–4 g/L Brine (5 wt% NaCl) Sandstone cores 26.5 1.95 [169]
ZrO2 5–15 10–500 mg/L Surfactant Bidentate carbonates 48 10 [166]
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fumed with the SDS surfactant; their results demonstrated that
adding of these silica NPs greatly influenced IFT and adsorption
of surfactant on the solid surface [86]. In order to improve the sus-
pension stability of NPs, the silica NP was coated by smart surfac-
tant, consequently, the developed surfactant silica-nanofluids were
enabled to rearrange the oil-water interface in a better fashion and
reduced IFT between oil and water more effectively [168]. A flow-
chart illustrates the steps required for studying the effect of
nanoparticles on IFT reduction is shown in Fig. 6.

5. Conclusions

The world’s oil production is still not highly relying on the
chemical EOR. However, China is leading the applications of chem-
ical methods for oil recovery. While, there are a numerous ongoing
projects of surfactant, polymer, SP and ASP processes in Canada
and the USA, they are mostly at a pilot scale, despite increasing
research interest in chemical based methods to improve oil recov-
eries in last two decades. Apart from applications in exploration,
drilling technology, production, refinery and transportation,
recently, application of nanoparticles in EOR has attracted strong
research interest and contributed to many experimental investiga-
tions. This paper presented a critical review of the most recent
research progress in the NPs application for Chemical-EOR.
Through this review, the following conclusions were reached: (i)
Conventional chemical EOR methods face several challenges and
problems, some of them were well solved with introducing
nanofluids, (ii) The large surface area, stable dipersion and high
transmissibility of NPs are of the main features of nanofluids, (iii)
NPs have been dispersed in various aqueous phases (i.e. water,
alcohols, surfactant, and polymer) and provided high EOR perfor-
mance in different formulations nanofluids, nanoemulsions and
nanocatalysts, (iv) Various organic and inorganic types of NPs have
been applied, silica has been highlighted as the most common and
effective NPs which provided an extra oil recovery up to 20% OOIP,
(v) NPs have impact on several EOR mechanisms, such as disjoining
pressure, wettability alteration, IFT reduction and mobility ratio,
(vi) Several parameters including NP size, NP type, NP concentra-
tion, temperature, salinity and dispersion media have been identi-
fied to affect the nanofluid performance.
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Polymer and low-salinity water flooding have been shown, repeatedly, to be effective methods for chemical En-
hanced Oil Recovery (cEOR). The benefits are obtained by increasing the viscosity of the injected fluid, minimiz-
ing the interfacial tension (IFT) of the crude oil/aqueous phase, and bywettability alteration. Similarly, nanofluids
(fluids injected with nanoparticles) have also been demonstrated to induce the same processes. We have ana-
lyzed the EOR response of green nanofluids when formulatedwith a typical natural polymer mixed with low sa-
linity water. For this purpose, a polymer coated ZnO/SiO2 nanocomposite (NC) has been produced from the
pomegranate seed extract using a simple, economical and, importantly, green method. The characterization of
the synthesized NC has been investigated using the scanning electron microscopy (SEM), electron dispersive
spectroscopy (EDS), and X-ray diffraction (XRD). The polymeric nanofluids were then tested in various experi-
mental studies related to the stability of injected fluids, IFT behavior, wettability alteration, oil/nanofluid emulsi-
fication, and EOR flooding dependent on the NC concentration, time and salinity. The low salinity-polymeric
nanofluid (LPN), with 2000 ppm NC concentration, enabled higher oil recovery by about 19.28% OOIP due to a
significant reduction in IFT, higher viscosity, better emulsion stability, and wettability alteration towards a stron-
ger water-wet system from 137° to 34° contact angle.

© 2019 Elsevier B.V. All rights reserved.
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Low-salinity polymeric-nanofluid
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1. Introduction

Crude oil and natural gas are non-renewable energy fuels that are in
highest demand. On the basis of current trends of world, energy needs
along with the obvious depletion of oilfield production, the enhance-
ment of oil recovery from existing resources is necessary considering
that only about one-third to two fifths of the original oil in place
(OOIP) can be produced using primary and secondary oil recovery strat-
egies [1]. Additionally, the target of EnhancedOil Recovery (EOR) is gen-
erally exceed 40%of OOIP for light oil while the target ismuch higher for
heavy oil reservoirs as shown in Fig. 1 [2,3]. During waterflooding, as a
secondary oil recovery technique, the crude oil is displaced towards
the production well without leaving any chemical or physical impact
on the properties of the rock and fluids. The sweep efficiency and recov-
ery factor of this process is relatively low due to high mobility ratio

leading to viscous fingering [4]. To eliminate this problem, the polymer
flooding as an effective chemical EOR method was introduced several
decades ago [2]. Adding polymer into the injected water regulates the
rheological properties of the solution to boost oil recovery by providing
better (reduced) mobility ratio, improved sweep efficiency, stable oil/
water emulsion, andminimized water channeling [5]. The performance
of polymer flooding is strongly influenced by the reservoir condition,
crude oil properties, temperature and salinity [6]. On the other hand,
low salinity water flooding (LSWF) was introduced to modify some im-
portant reservoir characteristics including the wettability, IFT, capillary
pressure, relative permeability and saturation of residual oil [7–10].
Fines migration has been identified as one process that occurs during
LSWF [11]. Although a small amount of residual oil might be carried
by fines due to separating the oil-coated particles from rock surfaces
[12], the permeability is thought to be reduced by partial blocking of
the pore space during the fines migration [13,14]. Moreover, there are
some other common cEOR techniques, such as surfactant flooding,
surfactant-polymer flooding, and alkali-surfactant-polymer flooding
which combine various chemicals and behaviors. However, the high
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cost of these chemicals, the possibility that they may damage the reser-
voir, and the likelihood that they will be ineffective due to adsorption
and other losses mean that they are not always suitable for EOR
[15,16]. Therefore, a new EOR technology needs to be developed that
has low costs, high efficiency, and is eco-friendly. Based on this princi-
ple, nanofluids (water with nanoparticles and other chemicals in solu-
tion) have been developed and show promise due to their EOR
response. They are able to invoke processes such as wettability alter-
ation [17,18] possibly through induction of the structural disjoining
pressure [23,24], IFT reduction [19,20], viscosity improvement [21],
and control the migration of fines [22].

Nanofluids are usually developed by dispersing the nanoparticles
(NPs) into various aqueous phases such as water (fresh, low salinity
or sea water), polymeric solutions, glycols, or alcohols. They have
received high levels of attention in the oil and gas industry, particularly
for EOR applications as shown in Table 1. As a result of dispersing the
nanoparticles within the low salinity water, most of the problems
related to rock/fluid interactions can be eliminated, by improving
attractive forces between fine particles and grain surfaces [22] and
preventing formation damage [25]. Kiani et al. [26] obtained 10% OOIP
additional oil recovery from injecting low salinity γ-alumina nanofluid
into the sandstone core compared to low salinity waterflooding. Simul-
taneously, adding nanoparticles into polymer solution for EOR purposes

was recently investigated and suggested by some researchers [27–34].
In their attempt to stabilize oil-in-water emulsions during polymer
flooding, Saleh et al. [35] were successful in improving the stability of
oil/water emulsion using 0.04–0.07 wt% silica nanoparticles coated
with a polyelectrolyte. More recently, Alvarez et al. [36] studied the
impact of the polymer coated nanoparticles on IFT reduction, and
were able to achieve the maximum reduction in IFT and high stability
of oil/water emulsion at low grafting density of polymer. The adsorption
of water-soluble polymers onto the surface of the carbonate and
sandstone rocks was also minimized by adding the nanoparticles into
polymer solutions [37–39]. Additionally, the effect of nanoparticles on
recovery efficiency of the polymer flooding can be improved due to
increasing the viscosity of the solution, reducing the adsorption of the
polymer, and improving the breakthrough time; for instance,
Cheraghian [38] and Khalilinezhad et al. [39] enabled to produce
3.9–10% OOIP additional oil by injecting TiO2 and SiO2 polymeric
nanofluids compared to conventional polymer flooding.

The ultimate goal of this study is to produce ZnO/SiO2/xanthan
nanocomposite from pomegranate seed extract, as an efficient nano-
adsorbent substrate, using one-pot biosynthesis method. The surface
of the nanoparticles has been modified using a polymer coating tech-
nique in order to improve their stability and develop a strong polymeric
link between them, as a continued chain. Thus, the low salinity-

Fig. 1. Primary, secondary and EOR oil recovery targets for light and heavy oils when water saturation is about 20% PV [2].

Table 1
A summary of previous works on effects of various nanofluid categories on interfacial tension (IFT), contact angle (CA) and oil recovery.

Category Dispersion phase NP NP conc. [wt%] Rock type IFT [mN/m] CA [°] EOR recovery [%OOIP] References

Clean With NP Clean With NP

Polymer-coated NPs Prop-2-enamide SiO2 0.6–1.2 Sandstone 28 7 87 28 21 Ju & Fan [40]
Chitosan Fe3O4 0.01–0.03 Sandstone 30 17.3 127 92 10.8 Rezvani et al. [33]
Poly2(DMAEA) SiO2 0.1 Sandstone 27 14 85 62.2 9.9 Qi et al. [32]
2-Poly(MPC) SiO2 0.1–0.2 Sandstone 47 35 – – 5.2 Choi et al. [31]

Polymer-dispersed NPs Polyethyl glycol CuO 0.1–0.2 Glass 47.9 1.5 9 1.8 15 Lim & Wasan [29]
Ethylene glycol SiO2 0.277 Glass 43 8.8 66 25 17 Zhang et al. [24]
PAM SiO2 1–2 Sandstone 27 10.2 – – 24.7 Sharma et al. [1]
Xanthan gum SiO2 0.1–0.5 Sandstone 17.8 6.4 86 20 7.81 Saha et al. [5]

Surfactant-dispersed NPs SDS ZnO 0.05 Carbonate 2.8 3.5 22.5 72.2 0 Zaid et al. [41]
SDS ZnO 0.05–0.5 Calcite 27.4 18.6 – 11.8 11 Soleimani [42]

Alcohol-dispersed NPs Ethanol SiO2 0.4 Sandstone 26.3 1.7 55 78 23 Roustaei et al. [43]
Propanol Al2O3 0.05–0.3 Sandstone 5.7 2.3 56.6 76.8 19.4 Joonaki & Ghanaatian [44]

SiO2 5 1.5 56.6 79.1 21.6
Fe2O3 6.3 2.7 56.6 73.9 17.1

Water-dispersed NPs Brine SiO2 0.05 Sandstone 19.2 12.8 33 26 17 Hendraningrat & Torsæter [45]
DIW Al2O3 0.05 Limestone 18 13.4 55.8 65.7 9.9 Bayat et al. [46]

TiO2 17.5 12.5 55.3 61.9 6.6
SiO2 16.7 11 54.8 57.7 2.9

Brine SiO2 0.1 Sandstone 17.5 7 12 40 28 Li et al. [47]
Low salinity SiO2 0.1 Sandstone – – – – 7 Abhishek et al. [25]
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polymeric nanofluid that we derived from dispersing the synthesized
polymer coated nanocomposite within the diluted seawater were
used in EOR applications, which provided a stable emulsion within the
crude oil, as schematically illustrated in Fig. 2. Additionally, the effect
of NC concentration and salinity on contact angle and oil recovery was
investigated.

2. Experimental setup

2.1. Materials

To prepare nanofluids, seawater was collected from the Persian Gulf
and found to contain various ionic concentrations and salt composition
as shown in Table 2. The crude oil used for the contact angle, IFT, emul-
sification and flooding tests, was obtained from the Asmari reservoir
(Rag-e-Sefid oilfield, Iran) with the density of 0.89 g/cm3 (28° API)
and viscosity 98.88 cP at 30 °C, which has been filtered using 5 μm
mesh. A carbonate core sample (length 6.61 cm and diameter
3.81 cm) was collected from the Upper Qamchoqa Formation outcrop
in Bekhma Area in the Kurdistan Region-Iraq (N 36°40′17.00″:
E044°15′04.4″) for the displacement experiment. The porosity and gas
permeability of the core sample were measured as 16.8% and 13.2 mD,
respectively. Other chemical reagents including salts and solvents of
high-purity (about 99.5mol%) were purchased fromMerck and Aldrich
chemical companies. Xanthan gumwith the purity N98mol% in powder
form was supplied by AGREMA, Germany.

2.2. Synthesis and characterization of xanthan coated ZnO/SiO2

nanocomposite

The experimental steps of fabricating ZnO/SiO2/xanthan nanocom-
posite using pomegranate seed extract are shown in Fig. 3. Pomegranate
seeds extract rich is rich in antioxidants, including anthocyanins, flavo-
noids, phenolic acids, and tannins.Which they are able to producemore
uniform nanoparticle shapes and sizes as compared to other plant ex-
tracts due to having high biological activity [48,49]. In a 500 mL beaker,
2 g of ZnCl2 and 5 g of sodium metasilicate (Na2SiO3) were mixed with
200mL pomegranate seed extract at 80 °C and stirred at 850 rpm for 2 h
until the formation of a light black precipitatewas observed. The precip-
itate was then separated using filtration and heated up to 600 °C using a
furnace in order to burn all the remaining plant particles. Then, it was
washedwith the hot distillate water many times to remove the impuri-
ties. The clean precipitate was then dried at room temperature and
mixed with 10 g of xanthan powder using mortar and pestle, and

under reflux for 2 h at 80 °C. Finally, the dried and cleaned nanocompos-
itewas characterized to be used for EOR related tests. Current work pro-
poses the mechanism of the electrostatic interaction between zinc
oxide/silicon dioxide/xanthan gum as well as their emulsification inter-
action with the crude oil when dispersed within the low salinity water
(Fig. 2). For confirming and identifying thepurity,morphology andmin-
eralogy of the synthesized nanocomposite, several analytical methods
have been used, with the focus on X-ray diffraction (XRD), scanning
electron microscope (SEM) and energy dispersive X-ray spectroscopy
(EDS) in the current work.

2.3. Preparation of polymeric nanofluids

Polymeric nanofluids (PNs) have been designed using various con-
centrations of polymer coated ZnO/SiO2 nanocomposite (500 ppm,
1000 ppm and 2000 ppm). Initially, polymeric nanofluid formulations
were tried in seawater (which obviously has high salinity) as a base
fluid (Table 3). According to Spildo et al. [50] and Abhishek et al. [25],
the salting-out approach was used to lower the salinity of seawater by
10 and 20 times dilutions (1:10 and 1:20) to derive the low salinity-
polymeric nanofluid (LPN) (Fig. 4). These nanofluids were prepared
using the stirring (LABINCO L81 Stirrer) at 600 rpm for 6 hwith keeping
the operating temperature below 30 °C to avoid overheating of
homogenizer.

2.4. Nanofluid characterization

To obtain nanofluidswith high dispersion stability of nanocomposite
(NC), ultrasonic waves emitted from a VIP 200HD ultrasonic mixer,
manufactured by Hielscher in Germany, to mix the fluid solutions for
2 h at 400 W. The dispersion stability of the synthesized NC within the
nanofluids was investigated by visual observation, in which the pro-
duced nanofluids have been monitored through transparent vessels
with time. Additionally, the density, viscosity, conductivity and pH of
nanofluids have been measured at ambient temperature and pressure
using PAAR density meter, Brookfield DV2T viscometer, Mettler Toledo
S230, and WTW™ inoLab™ Cond 7310, respectively.

Fig. 2. Schematic diagram illustrates the trapped crude oil and low-salinity polymeric-nanofluid emulsion.

Table 2
Compositional details of seawater used in this study.

Ion Na+ Ca2+ Mg2+ K+ Cl− SO4
2− HCO3

− T.H. T.D.S.
Conc. (ppm) 7337 1920 936 92 11,502 6893 106 8700 33,194
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Furthermore, the IFT between oil-aqueous phases were measured
with an interfacial tension apparatus (IFT-400) using a pendant drop
method from estimating the dimensions of the suspended droplet of
liquid. After receiving the image of the droplet from a camera, the
software identified the value of IFT based on the formula:

γ ¼ ∆ρ∙g∙D
H

ð1Þ

where ∆ρ is the difference between the density of the drop and bulk
fluids (g/cm3), g is the gravitational acceleration of the earth (cm/s2),
D is the large diameter of the droplet (cm), and H is the droplet shape
factor.

Initially, oil-seawater and oil-distilled water (DW) IFTs without the
presence of nanocomposite have been measured. The same procedure
was then applied to measure IFT values between oil-polymeric
nanofluids (PN500, PN1000 and PN2000), and oil- low salinity-
polymeric nanofluids (LPN500, LPN1000 and LPN 2000).

2.5. Contact angle

In this study, the contact anglemeasurements between crude oil and
various polymeric-nanofluids on the surface of the carbonate pellets

were taken using the sessile drop technique (Fig. 5). For this purpose,
thin sections of about 2 mmwere trimmed from the carbonate outcrop
and polished to become entirely smooth. The prepared thin sections
were then cleaned with toluene and distilled water to remove all possi-
ble surface impurities, and in accordance with Villard et al. [51] and
Manshad et al. [52], theywere aged 12 days in the crude oil at a temper-
ature of 70 °C. In order to change the wettability of oil-wet rock slices
under static condition, they were submerged in enclosed containers
filled with nanofluid solutions (PN and LPN with various NC concentra-
tions) for 3 days. The qualitative assessment of the wettability of the
carbonate cores was conducted by estimating the contact angle of the
crude oil droplets on the surface of the prepared thin sections at room
temperature, before and after the treatment with nanofluids.

2.6. Oil displacement and emulsification

The carbonate rock plug used in oil displacement experiments was
collected from the Upper Qamchoqa outcrop in Kurdistan Region-Iraq
[55]. The plug was cleaned by a Soxhlet extraction using ethanol and
toluene at a temperature between 60 and 80 °C for 24 h in order to
remove all the presencewater, oil and any other residues. The core sam-
ple was then dried by placing into an oven at 70 °C for 6 h. Afterwards,
core displacement tests were conducted using water and low salinity-
polymeric nanofluid (LPN2000) prepared by dispersing 2000 ppm of
ZnO/SiO2/xanthan NC in 1:20 diluted seawater. LPN2000 has been
chosen as the tertiary injection fluid according to the results obtained
from the IFT and contact angle tests. Tests were performed at 75 °C
and 1350–1380 psi with the injection rate of 0.5 cm3/min; initially,
water about 2 pore volumes (PV) was injected to the core plug under
controlledflow rate, inwhich twopressure transducerswere used to re-
cord the pressure values at the injection andproduction points, and 2 PV
of LPN2000 injected to the core plug with collecting the displaced
volume of crude oil. Furthermore, the emulsification stability analysis
has been considered for the crude oil−various nanofluid systems
including PN500, PN1000, PN2000, LPN500, LPN1000, and LPN2000.
For this purpose, the prepared samples of 3:7 (v/v) emulsions have
been maintained in an aqueous phase by shaking for 30 min using an

Fig. 3. Schematic diagram illustrates procedural steps of one-pot biosynthesis method used in work [70].

Table 3
Formulation of fluid solutions used in this study.

Sample NC
conc.
[ppm]

Water salinity
[dilution level]

Density
[g/cm3]

Description

Seawater 0 High (no dilution) 1.03 Seawater (high salinity)
PN500 500 1.0337 Polymeric nanofluid
PN1000 1000 1.0342
PN2000 2000 1.0352
Low
salinity

0 Low (1:20 seawater
dilution)

1.008 Low salinity water

LPN500 500 1.0112 Low salinity-polymeric
nanofluidLPN1000 1000 1.0114

LPN2000 2000 1.0117
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orbital shaker. The produced samples were then collected in transpar-
ent cylinders and observed visually over different time-steps.

3. Results and discussions

3.1. Characterization of polymer coated ZnO/SiO2 nanocomposite

ZnO/SiO2/xanthan NC has been prepared using one-pot green
synthesis method and characterized using various analytical techniques
(see our previous papers [53–55]). After confirming the presence of
potent antioxidants inside the plant extract, ZnO/SiO2/xanthan NC has
been produced. The mechanistic relationship of zinc NPs-silica NPs-
xanthan is shown schematically in Fig. 6.

The results of XRD analysis on the synthesized ZnO/SiO2/xanthanNC
using PANalytical X'Pert are presented in Fig. 7, which contains all the
peaks associated with the crystalline planes of pure SiO2 and ZnO NPs
and phase purity of nanoparticles deposited on the surface of the
xanthan gum. Three 010, 002 and012 noticed peakswith the reflections
from 31.5 to 36° are similar to the peaks of Zinc and silica NPs observed
in the previous studies [56–60].

For further confirmation of the biosynthesis of NC, the morphology
and element ratio analyseswere performedusing SEMand EDS (Quanta
450). Themorphology of the green NC is illustrated by SEMmicrograph
at 40,718 magnifications (Fig. 8a). According to the morphology of the
SEM image reported previously [61,62], the shapes of SiO2 and ZnO
NPs on the surface of the polymer were observed with various sizes
below 100 nm. Fig. 8b demonstrates the EDS data which strongly

depicted the presence of Si, Zn and Ca elements as elemental composi-
tion of the synthesized NC. Meanwhile, the AU peak belongs to the
gold used in coating the sample for conducting the SEM analysis. This
analysis technique again strongly proves the validity of the method of
fabrication of a green nanocomposite.

3.2. Nanofluid characterization

3.2.1. Stability
In this part, we have focused on the dispersion stability of colloidal

solid particles within the nanofluid solutions. The key point is that the
dispersion should stay in its designed condition under the experimental
circumstances or else flocculation is going to happen. According to Yang
and Liu [63], Chen and Xie [64], Yu and Xie [65] the synthesized
nanocomposite was coated by polymer as a NP surface modifier in
order to provide the high stability. After sonicating the low-salinity
polymeric-nanofluids with three 500, 1000 and 2000 ppm concentra-
tions of synthesized NC, they were kept in a static state and monitored
through transparent vessels for a period of one week. Consequently,
an excellent suspension stability of the nanofluids was observed as
shown in Fig. 9. In addition, as it has been reported that the pH of a
colloidal solution significantly influences the particle aggregation and
the stability of the suspension [65–67]. Fig. 10a shows the pH values of
the polymeric nanofluids,which varied between 5.8 and 6.8 and indicates
a stable consistency between thenanofluids.Meanwhile, the conductivity
readings of the polymeric nanofluids formed by dispersing the synthe-
sized NC in seawater are shown in Fig. 10b. As it can be seen that the

Fig. 4. Schematic illustration of preparing the polymeric and low-salinity polymeric nanofluids.

Fig. 5. Schematic illustration of sessile drop method for contact angle measurements.
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conductivity was increased along with salinity and NC concentration, but
the effect of salinity on conductivity is higher compared to NC concentra-
tion. For instance, the minimum conductivity of 3.26 mS/mwas obtained
from the low-salinity polymeric-nanofluid at concentration of 2000 ppm
of NC; however, at the same NC concentration the seawater polymeric
nanofluid provided themaximumvalue of conductivity about 59.6mS/m.

3.2.2. Viscosity
In addition to the stability of synthesized NC, it is also worth exam-

ining the effect of nanocomposite on the viscosity of nanofluids as
shown in Fig. 10c. The viscosity of the injected nanofluid is important
due to its effect on mobility ratio and sweep efficiency, consequently,
the EOR efficiency. The viscosity of displacing fluid was significantly

Fig. 6. Schematic view of coating process of ZnO/SiO2 NPs with xanthan Gum particle chains, which shows the structural mechanisms of Zinc NPs, Silica NPs and xanthan Gum.

Fig. 7. The XRD pattern of green synthesized ZnO/SiO2/xanthan NC [53].
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increased by increasing the concentration of synthesized NC for various
salinity ranges; low salinity (6.72 to 16.68 cP), moderate salinity (4.74
to 8.52 cP), and high salinity (7.78 to 7.78 cP) (Fig. 10c). Hence, the im-
pact of the NC concentration on viscosity with the low salinity solution
is higher compared to that with the moderate and high salinities. With
the aim of minimizing the mobility ratio and improving the sweep effi-
ciency and based on [68], the low-salinity polymeric-nanofluid with
2000 ppm NC concentration (LPN2000) was selected as the best EOR
displacing candidate since it is viscosity ratio is the highest which
ranged 16.68 cP.

3.2.3. IFT behavior
IFT measurements were conducted for crude oil against different

aqueous phases (seawater, low salinity, PNs, and LPNs) at ambient tem-
perature and pressure condition as shown in Fig. 11. From the figure, it
can be seen that the IFT reduced gradually from its original to the lowest

value due to the effect of salinity and NC concentration. The initial IFT
values of oil-seawater and oil-low salinity system were measured as
31.8 and 19.68 mN/m, respectively. This reduction, about 38.1%, was
achieved by the effect of water salinity on IFT, which is quite consistent
with the explanation of Nowrouzi et al. [69] where they described the
effect of various concentrations and ionic compounds of the seawater
and reported that diluting the seawater reduced the IFT, effectively. Af-
terwards, the synthesized polymer coated ZnO/SiO2 NC was added to
the seawater and IFT values between crude oil andpolymeric nanofluids
(NP500, NP1000 and NP2000) were recorded. These ranged from 9.45
to 16.041 mN/m. The IFT of oil-NP500 was higher than for oil-NP1000
and oil-NP2000 systems. In this section of the experiment, we reduced
the IFT by about 52% from 19.68 to 9.45mN/mby application of the syn-
thesized NC at appropriate concentration. This observation agrees with
Choi et al. [31] and Qi et al. [32], where they stated that a layered struc-
ture develops by the presence of the nanoparticles at the interface

Fig. 8. a) SEM morphology at 3 μm, and b) EDS spectrum of synthesized ZnO/SiO2/xanthan NC [54].

Fig. 9. Dispersion stability of low-salinity polymeric-nanofluids with NC concentrations of (a) 500 ppm, (b) 1000 ppm, and (c) 2000 ppm after 7 days [53].
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between the crude oil and polymeric nanofluids, which reduces the IFT.
This mechanismwill becomemore effective and stronger by increas-
ing the concentration of polymer coated nanoparticles. Moreover,
the IFT of oil-LPN systems at different NC concentrations were mea-
sured after reducing the salinity of seawater by 1:20 dilution; oil-
LPN500 (9.45 mN/m), oil-LPN1000 (6.95 mN/m), and oil-LPN2000
(2.215 mN/m). By adding the synthesized NC into low salinity

water, the IFT was reduced by about 88.7% from 19.68 (oil-low
salinity system) to 2.215 mN/m. In general, by reducing the salinity
of seawater and adding the synthesized polymer coated NC, we
significantly reduced the IFT value by about 93% from 31.8 to
2.215 mN/m, which was achieved using the LPN2000 solution
(Fig. 11).

3.3. Wettability alteration by polymeric nanofluids

As mentioned earlier, the wettability behavior for several aque-
ous systems was identified by measuring the contact angle of
crude oil on the carbonate plates before and after treatment with
the synthesized nanocomposite. Fig. 12 illustrates the measured
contact angles of crude oil with the presence of various aqueous so-
lutions. The contact angle measurement was initially applied to esti-
mate the wettability behavior of carbonate thin sections in the
presence of distilled (DW), sea- and low salinity waters without
the presence of nanomaterials. From this, it was identified that DW
and seawater induced a very strong oil-wet system (132.62° contact
angle) and a strong oil-wet behavior (91.63° contact angle), respec-
tively. Meanwhile, reducing the salinity of water by about 1:20 dilu-
tions, altered wetting towards the water-wet due to the reduction in
contact angle of carbonate/crude oil/low salinity to about 63.41°.
Then, the effect of the synthesized NC was investigated by dispers-
ing into the seawater to develop the polymeric-nanofluids (PNs)
with different concentrations ranged between 500 and 2000 ppm.
After PNs treatment, the contact angles were significantly reduced
depending on the NC concentration (these were 500, 1000 and
2000 ppm). For this type of aqueous phase, the lowest contact
angle was achieved for a crude oil treated with the PN2000 which
was measured at 57°.

Additionally, to study the wettability condition of the carbonate
rock as a result of using polymer, nanoparticles, and changing salin-
ity, the developed polymer coated NCwas added into the low salinity
water. For this purpose, the carbonate plates were treated with pre-
pared with low salinity-polymeric nanofluid (LPN) solutions at vari-
ous NC concentrations. After 3 days, the contact angle measurements
were obtained for the crude oil on these pellets. As it can be seen in
Fig. 12, the measured contact angles between oil/LPN-500, oil/LPN-
1000 and oil/LPN-2000 nanofluids were 54.48°, 49.33°, and 34.08°,
respectively. As it is obvious, the maximum reduction of crude oil
contact angle on carbonate slice was achieved when it was treated
with LPN2000 solution, which was about 74.3% from 132.62° to
34.08°. Thus, according to Giraldo et al. [17], Al-Anssari et al. [18]
and Rezvani et al. [33] wettability behavior has been altered from
the strong oil-wet to strong water-wet condition from utilizing
LPN-2000 aqueous phase containing 2000 ppm of developed poly-
mer coated ZnO/SiO2 nanocomposite, which it has been selected as
an injection fluid in this study.

In order to better understand the influences of the salinity and NC
concertation on the wettability alteration, the contact angle of crude
oil droplets on several carbonate slices (that were aged in seawater,
low salinity water, PNs and LPNs) have been illustrated schematically
in Fig. 13. As it can be seen in the figure, the contact angle was reduced
by about 28.2°when the salinity of thewaterwas decreased by 20 times
without the presence of nanomaterials. In addition, the contact angle
variations between PNs and LPNswith 500, 1000, 2000 ppmNC concen-
trationswere 31.5°, 29.5° and 23°, respectively. The highest reduction in
contact angle was achieved between PN500 and LPN500 nanofluids by
adding 500 ppm NC, which was about 31.5° (from 86° to 54.4°). Gener-
ally, with the maximum NC concentration (2000 ppm), the contact
angle of the rock slice that was aged in the polymeric nanofluid was
lowered by about 37.8% (from 91.63° to 57°). However, we reduced
the contact angle by about 62.8% (from 91.63° to 34°) by decreasing
the salinity of seawater. Thus, the contact angle of carbonate rock was

Fig. 10. Characteristics of polymeric nanofluids at 500, 1000 and 2000 ppm NC
concentrations and low, moderate and high salinity; (a) pH, (b) conductivity, and
(c) viscosity.
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significantly influenced by the effect of salinity and synthesized
nanocomposite.

3.4. Oil displacement and emulsification

Oil displacement experiments were performed by injectingwater as
a secondary recovery process and low-salinity polymeric-nanofluid as
an EOR technique with a constant injection rate of 0.5 cm3/min into a
carbonate core plug. LPN2000 nanofluid as the best of the low-salinity
polymeric- and polymeric-nanofluids was selected according to the
IFT, viscosity and contact angle results described above. The nanofluid
was prepared form dispersing 2000 ppm of polymer coated ZnO/SiO2

NC in 1:20 diluted seawater. The oil recovery profile across the core
plug for both injections is shown in Fig. 14. In accordance with the ten-
dency stated in other studies, the cumulative oil recovery was usually
improved steadily asmore brinewas injected before approaching a pla-
teau at around 2 PV. Thewaterflooding recovery factor was identified to
be 46.96% of original oil in place (OOIP). Then, the cumulative oil pro-
duction was further increased by about 19.28% OOIP by injecting LPN
nanofluid. Again, the 2nd plateau value was arrived at after injecting

roughly 2 PV. At that point the total cumulative oil recovery from both
of waterflooding and low salinity-polymeric nanofluid flooding was
66.24% OOIP.

Furthermore, in this section, the emulsification stability analysis was
carried out for the crude oil with various nanofluid. The NC concentra-
tions ranged from 500 to 2000 ppm including PN500, PN1000,
PN2000, LPN500, LPN1000 and LPN2000. Fig. 15a–e presents the emul-
sification behavior of all fluid systems at different time steps, over 12 h.
On thewhole, the stability varied between the time steps and across NC
concentrations. As it can be seen, after shaking the emulsions for 30min,
the coalescence of somemixtures was quickly occurred during the first
2 h and increased (Fig. 15b–d). On the other hand, the stable emulsion,
with no flocculation and coalescence, for all other fluid systemswas ob-
served at 8 h and 12 h after settling (Fig. 15e–f). At lower concentration
of polymer coated ZnO/SiO2 NC, higher reduction of the emulsion stabil-
ity has been observed in both PNs and LPNs reduced. This is true accord-
ing to the theory of Dickinson et al. [70] in which they stated that oil
droplets quickly experience coalescence to develop larger droplets
with low polymer concentration which causes the emulsion stability
to become decreased. However, with increasing the concentration of

Fig. 11. IFTs measured between oil-various aqueous phases of different salinities and NC concentrations.

Fig. 12.Measured contact angles between crude oil and various aqueous phases (seawater, low salinity, PNs and LPNs).
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the synthesized NC, better emulsion stability was obtained due to the
better adsorption of the nanocomposite on oil droplets and occurring
isolation between oil droplets [71]. The emulsification stability of the
polymeric nanofluids – PNs developed from the high salinity seawa-
ter was gradually improved with increasing the NC concentration
for all time steps as shown by purple line on Fig. 15. The stability
of the PN emulsion formed at 500 ppm NC was reduced very quickly
after 1 h of settling, and started to reduce after 4 h with 1000 ppm
NC concentration. However, a high stable emulsion of crude oil/
PN2000 was observed through the all settling time-steps, which
was inferred as an optimal nanofluid [5]. However, there was no
steady trend observed with the low salinity-polymeric nanofluids
– LPNs with increasing the NC concentration. The stability of oil/
LPN emulsion with 500, 1000 and 2000 ppm was started to reduce
after 1–2 h of settling. In addition to this, better stability of LPN
was identified with 2000 ppm NC concentration compared to 500
and 1000 ppm.

We compared the results achieved by the performance of the low-
salinity polymeric-nanofluid used in this study with the findings de-
scribed in the literature for nanofluid EOR applications in terms of IFT

reduction, wettability alteration and oil recovery improvement on
Fig. 16. For instance, Ju and Fan [40] increased oil recovery by about
21% of OOIP using polymer coated-SiO2 NPs. They also confirmed that
the role of wettability alteration was higher than the IFT reduction to
produce the residual oil. In addition, Rezvani et al. [33] produced an
extra 10.8% OOIP by using Chitosan coated Fe3O4 nanocomposite by
modifying the IFT and wettability behavior. According to the percent-
ages of modifications in IFT, wettability and oil recovery from previous
studies, currentwork obtained a huge reduction in IFT (93%), significant
alteration in wettability towards a water-wet system (from 132.6 to
34°) and large improvement in oil recovery (19.3%) by creating better
interactions between crude oil, polymer, nanoparticles and carbonate
rocks.

4. Conclusions

This paper described a new green technology to develop a low-
salinity polymeric-nanofluid using a polymer coated ZnO/SiO2 nano-
composite for the Enhanced Oil Recovery. ZnO/SiO2/xanthan NC was
synthesized from pomegranate seed extract in a green and economical

Fig. 13. Oil droplet images of several carbonate pellets indicate the variations in contact angles between (i) seawater and low-salinity water, (ii) PNs and LPNS with 500, 1000, and
2000 ppm NC concentrations.

Fig. 14. Production profiles of brine and LPN2000 nanofluid flooding as a function of injected PV.
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way, and characterized using UV–Vis, XRD, FE-SEM and EDS techniques.
The prepared nanofluid utilized the properties of several components,
as follows: (i) polymer coated ZnO/SiO2 NC was evenly dispersed in
water with high suspension stability for long time, (ii) the low-salinity
polymeric-nanofluid (LPN)presented an excellent rheology and interfa-
cial activity due to the effects of synthesized NC and salinity, (iii) the de-
veloped LPNnanofluid enabled alteration ofwettability of the carbonate

rock from an oil-wet to a strong water-wet system, (iv) LPN flooding
improved the cumulative oil recovery by about 19.28% OOIP, and
(v) high stable emulsification between crude oil and polymeric
nanofluid achieved over various time-steps. This preparation method
could be widely applied to acquire low salinity-polymeric nanofluids,
which shows great potential for EOR applications in carbonate
reservoirs.

a) Initial – after shaking b) After settling for 1 hr

c) After settling for 2 hrs d) After settling for 4 hrs

e) After settling for 8 hrs f) After settling for 12 hrs
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Fig. 15. Emulsification images of oil/polymeric and oil/low salinity-polymeric nanofluids over various time-steps.
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A B S T R A C T

Nanoparticles (NPs) have shown showed a promising role in improving oil recovery as potential enhanced oil
recovery (EOR) agents. In this study, one-pot green technique was used to synthesize titanium oxide NPs from
the euphoria condylocarpa extract, and graft it on the surface of quartz to develop a green nanocomposite (NC) for
enhanced oil recovery (EOR) applications. The synthesized TiO2/Quartz NC was identified using X-ray dif-
fraction (XRD), Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). In
order to prepare the novel nanofluids, the synthesized NC was dispersed in desilted water, seawater and low-
salinity water (seawater dilution), which were characterized through analyzing their stability, viscosity, pH,
density and conductivity behaviors. The prepared nanofluids were used to minimize the interfacial tension (IFT)
and contact angle between crude oil and water on the surface of carbonate rocks. The obtained results show that
TiO2/Quartz-nanofluid (DWN1000), with 1000 ppm dispersed in distilled water, enables an additional oil re-
covery of 21% OOIP due to a significant reduction in IFT from 36.4 to 3.5 mN/m, improving the rheology
behavior and wettability alteration towards a stronger water-wet system from 103° to 48° contact angle. Thus,
the synthesized NC provides high stability solution with a promising potential in EOR applications.

1. Introduction

Energy demand across the world increases instantly due to rapid
economic improvement. As one of the most important basic energy
sources, crude oil is an indispensable strategic resource for national
development, which is known as the blood of industry [1]. Generally,
primary and secondary recovery techniques can typically extract one-
third of the original oil in place (OOIP), and the rest is usually trapped
within the rock pore spaces and throats, and can hardly be produced by
conventional processes [2]. This low recovery of oil is mainly linked to
the displacement efficiency of porous media, which is primarily influ-
enced by two factors, namely wettability and interfacial tension (IFT)
[1,2]. The oil-wet system makes the crude oil difficult to isolate from
the rock surface due to the high adhesion relation between the crude oil

and the reservoir rock [3,4]. While a high interfacial tension between
the crude oil and water makes oil difficult to be transferred [5]. Thus,
several methods and materials have been developed to enhance and
improve oil recovery, such as chemical processes (polymer, surfactant
and alkaline), gas injection (nitrogen and CO2), thermal techniques
(steam cyclic, in-situ combustion and hot water) and microbial [6].
Although, these EOR agents and methods can improve oil recovery to a
limit, however, there are some limitations, for instance, the high cost of
chemicals, possible reservoir damage, high consumption, and chemical
loss. Therefore, nanomaterials, as novel EOR agents, have highly at-
tracted researchers to be used for overcoming the limitations of con-
ventional methods due to their low cost, high efficiency, and eco-
friendly features, as shown in Table 1 [6–8]. Based on this principle,
nanofluids are recently the most common solutions because of their
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crucial EOR applications, such as wettability alteration [9,10], IFT re-
duction [11,12], viscosity improvement [13], controlling the fines mi-
gration [14] and inducing the structural disjoining pressure [15,16].

Since the last decade, the roles of several nanoparticles in EOR
applications have been widely investigated, such as silicon dioxide
(SiO2), aluminum oxide (Al2O3), zinc oxide (ZnO), and titanium dioxide
(TiO2). These nanoparticles were applied in different manners, such as
dispersed in brine [17–20], dispersed in surfactant [21,22], dispersed in
polymer [23–25], and polymer-coated nanocomposite [26–30]. Hen-
draningrat and Torsæter [18] used hydrophilic silica as EOR agent to
displace more oil in the porous media, and achieved a wettability al-
teration of quartz rocks with an increase of oil recovery by about 4.9%.
While, Shahrabadi et al. [32] stated that using a nanofluid prepared of

hydrophobic silica dispersed in brine can provide better wettability to
the rock surface and improves oil recovery. Joonaki and Ghanaatian
[33] reported that Al2O3 and SiO2 can provide better EOR displacement
performance when dispersed within the propanol compared with Fe2O3

due to their ability to reduce IFT and alter wettability. Bayat et al. [19]
illustrated the role of TiO2 deionized water-based nanofluid in in-
creasing the flooding efficiency of EOR in carbonate rocks at different
temperatures. Moreover, Saha et al. [24] obtained a significant reduc-
tion in IFT up to 66% from dispersing the silica NPs within the xanthan
gum polymer in association with improving a cumulative oil recovery
about 7.8% OOIP. Furthermore, fabricating composite of nanoparticles
or modifying and coating their surfaces for EOR applications have been
considered by some researchers. Ju and Fan [29] enabled to increase oil
recovery using polymer coated-SiO2 up to 21% due to the role of
wettability alteration more than the effect of IFT reduction on the re-
sidual oil. Rezvani et al. [28] stated that using a fabricated Fe3O4/
chitosan nanocomposite was successful in producing an extra 10.8%
OOIP due to modifying the IFT and wettability behaviors. In addition,
Qi et al. [27] could increase residual oil recovery by about 10% from
coating the silica nanoparticles by polymer. They were not able to
change the IFT and wettability significantly. However, Lim and Wasan
[25] dispersed CuO in polyethylene glycol, and were not successful in
producing an extra crude oil compared to the water-based nanofluid
flooding. Meanwhile, Zhang et al. [16] dispersed SiO2 in polyethylene
glycol, and they enabled to produce more oil recovery ranged 17% by
the combined effect of IFT reduction and wettability alteration. Ali
et al. [12,30,31] obtained a huge reduction in IFT (93%), significant
alteration in wettability towards a water-wet system and high im-
provement in oil recovery (19.3%) from using a green-synthesized
ZnO/SiO2/xanthan nanocomposite due to creating better interactions
between crude oil–polymer–nanoparticles–carbonate rocks.

The ultimate goal of this study was to synthesis a TiO2/Quarts na-
nocomposite for increasing EOR displacement performance of carbo-
nate rocks. The surface of titanium nanoparticle was modified using
substrate technique in order to improve its stability and to provide long
term stability of nanofluids. Thus, the water-based nanofluids with
different salinity ranges from dispersing the synthesized nanocomposite
was developed for IFT reduction, wettability alteration, and improving
oil recovery.

Table 1
A summary of previous works on effects of various nanofluid categories on interfacial tension (IFT), contact angle (CA) and oil recovery.

Nanomaterial Dispersion media NP conc. [wt.%] Rock type IFT [mN/m] CA [degree] EOR References
clean with NP clean with NP [%OOIP]

CuO Polyethyl glycol 0.1–0.2 Glass 47.9 1.5 9 1.8 15 Lim & Wasan [25]
SiO2 Ethylene glycol 0.277 Glass 43 8.8 66 25 17 Zhang et al. [16]
SiO2 PAM 1–2 Sandstone 27 10.2 – – 24.7 Sharma et al. [23]
SiO2 Xanthan gum 0.1–0.5 Sandstone 17.8 6.4 86 20 7.81 Saha et al. [24]
ZnO SDS 0.05 Carbonate 2.8 3.5 22.5 72.2 0 Zaid et al. [21]
ZnO SDS 0.05–0.5 Calcite 27.4 18.6 – 11.8 11 Soleimani [22]
SiO2 Ethanol 0.4 Sandstone 26.3 1.7 55 78 23 Roustaei et al. [33]
Al2O3 Propanol 0.05–0.3 Sandstone 5.7 2.3 56.6 76.8 19.4 Joonaki & ghanaatian [32]
SiO2 5 1.5 56.6 79.1 21.6
Fe2O3 6.3 2.7 56.6 73.9 17.1
SiO2 Brine 0.05 Sandstone 19.2 12.8 33 26 17 Hendraningrat & Torsæter [21]
Al2O3 DIW 0.05 Limestone 18 13.4 55.8 65.7 9.9 Bayat et al. [19]
TiO2 17.5 12.5 55.3 61.9 6.6
SiO2 16.7 11 54.8 57.7 2.9
SiO2 Brine 0.1 Sandstone 17.5 7 12 40 28 Li et al. [20]
SiO2 LoSal water 0.1 Sandstone – – – – 7 Abhishek et al. [17]
SiO2/prop-2-enamide 0.6–1.2 Sandstone 28 7 87 28 21 Ju & Fan [29]
Fe3O4/chitosan Brine 0.01–0.03 Sandstone 30 17.3 127 92 10.8 Rezvani et al. [28]
SiO2/Poly2(DMAEA) 0.1 Sandstone 27 14 85 62.2 9.9 Qi et al. [27]
SiO2/2-Poly(MPC) 0.1–0.2 Sandstone 47 35 – – 5.2 Choi et al. [26]
ZnO/SiO2/xanthan LoSal water 0.05–0.2 Carbonate 31.8 2.016 137 34 19.3 Ali et al. [31]

Table 2
The composition of seawater.

Ion Concentration (ppm)

Na+ 7330
Ca2+ 1920
Mg2+ 930
K+ 90
Cl- 11,500
SO42- 6860
HCO3

– 180
T.D.S. 33,194
T.H. 8,700

Table 3
The composition of crude oil.

Component Mole %

C1 0.0285
C2 0.4036
C3 2.4806
nC4 3.264
iC4 0.0864
nC5 2.7529
iC5 2.0948
C6 5.6658
C7 9.32
C7+ (MW = 269 g/gmol and SG = 0.9149) 82.3193
H2S 0.093
CO2 0.0294
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2. Experimental section

2.1. Materials

Seawater (pH=7.67) was collected from Persian Gulf which con-
tains various ionic concentrations and salt composition as shown in
Table. 2. The crude oil with the density of 0.879 gm/cm3 (29.5° API)
and viscosity of 98.88 cP was obtained from the Rag-e-Sefid oilfield in
Iran for the contact angle, IFT, and flooding experiments (Table 3). The
used crude oil was filtered with a 5 μm mesh. A carbonate core sample

(length 8m and diameter 3.7 cm; 75% dolomite and 25% calcite) was
taken from the Asmari Outcrop in southwest of Iran for contact angle
and displacement measurement tests. The porosity and permeability of
the core sample were 12.8% and 13 mD, respectively. Other chemical
reagents including salts and solvents of high-purity (about 99.5 mol%)
were purchased from Merck and Aldrich chemical companies.

2.2. Synthesis and characterization of TiO2/Quartz nanocomposite

Titanium oxide NPs was synthesized from euphoria condylocarpa

Fig. 1. Schematic diagram of experimental steps and mechanism of developing TiO2/Quartz NC.

Table 4
Formulation of fluid solutions used in this study.

Sample NC conc. [ppm] Water salinity [dilution level] Density [gm/cm3] Description

DW 0 Free Distilled water
DWN250 250 Distilled water-based nanofluid with different NC concentrations
DWN500 500
DWN1000 1000
HiSal 0 High (no dilution) Seawater (high salinity)
HSN250 250 Seawater-based nanofluid with different NC concentrations
HSN500 500
HSN1000 1000
MoSal 0 Moderate (1:10 seawater dilution) Moderate salinity water
MSN250 250 Moderate salinity water-based nanofluid with different NC concentrations
MSN500 500
MSN1000 1000
LoSal 0 Low (1:20 seawater dilution) Low salinity water
LSN250 250 Low salinity water-based nanofluid with different NC concentrations
LSN500 500
LSN1000 1000

Fig. 2. Schematic presentation interfacial tension measurement; a) HPHT pendent drop IFT-400 apparatus, and b) shape of crude oi droplet [32].
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2.3. Nanofluid preparation and characterization

Novel nanofluids used in the current study were designed using
various concentrations of TiO2/Quartz nanocomposite (250, 500, and
1000 ppm). Initially, nanofluid solutions were prepared using seawater
(high salinity) and distilled water (DW) as base fluids (Table 4). On the
basis of salting-out approach, the salinity of seawater was lowered by
10 and 20 times dilutions (1:10 and 1:20) for developing the low sali-
nity water-based nanofluid (LSN) [17,35]. For each dilution, we added
100mL of distilled water into a liter of seawater. A magnetic stirrer
(LABINCO L81) at 600 rpm for 6 h was used to prepare nanofluids with
keeping the operating temperature below 30 °C.

Nanofluids used in this study were mixed using ultrasonic mixer
(VIP 200HD) waves for 2 h at 400W to obtain high dispersion stability
of TiO2/Quartz nanocomposite (NC). First, the visual observation was
considered for checking the stability of the NC dispersed in different

water solutions, wherein the developed nanofluids were monitored
through transparent vessels during various time periods. In addition,
the density, viscosity, conductivity and pH behaviors of the prepared
nanofluids were measured at ambient temperature and pressure using
PAAR density meter, Brookfield DV2T viscometer, Mettler Toledo S230,
and WTW™ inoLab™ Cond 7310, respectively.

2.4. Interfacial tension measurement

Interfacial tension of the crude oil-nanofluid system was measured
using the interfacial tension apparatus (IFT-400) on the basis of the
pendant drop procedure (Fig. 2a). In this way, the image and volume of
suspended droplet of crude oil within the nanofluid can be estimated
(Fig. 2b). The actual value of IFT for a liquid–liquid system can be
measured from the droplet image received in computer using a typical
software dependent on the below equation [51]:

Fig. 6. FTIR spectrum of synthesized TiO2/Quartz nanocomposite.

Fig. 7. SEM micrographs of TiO2/Quartz NC at 1 μm and 200 nm.
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= ∙ ∙γ ρ g D
H

∆
(1)

where ρ∆ is the difference between the density of the drop and bulk
fluids (gm/cm3), g is the gravitational acceleration of the earth (cm/
sec2), D is the large diameter of the droplet (cm), and H is the droplet
shape factor.

Initially, IFT of crude oil and various water solutions with different
salinity ranges without the presence of nanomaterial was measured.
Then, the same procedure was applied to measure the IFT between
crude oil and various nanofluid solutions with different salinity ranges
and NC concentrations. All the IFT measurements of different li-
quid–liquid systems were carried out at different conditions of tem-
perature (30, 50 and 70 °C) and pressure (500, 1000 and 1500 psi).

2.5. Contact angle measurement

In this study, the sessile drop technique was used to measure the
contact angle between crude oil and various water-based nanofluids
with different NC concentrations and salinity ranges on the surface of
the carbonate rocks (Fig. 3). Smooth pellets of carbonate rock were

prepared from cutting the rock plugs into thin sections in 2mm, and
carefully polished and cleaned by distilled water and toluene to remove
all the possible surface impurities. In addition, the trimmed carbonate
pellets were aged by immersing and leaving inside the crude oil at
temperature of 70 °C for 12 days. The contact angle of the crude oil
droplet on carbonate rocks was estimated under the static condition
submerging the prepared rock slices in enclosed containers filled with
nanofluid solutions for 3 days.

2.6. Oil displacement experimental set-up and procedure

Core flooding set-up consists mainly fluids, a core holder, pumps,
and output collector as shown schematically in Fig. 4. The selected fluid
from the cylinder can be pumped into the core holder chamber using a
HPLC pump, wherein injects the hydraulic fluid to the piston rears of
cylinders. In this work, crude oil, brine, and nanofluid were stored in
the three cylinders which are placed inside an oven along with a core
holder. The core holder chamber itself consists of two parts of the fluid
flow (inlet and outlet), and a special rubber to block the fluid flow
around 1.5″ plug, which is operated by a hydraulic fluid pump manu-
ally. The outlet fluid is usually stored in a special fluid collection vessel
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Fig. 8. Dispersion stability of prepared nanofluids at different NC concentrations (250, 500 and 1000 ppm) and different salinity level of water (seawater, 1:10
diluted seawater, and 1:20 diluted seawater) after three days.
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from the camper output line. Composition of carbonate rock plugs used
in oil displacement tests were collected from the Asmari Formation
outcrop in Iran. All the presence water, oil and other residues were
removed from the collected plugs by ethanol and toluene using a
Soxhlet extraction at temperature between 60 and 80 °C for 24 h. The
core samples were then placed into an oven at 70 °C for 6 h in order to
be dried. Afterward, core displacement tests were conducted using
brine as a secondary recovery, and DWN1000, HSN1000, MSN1000 and
LSN1000 nanofluids as tertiary recovery prepared by dispersing
1000 ppm of TiO2@Quartz NC within distelled water and seawater with
dilutions. Tests were performed at 75 °C and 1400 psi with the injection
rate of 0.5 cm3/min; initially, water about 1.5 pore volumes (PV) was
injected into the core plugs under controlled flow rate, in which two
pressure transducers were used to record the pressure values at the
injection and production points, and 1.5 PV of nanofluids injected to
the core plugs with collecting the displaced volume of crude oil.

2.7. Emulsification behavior

In this section, according to Ali et al. [31] and Ghosh and Ban-
dyopadhyay [57], the emulsification stability analysis was considered
for the crude oil–various nanofluid systems prepared by dispersing 250,
500 and 1000 ppm NCs within distilled water, seawater and low-sali-
nity water. For this purpose, the prepared samples of 3:7 (v/v) emul-
sions were maintained in an aqueous phase by shaking for 30min using
an orbital shaker. The produced samples were then collected in trans-
parent cylinders and observed visually over different time-steps.

3. Results and discussion

3.1. Characterization of TiO2/Quartz nanocomposite

In order to identify the synthesized nanocomposite, XRD, FTIR and
SEM analyses were conducted. The pattern of XRD analysis on TiO2/
Quartz NC indicate the main peaks associated with the crystalline
planes of pure TiO2 and phase purity of nanoparticles deposited on the

Fig. 9. Characteristics of polymeric nanofluids at 250, 500, and 1000 ppm NC concentrations and free, low, moderate and high salinities; (a) pH, (b) conductivity,
and (c) viscosity.
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surface of the quartz (Fig. 5). The noticed peaks (020, 022, 036, 044,
052, 060 and 070) with the reflections vary between 20 and 70° are in
standard with the peaks of TiO2 and quartz reported in the literature
[36–40]. In addition, Fig. 6 illustrates the FTIR spectrum of TiO2/
Quartz nanocomposite, which contains a broad band between 1084.9
and 3433.8 cm−1 to represent the O–H stretching vibration of in-
complete salt groups (Ti–OH) with the consideration of the remaining
absorbed water. However, the vibration’s peaks between 463.9 and
1084.9 cm−1 belonged to the nanocomposite stretching modes. These
results provide an evidence of a successful synthesis process of nano-
composite [40–43].

For further confirmation of the green synthesis of TiO2/Quartz NC,
the morphology analysis was carried out using SEM. Fig. 7 presents the
SEM morphology of the synthesized NC at 1 µm and 200 nm. According
to the SEM micrographs of TiO2 and quartz reported by Ze et al. [37],

Selli and Tunali [45], and Mahalingam et al. [44], the morphology of
the synthesized NC with the various sizes below 100 nm were observed.
In the figure, the particles were prepared with the formation of clusters
with a random distribution of the TiO2 on the surface of quartz.

3.2. Nanofluid characterization

Stability of the dispersed nanomaterial within the nanofluid solu-
tion is one of the important characteristics of the injection nanofluid.
First, the dispersion stability of TiO2/Quartz NC was observed by
monitoring the papered nanofluids through transparent cylinders for
three days. During this period, no sedimentation of the nanocomposite
in the bottom of cylinders can be seen. Hence, in accordance to Chen
and Xie [46], Yu and Xie [47], it can be stated that the high stability
was achieved for all nanofluids (DWN250, DWN500, DWN1000,

Fig. 10. IFT of oil-various aqueous phase systems with different salinities and NC concentrations measured at both LTLP and HTHP condistions of reservoirs.

Fig. 11. The effects of pressure and temperature on IFT reduction at 250 ppm TiO2/Quartz NC concentration for different nanofluids solutions prepared by distilled
water, low salinity water (1:20 seawater dilution), moderate salinity water (1:10 seawater dilution) and high salinity water.
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HSN250, HSN500, HSN1000, MSN250, MSN500, MSN1000, LSN250,
LSN500 and LSN1000) at different concentrations of nanocomposite
(250, 500 and 1000 ppm) and different salinity level of water (sea-
water, 1:10 diluted seawater, and 1:20 diluted seawater) as shown in
Fig. 8.

In addition, as it is clear that the pH of a colloidal solution sig-
nificantly influences the particle aggregation and the suspension sta-
bility [49,50]. Fig. 9a shows the pH values of the nanofluids used in this
study, wherein pH varied from 6.5 to 8 which indicates a stable

consistency between the nanofluids, except for distilled water. Mean-
while, the conductivity readings of the prepared nanofluids are shown
in Fig. 9b. As it can be seen, the conductivity was basically increased
with increasing the salinity of the solutions and not affected by NC
concentration. Conductivities of LSN, MSN and HSN were about 20, 32
and 60 µS/cm and were not changed with increasing the NC con-
centration, respectively. However, the conductivity for DWN was
changed depending on the NC concentration from 40 to 60 µS/cm.
Furthermore, since its crucial for controlling the mobility ratio, sweep

Fig. 12. The effects of pressure and temperature on IFT reduction at 500 ppm TiO2/Quartz NC concentration for different nanofluids solutions prepared by distilled
water, low salinity water (1:20 seawater dilution), moderate salinity water (1:10 seawater dilution) and high salinity water.

Fig. 13. The effects of pressure and temperature on IFT reduction at 1000 ppm TiO2/Quartz NC concentration for different nanofluids solutions prepared by distilled
water, low salinity water (1:20 seawater dilution), moderate salinity water (1:10 seawater dilution) and high salinity water.
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efficiency and EOR efficiency, the viscosity of nanofluids has been also
measured. Fig. 9c shows the effect of the TiO2/Quartz NC on the visc-
osity of the injection fluids. The viscosity of displacing fluid was in-
creased with increasing the concentration of synthesized NC for various
salinity ranges; distilled water, low salinity, moderate salinity and high
salinity. As it can be seen that the effect of NC concentration on the
nanofluid viscosity was significantly higher compared with other na-
nofluids, which was increased from 3.2 to 7 Cp. This improvement in
nanofluid viscosity was crucial for minimizing the mobility ratio and
improving the sweep efficiency. On the basis on this with the support of
[51], the LoSal nanofluid with 1000 ppm NC concentration (LSN1000)
can be selected as the best EOR displacing candidate.

3.3. IFT reduction

IFT values of different crude oil–water and crude oil-nanofluid
systems have been measured at ambient temperature and pressure as
shown in Fig. 10. Several aqueous phases were used based on the
salinity and nanocomposite concentration. From the figure, it can be
seen that the initial IFT values measured for distilled water (DW),
seawater (HSW) and low salinity water (LSW) were about 36.416,
31.13 and 21.32mN/m, respectively. It is clear that the IFT of oil-
seawater was highly reduced by reducing the seawater salinity by 20
times dilution, which is quite consistent with the explanation of Now-
rouzi et al. [51,52,53] and Manshad et al. [54,55,56] where they de-
scribed the effect of different densities and ionic compounds of the
seawater on the IFT reduction and reported that diluting the seawater

Fig. 14. Measured contact angles between crude oil and various aqueous phases (SSW, LoSal, PNs and LPNs).

Fig. 15. Oil droplet images on several carbonate pellets present variations in contact angles between (i) SSW and LoSal water, (ii) PNs and LPNS with 500, 1000, and
2000 ppm NC concentrations.

Table 5
Summary of the oil displacement tests.

Core Porosity[%] Perm. [mD] PV [cm3] Swi [%] Nanofluid Oil recovery [%OOIP] Total oil recovery [%OOIP]

Secondary Tertiary

Plug#1 14.1 7.71 11.18 27 DWN1000 37 21 58
Plug#2 12.2 6.4 10.25 25.3 HSN1000 10 47
Plug#3 12.14 7.1 10.38 26 MSN1000 12 49
Plug#4 13 8.3 10.93 27.4 LSN1000 17 54
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reduces the IFT, effectively. Afterward, the synthesized TiO2/Quartz NC
with 250, 500 and 1000 ppm concentrations have been added to the
distilled water and seawater with various salinity ranges, and the IFT
between crude oil and nanofluids (DWN, HSN and LSN) was measured,
which was ranged between 2.645 and 21.424mN/m. In this section of
the experiment, we enabled to minimize the IFT by about 92.7% from
36.416 to 2.645mN/m by the effect of synthesized NC and its con-
centration. This observation agrees with Choi et al. [26] and Qi et al.
[27], which they stated that a layered structure develops by the pre-
sence of the nanoparticles at the interface between the crude oil and
polymeric nanofluids, which reduces the IFT. This mechanism will
become more effective and stronger by increasing the concentration of
polymer coated nanoparticles. In this work, TiO2/Quartz was more ef-
fective the distilled water compared to the seawater-based nanofluids
for all the three different nanocomposite concentrations, and the
minimum value IFT has been obtained for between crude oil and dis-
tilled water with 500 ppm NC concentration. According to Al-Anssari
et al. [10], the selected percentage error of IFT measurement was±
5%.

Figs. 11–13 illustrate the effects of pressure and temperature on IFT
reduction at different NC concentrations and water salinity ranges. In
this work, the experiments were performed at 30, 50 and 70 °C and 500,
1000 and 1500 psi. The impact of temperature on IFT reduction is
stronger compared with the effect of pressure. When adding 250 ppm of
TiO2/Quartz NC into the distilled water, its IFT was significantly re-
duced by about 69.8% from 36.14 to 19.986mN/m, however, this
value was changed with increasing the temperature and pressure
(Fig. 11). Generally, IFT was increased with increasing pressure, and
less reduction in its value achieved under the effect of nanocomposite.
While, the temperature had a stronger impact on IFT compared with the
pressure, and it resulted more reduction in the IFT value, for example
from increasing the temperature from 30 to 70 °C, IFT between oil-
DWN250 was reduced from 10.98 to 7.205 mN/m and increased again
to 9.502mN/m when subjected to higher pressure (1500 psi). Ad-
ditionally, for all three other kinds of nanoluids (LSNs, MSNs and HSNs)
the IFT value was rarely reduced by adding 250 ppm of NC, and re-
mained almost constant under the effect of pressure and temperature
except for the low salinity water-based naofluid.

Fig. 12 shows the IFT values measured between crude oil and dif-
ferent nanofluids with the 500 ppm nanocomposite concentration under
the effects of temperature and pressure. As it is obvious, the lowest IFT
about 2.645mN/m was achieved when the crude oil was immersed in
the DWN500 solution under the ambient temperature and pressure

condition, which was more reduced to 1.14mN/m with ivreasing the
pressure to 1000 psi. However, it was again increased with increasing
temperature and pressure up to 8.412mN/m. For the crude oil and
LSNs systems, the IFT was also reduced but gradually and not effec-
tively when NC concentration was increased to 500 ppm; even the effect
of temperature and pressure was also very low. Particularly, for both
MSNs and HSNs, IFT vale almost remained the same when increasing
the NC concentration to 500 ppm with no changes due to the impacts of
pressure and temperature.

Lastely, with dispersing 1000 ppm of TiO2/Quartz within the dif-
ferent saline waters, only a desirbale reduction of IFT was obtained
with the distilled water-based naofluid (DWN1000), but still lower than
the minimum value achieved with the DWN500 (Fig. 13). IFT value was
also influened by the impact of the temperature and pressure. Unlikly,
the similar trends of IFT reduction were achieved for LSN1000,
MSN1000 and HSN1000 nanofluids as with 250 and 500 ppm in pre-
vious cases.

3.4. Wettability alteration

The contact angle of the several aqueous systems was measured to
describe the wettability behavior of the carbonate thin sections with
and without the presence of the synthesized nanocomposites. In this
section, the effect of TiO2/Quarz on the value of the contact angle while
using distilled water, seawater, and diluted seawater (1:10 times and
1:20 times) has been discussed in details. Fig. 14 illustrates values of
contact angles measured under the effect of nanocomposite, salinity
and temperature. Basically, the initial contact angle measurements
showed a strong oil-wet system on the carbonate pellets for all different
solutions with 250 ppm NC concentration. The maximum contact angle
was measured when the aged thin section was submersed into the
seawater-based nanofluid with 250 ppm NC (HSN250), which was
about 117°. Generally, the effect of TiO2/Quartz on the wettability al-
teration was very weak while using seawater, and the contact angle was
only reduced by about 10.25% from 117° to 105° with increasing the
NC concertation from 250 to 1000 ppm. However, an effective reduc-
tion in contact angle was noticed when diluting seawater by 10 and 20
times. Under the same experimental condition and NC concertation,
contact angle was reduced by about 33.6% with 1:10 dilutions and
47.5% with 1:20 dilutions of seawater. From the obtained results in
accordance to Sharma et al. [23], the synthesized nanocomposite was
more effective with low salinity water compared with high salinity
waters and enabled to alter the wettability of the carbonate rock from

Fig. 16. Production profiles of water and LoSal-polymeric nanofluid flooding as a function of injected PV.
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a) Before shaking (1000, 500 and 250 ppm)  
Distilled water Seawater  1:10 diluted seawater 1:20 diluted seawater 

1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm

b) After shaking_Day#1
Distilled water Seawater  1:10 diluted seawater 1:20 diluted seawater 
1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm

c) After shaking_Day#2
Distilled water Seawater  1:10 diluted seawater 1:20 diluted seawater 
1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm

d) After shaking_Day#3
Distilled water Seawater  1:10 diluted seawater 1:20 diluted seawater 
1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm 1000ppm-500ppm-250 ppm

Fig. 17. Emulsification behaviour of crude oil-nanofluid systemes with various salinity ranges (distilled water; low-salinity water; moderate-salinity water; high-
salinity water), and NC concentrations (250, 500 and 1000 ppm).
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the oil-wet to water-wet system. Additionally, to study the wettability
condition of the carbonate rock under the consequence of TiO2/Quartz
NC without the presence of the salinity effect, the developed NC has
been added into the distilled water (DW) in different concentrations of
250, 500 and 1000 ppm. For this purpose, the carbonate pellets were
treated with prepared DW based-nanofluid (DWN250, DWN500 and
DWN1000), and after 3 days the contact angle measurements for the
crude oil on these pellets were performed. As it can be seen in Fig. 14,
determined values of contact angles between oil/DWN250, oil/
DWN500 and oil/DWN1000 nanofluids were about 103°, 72°, and 63°
under 30 °C, respectively.

Furthermore, in order to identify the effect of the synthesized NC on
wettability alteration under the high temperature condition, contact
angle measurements have been conducted at 30, 50 and 70 °C tem-
peratures (Fig. 14). With increasing the temperature, the reduction in
contact angle was increased for all the nanofluid solutions. While, the
impact of NC on the contact angle reduction for the DW-based nano-
fluid was higher compared with other water-based nanofluids under
high temperature condition. Wherein, the minimum value of contact
was achieved for crude oil/DWN1000 system ranged about 48°. Thus,
according to Al-Anssari et al. [10] and Rezvani et al. [28], the wett-
ability behavior was altered from the oil-wet to water-wet system from
utilizing DWN-1000 nanofluid containing 1000 ppm of developed
TiO2/Quartz nanocomposite. In order to better understand the influ-
ences of the salinity, NC concertation and temperature on the wett-
ability alteration, contact angles of crude oil droplet on several carbo-
nate slices aged in DWNs, HSNs, MSNs and LSNs have been illustrated
schematically in Fig. 15. As it can be seen in the figure, oil droplets
were strongly adsorbed by the carbonate surface with adding 250 ppm
of NC into the DW, HSW, MSW and LSW at 30 °C. However, more-freely
oil can be seen on the carbonate slices when the concentration of NC
was increased to 1000 ppm and temperature to 70 °C.

3.5. Oil displacement and emulsification

Oil displacement experiments were performed from injecting water
as a secondary recovery process and nanofluid as tertiary recovery
technique with a constant injection rate of 0.5 cm3/min to several
carbonate core plugs (Table 5). For this purpose, four plugs with the
porosity about 12–14% and permeability ranges between 6 and 8.5 mD
have been used. Initially, brine was injected into the four prepared
plugs separately, which enabled to extract crude oil about 37% OOIP.

The injection theme and oil recovery across core plugs is shown in
Fig. 16. HSN1000 nanofluid composed of 1000 ppm NC dispersed in
seawater was then injected into core#2 in order to improve the oil
recovery factor, and an additional 10% OOIP has been produced. A
nanofluid prepared from dispersing 1000 ppm NC within 1:10 diluted
seawater has been pumped into core#3 and increased oil recovery up to
49% OOIP. In order to observe the impact of TiO2/Quartz NC with low
salinity water, LSN1000 nanofluid prepared from mixing 1000 ppm NC
within 1:20 diluted seawater and injected into core#4. From low-sali-
nity nanofluid flooding, better improvement in oil recovery was
achieved ranged about 54%. According to the high performance of
synthesized NC achieved with distilled water in reducing IFT and al-
tering the wettability, the distilled water based-nanofluid was also
suggested to be applied in enhancing oil recovery. We thus pumped
LSN1000 nanofluid to core#1, which was successfully enabled to in-
crease oil recovery up to 58% OOIP. As it can be seen the maximum oil
recovery factor was achieved with injecting distilled water based-na-
nofluid with 1000 ppm TiO2/Quartz nanocomposite.

3.6. Emulsification behavior

Furthermore, the emulsification visibility between crude oil and
different nanofluids has been studied. Fig. 17 illustrates oil-nanofluid
emulsification behavior for distilled water, seawater and its dilutions

with 250, 500 and 1000 ppm NC concentrations at different time steps
during 3 days. Basically, various emulsification stability limits have
been achieved dependent on the NC concentration and nanofluid sali-
nity. As it can be seen, after shaking the emulsions for 30min, the
stability of some systems was quickly reduced to a certain level during
the first day, for instance SWN250 nanofluid of 250 ppm NC dispersed
in seawater (Fig. 17b). At the same time, a strong emulation of oil-
nanofluid system was observed with the DWN250, MSN250 and
LSN250 solutions. During time, the emulsification was reduced and
more separation of phases was noticed, especially, for SWN250 nano-
fluid and other water based nanofluids with 1000 ppm NC concentra-
tion (Fig. 17c and d). Thus, for distilled, moderate-salinity and low-
salinity waters, better separation of phases was achieved with in-
creasing the NC concentration. This is true in accordance with Ghosh
and Bandyopadhyay [57], wherein they stated that with increasing the
concentration of the synthesized NC, emulsion stability improved due
to the better adsorption of the nanocomposite on oil droplets and oc-
curring isolation between oil droplets. However, for seawater, a com-
plete phase separation was identified with low NC concentration and
high emulsification with 1000 ppm NC.

4. Conclusions

This work described a new green technology to develop a novel
nanofluid using TiO2/Quartz nanocomposite for enhanced oil recovery
applications. TiO2/Quartz NC was synthesized from euphoria con-
dylocarpa extract in a green and economical way, and characterized
using XRD, FTIR and SEM analytical techniques. The following major
conclusions can be drawn on the basis of the results obtained from this
study:

• High suspension stability of SiO2/Quartz NC in water at different
salinity ranges was achieved for the long time.

• DWN and LSN nanofluids presented an excellent rheology and in-
terfacial activity due to the effects of synthesized NC and salinity.

• Developed DWNs and LSNs enabled to alter the wettability of the
carbonate rock from oil-wet system to a strong water-wet system.

• DWN1000 and LSN1000 injections improved the cumulative oil
recovery by about 21 and 17% OOIP, respectively.

• This preparation method could be widely applied to acquire novel
nanofluids, which shows great potential for EOR applications in
carbonate reservoirs.
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A B S T R A C T   

Nanoparticles are used in various nano-energy applications such as wettability shift of hydrophobic surfaces to 
hydrophilic surfaces in oil-brine-mineral systems and interfacial tension (IFT) reduction for enhanced oil re-
covery. This is possible due to their small size (1–100 nm) and chemical and physical properties. Mechanistically, 
they can interact with a fluid in the pore space and provide favourable conditions for wettability shift, IFT and oil 
viscosity reduction, and thus improve oil recovery. However, literature is scarce in terms of providing 
comprehensive information about the behaviour of nanocomposites (NCs) and associated formulations. 

In this paper, we present biosynthesis, characterization, and application of a novel nanocomposite (SiO2@-
Montmorilant@Xanthan) which is used with various concentrations (100, 250, 500, 1000, 1500, and 2000 ppm) 
as dispersing agents in porous media. The NC was characterized using X-Ray Diffraction (XRD), Scanning 
Electron Microscopy (SEM), Thermogravimetric Analysis (TGA), Fourier Transform Infrared Spectroscopy 
(FTIR), and Energy Dispersive Spectroscopy (EDS). The effects of different concentrations of the nano- 
suspensions on zeta potential, pH, conductivity, IFT, and wettability are investigated. Core flooding tests were 
done on sandstone and carbonate reservoir rocks to measure the secondary and tertiary recovery potential by 
injecting seawater and optimum NC concentrations, respectively. 

Zeta potential and conductivity experiments demonstrated that 250 ppm NCs can optimally reduce the IFT 
from 36 mN/m to 15.42 mN/m (56% reduction). The similar optimum concentration has shifted the wettability 
of examined carbonate rocks from 150◦ to 33◦ leading to an 11.72% increase in tertiary oil recovery. Whereas, 
the optimum concentration of NCs for sandstone rocks was 1000 ppm; which, has optimally altered the wetta-
bility from 140◦ to 34◦, and has increased the tertiary oil recovery by 15.79%. This reduction in IFT, the reversal 
of wettability, and an increase in tertiary oil recovery can improve significantly the design of effective enhanced 
oil recovery schemes for petroleum reservoirs.   

1. Introduction 

With the steady increase in demand for consumption of hydrocarbon 
energy resources, enhanced production from conventional and uncon-
ventional petroleum reservoirs in inevitable [1–4]. Because of world 
population growth in the decades to come and an increasing demand for 

energy resources in developing economies and the fact that production 
from the current petroleum reservoirs is declining rapidly, the new 
discoveries are unable to close the gap between production and con-
sumption [5]. Hence, new technologies are needed to optimize and 
enhance production form the current reserves to address this issue 
[6–8]. 
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After the primary phase of oil production, a significant part of the oil 
in place cannot be produced due to natural depletion and this huge 
amount of petroleum is residually trapped in rock matrix [9,10]. After 
the primary pressure decline phase, usually water and gas are injected 
into the reservoirs to extract residual oil and maintain the reservoir 
pressure [11,12]. However, these methods are viable to some extent and 
can produce between 10 and 20% of the residual oil in place. Hence, 
enhancing oil production with tertiary recovery methods such as 
chemical flooding, nano-suspension flooding, miscible and immiscible 
CO2 flooding, fracturing, and in-situ thermal recovery can be a solution 
[13–16]. 

Considering all these tertiary methods, nanoparticles (NPs) are 
drawing more attention due to their small sizes which can avoid prob-
lems of clogging in oil reservoirs and greater ability to disperse with 
injection fluids such as brine, polymers, and surfactants to achieve 
higher recoveries [13,17,18]. Nano-suspensions are currently used in 
various applications of reservoir operations such as enhanced oil re-
covery [13,17], low salinity water flooding [19], chemical flooding 
[6,20,21], drilling [22–24], IFT reduction, and wettability alteration 
[25,26]. 

These minute particles are categorized into four different groups: 
inorganic, magnetic, natural, and metal oxides and can be used as nano- 
emulsions, nano-suspensions, and nano-catalysts in EOR techniques 
[27,28]. Typically, oil reservoirs are oil-wet and the efficient EOR 
method requires high water to oil viscosity ratio, maximum decrease in 
the oil–water interfacial tension, and change in wettability from oil-wet 
to water-wet [29–33]. However, typical reservoir situations are reduc-
tive and may contain the presence of organic acids which can signifi-
cantly alter the wettability [34–38]. In this context, nano-suspensions 
can be a pertinent factor to reverse the wettability from hydrophobicity 
to hydrophilicity and improved the oil recovery [17]. The properties and 
type of chemicals used in formulation of nano-suspension are dependent 
on the specific applications, conditions, and type of the targeted oil 
reservoirs [39,40]. For instance, water flooding was initially replaced by 
polymer flooding as a chemical EOR method in reservoirs containing 
heavy oil [41,42]. Whereas, various factors such as, increased temper-
ature, heterogeneity, and high salinity can substantially reduce the 
viability of polymer flooding [43,44], which can be avoided by using 
nanoparticles in the base fluid (polymer in this case) [45]. 

Several studies have suggested the use of different chemicals such as 
surfactants [46], polymers [17,47], and traditional nanoparticles for 
shifting hydrophobic wettability and reducing IFT for CO2 geo-storage 
applications and EOR processes [48–52]. However, injection of these 
chemical agents into oil wells can be toxic for shallow water zones at 
onshore locations [53–56] and marine environment at offshore locations 
[22,57–59], due to the risk of oil spills and injection fluid spills. Hence, it 
is pertinent to acquaint with green nanocomposites that are feasible for 
improving oil recovery and remain non-harmful in shallow water zones 
and marine environments. We have thus biosynthesized a green novel 
nanocomposite including silica (SiO2, an abundant mineral in subsur-
face formation), nano-clay (montmorillonite), Adinandra dumosa plant 
extract (an antioxidant as stabilizing and reducing agent), and xanthan 
(viscosifier and stabilizing agent). This nanocomposite is non-toxic to 
the marine environment and shallow water zones and it also results in 
higher oil recovery. To the best of our knowledge, this nanocomposite is 
not previously used in EOR techniques. 

This research work is organized in three sections. Initially, we report 
biosynthesis and characterization of a green novel nanocomposite 
(SiO2@Montmorilant@Xanthan) using state of the art laboratory facil-
ities such as XRD, SEM, TGA, FTIR, and EDS. Then, various concentra-
tions (100, 250, 500, 1000, 1500, and 2000 ppm) of the NCs were used 
as dispersing agents for measuring zeta potential, pH, conductivity, IFT, 
and wettability for quantification of optimal concentration as efficient 
EOR agent in petroleum reservoirs. Afterward, core flooding tests were 
conducted on sandstone and carbonate rock samples with their respec-
tive optimum nanofluid concentrations to measure the enhanced oil 

recovery potential. Table 1 depicts a summary of some related studies of 
nanoparticles in nano-energy applications. 

2. Experimental 

2.1. Materials 

Silica, nano-clay (montmorilant), Adinandra dumosa leaf extract 
(Tiup-Tiup tree) from the family of Thecae (stabilizing and reducing 
agent), and Xanthan (stabilizing agent) were used to biosynthesize a 
green novel nanocomposite (SiO2@Montmorilant@Xanthan) with a size 
of 31–50 nm. The synthesized nanocomposite was then mixed with 
deionized water (Ultrapure, from David Gray, electrical conductivity =

Table 1 
A summary of related studies of nanoparticles for efficient EOR process.  

Author & year Type of NPs 
&NCs 

Subject of study Outcomes 

Wu, W et al. 
(2008) 

Fe2O3/Fe3O4 Oil recovery RF was increased by 
82.5% at laboratory scale 
by using Iron Oxide [60] 

N.B. Yahya et al. 
(2012) 

CoFe2O4 Oil recovery Residual oil recovery 
factor was increased by 
22.8% [61] 

K. Chandran 
et al. (2013) 

CNTs EOR agent in 
HPHT 

The suggested NCs were 
impressive in reducing the 
viscosity [62] 

E.A. Bayat et al. 
(2014) 

SiO2 + DIW Wettability & 
IFT 
modification 

Reduced the IFT and 
altered the wettability 
from hydrophobic to 
hydrophilic [63] 

Joonaki, E et al. 
(2014) 

Al2O3 Wettability & 
IFT 
modification 

Reduced the IFT (38.5 to 
2.25)and altered the 
wettability from oil-wet to 
water-wet (altered the 
contact angle from 131 to 
92) [64] 

Ragab et al. 
(2015) 

Al2O3 and 
SiO2 and 
nanofluid 

IFT 
modification & 
Oil recovery 

The nanofluids reduced 
the IFT and oil production 
was more by using SiO2 
compare to Al2O3 [65] 

Assef et al. 
(2016) 

MgO on 
LoSal water 
flooding 

Fines migration These nanoparticles were 
non-effective on oil 
recovery but have 
enhanced the fine 
migration [66] 

Kapusta et al. 
(2016) 

SiO2 Wettability 
alteration 

SiO2 has demonstrated 
irreversible NP adsorption 
and has shifted the 
wettability towards a more 
water-wet system in 
calcite samples [67] 

Y. Kazemzadeh 
et al. (2018) 

Fe2O3/SiO2 Wettability & 
IFT 
modification 

The nanofluids used in this 
study have reduced the IFT 
form 39 to 17.5 mN/m and 
altered the contact angle 
from 138 to 52 [68] 

J.A. Ali et al. 
(2019) 

SiO2/TiO2/ 
xanthan 

Wettability & 
IFT &Oil 
recovery 

IFT reduction and 
wettability shift was noted 
with improved oil 
recovery factor by 19.3%  
[69] 

K.P. Dahkaee 
et al. (2019) 

NiO/SiO2 Wettability & 
IFT 
modification 

The nanofluids used in this 
study have reduced the IFT 
form 28 to 1.84 mN/m and 
altered the contact angle 
from 154 to 32 [70] 

Bahraminejad 
et al. (2019) 

CuO/TiO2/ 
PAM 

Wettability & 
IFT 
modification 

The nanofluids used in this 
study have altered the 
contact angle from 151 to 
14.7 [71] 

Nowrouzi et al. 
(2020) 

TiO2, MgO, 
-Al2O3 

Wettability & 
Oil recovery 

The wettability shift was 
noted with an improved 
oil recovery factor by 
75.93% [72]  
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0.02 mS/cm) of different concentrations (100, 250, 500, 1000, 1500, 
and 2000 ppm) to formulate nano-suspensions using a magnetic stirrer. 

Distilled water (density = 1.068 g/cm3 and viscosity = 1.42 cP at 
25 ◦C) was used to formulate aqueous Adinandra dumosa plant extract. 
Ethanol (from Chem supply, purity > 99.9 mol%) was used for mixing 
SiO2@montmorillonite precipitate and Xanthan (further described in 
section 2.2). Kerosene (from Chem supply, purity > 99.9 mol%) was 
used as a cleaning agent for thin sections of rock surfaces to remove 
possible contaminations. Toluene (from Rowe scientific, purity > 99 mol 
%) was used as a calibration liquid for IFT and contact angle 
measurements. 

The crude oil used for the purpose of this study was collected from 
Gachsaran oilfield in the south of Iran. The crude oil properties are 
presented in Table 2a. Carbonate samples (95% CaCO3) were acquired 
from Asmari carbonate formation and sandstone samples (63% SiO2 and 
37% CaCO3) were acquired from Aghajari sandstone formation located 
in southwestern Iran. Table 2b shows the physical properties of the core 
plugs. NaCl (from Chem supply, purity > 99.9%) was used to formulate 
2 wt% brine solutions for ionizing the rock thin sections. Ultra-pure 
nitrogen (purity = 99.999 wt%, from BOC, gas code-234) was used to 
clean the rock thin sections after ionization and crude oil ageing process. 

2.2. Biosynthesis of (SiO2@Montmorilant@Xanthan) nanocomposite 

First, 100 g of Adinandra Dumosa plant leaves extract was mixed 
with 500 ml of distilled water at 80 ◦C for 30 min under reflex condi-
tions. Then, the prepared aqueous extract was filtered and stored at 4 ◦C 
for further application. Further, 1 g of sodium metasilicate (Na2SiO3) 
and 4 g of montmorillonite were mixed with 100 ml of Adinandra 
dumosa plant extract by maintaining the pH = 9 (adjusted by 0.1 mol/L, 
Na2CO3) while stirring at 80 ◦C for 5 h. This mixing process was 
continued until SiO2@montmorillonite precipitate was formed followed 
by the drying process (SiO2@montmorillonite precipitate was dried at 
80 ◦C for 24 h). Thereafter, SiO2@montmorillonite precipitate was 
mixed with 10 g of Xanthan in presence of 100 ml ethanol at 80 ◦C for 3 h 
to form (SiO2@Montmorilant@Xanthan) nanocomposite precipitate 
followed by filtration and drying process. The SiO2@Montmor-
ilant@Xanthan NC precipitate was dried at 80 ◦C for 24 h. The biosyn-
thesis of (SiO2@Montmorilant@Xanthan) is described in Scheme 1. 

The biosynthesis of (SiO2@Montmorilant@Xanthan) nanocomposite 
is dependent on the precipitation of water-consisting solution. Initially, 
Adinandra Dumosa plant leaves were mixed with distilled water for 
producing the plant extract, which acts as a stabilizing medium 
providing perfect conditions for successful reaction and at the same time 
works as a reducing agent for the synthesis process. Thereafter, sodium 
metasilicate and montmorillonite were mixed with the Adinandra 
Dumosa plant extract. In this mixing reaction, sodium metasilicate acts 
as a primary precursor of the SiO2 nanoparticles by dissolution of so-
dium in aqueous phase (distilled water) causing precipitation of meta-
silicate anions that will instantly bond with hydrogen atoms due to the 
presence of reducing agent, forming hydrogen metasilicate. This 
reducing property of Adinandra Dumosa plant extract causes the loss of 
electrons during the synthesis process for providing feasible conditions 
in order to achieve successful redox reaction by the oxidation of meta-
silicate. Thus, hydroxide ions are released into the aqueous solution 
forming SiO2. The silica particles are one of the stable compounds which 

does not dissolve in any aqueous phase. However, presence of hydroxyl 
groups in the sheets of montmorillonite clay and hydroxyl groups in 
silica particles will create a strong chemical reaction, thus, covalently 
chemically binding them together [26]. Thereafter, refluxing of xanthan 
will provide coating of pre-synthesized material resulting in SiO2/ 
Montmorillonite/Xanthan nanocomposite. 

2.3. Preparation of Nano-suspensions 

Nano-suspensions with different concentrations (100, 250, 500, 
1000, 1500, and 2000 ppm) of SiO2@Montmirilliant@Xanthan NCs 
were formulated and prepared for quantifying their effects on IFT 
reduction and wettability reversal in nano-oil-rock systems. The pre- 
determined weight of SiO2@Montmirilliant@Xanthan NCs for 
different concentrations was added to the pre-determined weight of 
deionized water followed by mixing them with an ultrasonic homoge-
nizer (from Hielscher Company, UP200 model, frequency 20 kHz) for 
one hour. It should be noted here that magnetic stirring is not suitable 
for preparation of homogeneous nano-suspensions [73]. A micro-tip of 
9.5 mm diameter was used with energy of 9000 Joules and sonication 
amplitude of 35% to conduct this process. 

2.3.1. Characterization of physical properties and electrical stability of 
(SiO2@Montmirilliant@Xanthan) nanocomposite 

It is pertinent to measure the physical properties (viscosity, density, 
and pH) and electrical stability (conductivity and zeta-potential) of 
nano-suspensions for quantifying the optimum nano-concentration for 
IFT reduction and wettability reversal in nano-oil-rock systems (Table 3 
and Figs. 1 and 2) [74]. Density and viscosity (from KEM company, 
model DA-640 KEN) measurements have shown an increase in physical 
properties of nano-suspensions with the increase of nano-concentration. 
Whereas, pH (pH meter from Mettler Toledo, resolution 0.1 pH) 
remained neutral at all nano-concentrations tested. 

However, electrical stability measurements (zeta-potential from 
Malvern Zetasizer, model nano ZS90, and conductivity from Jenway, 
model 4510) have shown mixed behaviour with the increasing nano- 
concentrations as shown in Figs. 1 and 2. It is reported in the litera-
ture that lower zeta-potential (+10 to − 10 mV) values of the nano- 
suspensions are not electrically stable and are likely to coagulate 
faster than as compared to higher values (i.e., absolute zeta potential >
± 35 mV) [14,75]. Moreover, the repulsive forces (negatively or posi-
tively charged) are considerably reduced, creating a quicker accelerated 
aggregation process of nanoparticles that contain sedimentation in the 
existence of the electrolyte. Anionic and cationic surfactants can provide 
electrical stability by covering the nanoparticle’s outer layer with their 
respective ion heads, thus causing supercharged particles [14,76]. It is 
clear from Figs. 1 and 2 that at 250 ppm concentration of nano-
composite, conductivity and zeta-potential values suddenly increase 
which is due to the release of the ions into the environment. Thus, the 
layered structure of clay minerals in nanoparticles creates a strong 
negative electrical field which increases the adsorption of positive ions 
in dispersion medium causing greater stability and increased electrical 
conductivity. This phenomenon also represents the critical missile 
concentration (CMC) point for determining the optimum concentration 
for IFT reduction and wettability reversal [6]. 

Table 2a 
Properties of the crude oil used in this study.  

Component C1 C2 C3 iC4 nC4 iC5 nC5 C6 C7 C8 C9 C10 C11 C12
+ Total 

Molar percent  0.00  0.08  0.73  0.72  2.22  1.10  1.10  8.66  9.32  6.60  7.14  5.36  5.01  51.96  100.0  

Molecular weight(MW) = 247 
Molecular weight of C12

+ = 380 
Specific gravity of C12

+ @ 15.55 ◦C = 0.9369 
Saturation pressure of reservoir fluid @ 60.6 ◦C = 14.04 MPa 

SARA analysis of crude oil sample 
Saturates (%) Aromatics (%) Resins(%) Asphaltene(%) 
45 32 5 8  
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2.4. Surface ageing procedure of sedimentary rocks 

2.4.1. Initial cleaning procedure 
It is crucially important to clean the rock surfaces when they are 

received from the outcrop. As they may contain impurities that can 
cause errors in the contact angle measurements. Hence, acetone and 
deionized water was sued on thin sections acquired from carbonate and 

sandstone outcrops to eradicate any organic and inorganic contamina-
tions. Then, an ultra-pure nitrogen blow was used on thin sections fol-
lowed by drying them at 90 ◦C for 3 h in a vacuum oven to remove any 
fluid after the initial cleaning. Further, air plasma (Diemer Yocto in-
strument) treatment was carried out on thin sections for 30 min to 
eradicate remaining contaminations after drying procedure [77]. 

2.4.2. Thin sections ageing with crude oil and Nano-suspensions 
Hydrocarbon reservoirs have anoxic characteristics that comprehend 

organic contaminations dissolved in crude oil. These organic molecules 
are responsible for changing the wettability from intermediate-wet to 
oil-wet [36,78,79]. Thus, it is crucial to mimic the reservoir conditions 
at laboratory scale for completely understanding the subsurface physi-
ognomies for wettability measurements [80,81]. There is lack of infor-
mation in the literature on quantifying the effects of real crude oil on the 
wetness of hydrocarbon reservoirs. Previously, many studies have 
shown that silanes can be utilized for changing the wettability of 
intermediate-wet rock surfaces [82]. However, typical hydrocarbon 
reservoirs have reductive conditions which does not contain silanes due 

Table 2b 
Properties of the core plugs used in this study.  

Core 
Sample 

Diameter 
(cm) 

Length 
(cm) 

Bulk Volume 
(cm3) 

Dry weight 
(g) 

Saturated weight (by de-ionized 
water) (g) 

Pore Volume 
(cm3) 

Porosity 
(%) 

Permeability 
(mD) 

Sandstone 3.7 6.32 67.91 149.04 159.41 10.41 15.32 30 
Carbonate 3.7 7 75.22 174.48 184.13 9.65 12.82 8.23  

Scheme 1. Biosynthesis of green novel (SiO2@Montmorilant@Xanthan) nanocomposite.  

Table 3 
Physical properties of the prepared nano-suspensions.  

NC. Concentration 
(ppm) 

Parameter Density(g/ 
cm3) 

Viscosity 
(cP) 

pH 
(pKa) 

100 0.9990 1.49 7.06 
250 0.9990 1.17 7.01 
500 0.9992 5.57 6.88 
1000 0.9994 8.40 6.92 
1500 0.9996 29 7.04 
2000 1.0002 35 7.15  
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Fig. 1. Zeta-potential of the SiO2@Montmorilant@Xanthan nanocomposite.  
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to their high reactivity. Hence, altering the intermediate-wet rock sur-
faces to oil-wet by using real crude oil samples would be more realistic. 
Further, nano-suspensions have a substantial impact on quantifying the 
reversal of wettability from oil-wet to intermediate-wet [13,26,83]. This 
is due to the strong chemical reaction between hydroxyl groups of oil- 
wet rock surfaces with hydroxyl group of nano-formulations causing 
an irreversible adsorption of nanoparticles on rock surfaces. Hence, we 
utilized the following procedures [80,81,84,85]. 

After the initial cleaning procedure, sandstone and carbonate rock 
thin sections were submerged into 2 wt% NaCl brine solution, where 
drops of aqueous hydrochloric acid were used to sustain the pH at 4 pKa 
for 30 min. This procedure is used to ionize the thin sections to speed up 
the adsorption rate of crude oil to simulate the real reservoir conditions 
for a longer depositional period (e.g., millions of years) [25,34–36,86]. 
Afterward, the thin sections were blown with ultra-pure nitrogen to 
remove brine solution followed by placing them into crude oil (acquired 
from Gachsaran oilfield in the south of Iran) for seven days (Fig. 3). 

Thereafter, initial contact angle measurements were conducted. To 
quantify the effects of nano-suspensions, crude oil aged rock thin sec-
tions were rinsed with kerosene and were submerged into different 
nano-formulations for 5 h. The Nano-ageing process was done by placing 
the rock thin sections vertically to avoid the gravitational deposition of 

nanoparticles. Afterward, final contact angle measurements were done 
to specify the optimum nano-concentration. This phenomenon com-
prises the chemical bond between hydroxyl groups of rock surfaces and 
hydroxyl groups of organics dissolved into the crude oil in a condensa-
tion reaction scheme (altering the wettability to oil-wet) [25,35,36] and 
nano-suspension ageing with oil-wet rock surfaces in an irreversible 
adsorption phenomena (reversing the wettability to water-wet) [13]. 

2.5. Interfacial tension and contact angle measurement system 

Interfacial Tension (IFT) measurement is a procedure to acquire 
tension between two fluids and contact angle measurement is a method 
that is used to comprehend the wettability characteristics of a given rock 
and fluid system [13,29,36,87]. Both methods can be conducted at real 
reservoir or ambient conditions. In this research work, VIT 6000 contact 
angle apparatus (manufactured by Fars, accuracy 99%) was used to 
investigate IFT behaviour and wetting characteristics of rock thin sec-
tions. The IFT and contact angle setup is shown in Fig. 4. In this pro-
cedure, initially, a drop of crude oil (average drop size was 5.0 µL ± 0.70 
µL) is suspended from the needle in the presence of different nano- 
formulations (filled in the main chamber) to measure the IFT between 
two liquids. The drop of crude oil was controlled by ISCO (Teledyne 
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Fig. 2. Conductivity of the SiO2@Montmorilant@Xanthan nanocomposite.  

Fig. 3. Ageing procedure of thin sections.  
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ISCO, Model D-500, pressure accuracy of 0.1%) pump for the right ac-
curacy and control, and this procedure is video recorded. Then, images 
are extracted from the video at the point where the drop is leaving the 
needle making a spherical shape. This phenomenon comprises due to the 
relationship between gravity and surface tension of two liquids, as 
represented in Eq. (1) and Fig. 4. 

γ = ΔρgD2

H (1)  

where “Δρ” is the density difference between two liquids, “g” is the 
gravity force, “D” is diameter of the liquid drop (crude oil in this case) at 
maximum length and “H” is the coefficient of the drop shape. 

Similarly, contact angle measurements were conducted using the 
same experimental setup. To do that, initially thin sections were loaded 
and different nano-suspensions were injected into the main chamber for 
each measurement. Initially, a droplet of crude oil (average drop size 
was 5.0 µL ± 0.70 µL) was dispensed on crude oil aged rock thin sections 
to comprehend the initial wetting characteristics in presence of de- 
ionized water. Then, a similar process was conducted on rock thin sec-
tions aged in nano-suspensions at different concentrations to compre-
hend their effects on wettability reversal. This process was also 
videotaped and images were then extracted where drop touches the thin 
section. Further, Image software was used to analyse the drop shape and 
its associated tangent angle. 

2.6. Core flooding experimental setup 

To measure porosity, permeability, original oil in place (OOIP), 
irreducible water saturation (Swr), secondary oil recovery (by seawater), 
and tertiary oil recovery (by optimum nanofluid concentration), core 
flooding experiments were conducted. Sandstone and carbonate rock 
sample’s dimensions were measured to obtain bulk volume and then, 
dry and saturated weight (by de-ionized water) of each core sample was 

measured followed by measuring viscosity and density of the de-ionized 
water to obtain pore volume, porosity, and permeability. 

At the start of core flooding experiments, rock samples (sandstone 
and carbonate) were saturated with de-ionized water in the core holder. 
To do that, rock samples were loaded in the core holder and de-ionized 
water was injected from the inlet end at a constant flow rate (HPLC 
pump were used at the inlet end to control the flow rate) of 0.2 cc/min 
until stable flow rate was acquired at inlet and outlet ends. Outlet 
pressure was set to 2000 Psi (back pressure regulators operated by ni-
trogen gas were used at outlet end to maintain the reservoir pressure) 
and overburden pressure was set to 2500 psi, 500 psi greater than outlet 
pressure to make sure that injection of liquid passes through the core 
samples. When stable flow and pressure difference at inlet and outlet 
were recorded, rock samples were flooded with 5 pore volume (PV) of 
the de-ionized water to completely saturate the core samples. Afterward, 
the flow of injection fluid was stopped and the pressure was kept con-
stant at 2000 psi (note that this process will allow injection fluid to 
completely pass through the rock matrix) to fully saturate the rock 
samples. 

After the saturation process, de-ionized water was injected at 3 
different flow rates (0.5, 0.3, and 0.1 cc/min) in rock samples, when 
pressure difference was constant, absolute permeability was calculated. 
Then, crude oil (from Gachsaran oilfield in the south of Iran) was 
injected at a constant flow rate of 0.2 cc/min and outlet pressure was 
kept at 2000 psi (note that reservoir formations examined in this article 
have a pressure range between 1800 and 2200 psi and a temperature 
range between 50 and 70 ◦C) and the temperature was maintained at 
60 ◦C (temperature of core holder was controlled by heating tape and 
controller, Model No. HTC101-002 from Omega Company) to simulate 
the real reservoir conditions. Crude oil injection was monitored until no 
more water was produced to obtain original oil in place (OOIP), and 
irreducible water saturation (Swr). For measuring enhanced oil recovery 
potential, initially, seawater was injected at a constant flow rate of 0.2 

Fig. 4. Illustration of IFT and contact angle measurement setup, (1) Illustration of digital drop of liquid shape (crude oil in this case), (2) ISCO pump for controlling 
crude oil droplet, (3) Main chamber for the IFT and contact angle measurement, front view, (4) ISCO pump for filling the main chamber with nanofluid, (5) Light 
projection, (6) Main chamber, side view, (7) Video camera for recording, (8) computer software for interpretation. 
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cc/min and constant outlet pressure of 2000 psi, until no more oil was 
produced to obtain secondary oil recovery factor. To assess the effec-
tiveness of the biosynthesized smart nanofluid, optimum nanofluid 
concentrations (250 ppm for carbonate rock sample and 1000 ppm for 
sandstone rock sample) were selected for injection (based on electrical 
stability and wettability shift data) in their respective rock samples at a 
constant flow rate of 0.2 cc/min and constant outlet pressure of 2000 psi 
until no more oil was produced to obtain tertiary oil recovery factor. The 
schematic of the core flooding experimental setup is shown in Fig. 5. 

3. Results and discussion 

3.1. Analytical characterization of (SiO2@Montmirilliant@Xanthan) NC 

In this research work, a new green novel nanocomposite (SiO2@-
Montmorilant@Xanthan NCs) is biosynthesized for quantifying its usage 
for enhanced oil recovery. Hence, it is important to characterize the 
nanoscale properties such as surface morphology, crystalline phases, 
and functional groups. Thus, different characterization techniques like 
XRD, SEM, TGA, FTIR, and EDS) were used. 

3.1.1. X-Ray Diffraction characterization test (XRD) 
XRD (from Malvern Panalytical, Model Empyrean Nano Edition) is a 

technique used to characterize the bulk mineralogy of solid-phase [88]. 
To synthesize and identify the bulk mineralogy and crystalline phase of 
the SiO2@Montmorilant@Xanthan nanocomposite, we conducted an 
XRD test on the powder nanoparticle sample. The measured XRD spectra 
has shown that SiO2 is the predominant phase in the bulk mineralogy of 
a nanocomposite powder at angles of 19.94◦, 20.93◦, 26.71◦, 27.76◦, 
36.61◦, 62.03◦, respectively, which are related to SiO2 crystallography 
planes of a cubic fluorite structure of silica particles. Whereas, Mont-
morilant crystallography peaks were depicted as the second predomi-
nant phase in the nanocomposite powder at angles of 6.13◦, 19.94◦, 
20.93◦, 26.71◦, 27.76◦, respectively, as shown in Fig. 6. The abundance 
of these minerals in nanocomposite is responsible for reversing the hy-
drophobic rock surfaces to hydrophilic [26]. 

3.1.2. Fourier-Transform Infrared Spectroscopy characterization test 
(FTIR) 

FTIR (from Perkin Elmer, Model FTIR Spectrum Two) is a technique 
that is used to characterize the chemical bonding and functional groups 
on solid surfaces [35]. Hence, biosynthesized (SiO2@Montmor-
ilant@Xanthan) nanocomposite powder was exposed to 64 scans in the 
spectral range of 400 – 4000 cm−1. The FTIR spectra as shown in Fig. 7 
for nanocomposite powder determine crystalline clay material. 

The FTIR spectrum and broad peaks at 468.3 cm−1, 795.13 cm−1, and 
1038.08 cm−1 shows (Si – O) bending which represents siloxane bonds 
(Si – O – Si). Whereas, double peaks at 532.39 cm−1 and 696.26 cm−1 

shows (Al – O – Si) deformation and (Al – OH) bonding. Further, a small 
peak at 1416.92 cm−1 shows (CH3) bending, a peak at 1632.48 cm−1 

depicts (OH) deformation of the water and a peak at 1726.4 cm−1 de-
picts (C = O) stretching. The peak at 2924.7 cm−1 shows hydrogen 
bonding (C – H), the peak at 3431.69 cm−1 depicts hydroxyl bonding (C 
– OH) [89,90], and the peak at 3620.51 cm−1 represents (Al/Mg – OH) 
stretching. All these peaks represent the hydrous nature characteristics 
of clay material [91–93]. 

3.1.3. Field emission Scanning Electron Microscopy (FESEM) and energy 
Dispersive Spectroscopy (EDS) characterization test 

FESEM (from Oxford Instruments) can be used to characterize sur-
face morphology of the biosynthesized nanocomposite. EDS is a tech-
nique to determine surface elemental composition (in wt%) of the solid 
or powder samples. To do that, SEM micrographs were taken on thin 
sections before and after ageing with nanoparticles. It is clear from Fig. 8 
that nanoparticles were irreversibly adsorbed on the thin section, note 
that this irreversible adsorption is responsible for the wettability 
reversal, and their sizes range from 31 to 50 nm. 

Further, the surface elemental analysis was conducted via the EDS 
technique, which has shown the presence of O, C, and Si elements in the 
nanocomposite structure. The weight % and atomic % of the different 
elements are shown in Table 4. A higher percentage of Si element is 
responsible for the predomination of quartz structure in the bio-
synthesized nanocomposite. 

Fig. 5. Schematic of core flood experimental setup.  
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Fig. 8. SEM micrographs, (1) rock thin section before nanoparticle ageing, (2) rock thin section after nanocomposite ageing.  
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3.1.4. Thermogravimetric analysis (TGA) characterization test 
TGA (from Perkin Elmer, Model TGA 8000) is a technique that de-

termines the material’s thermal stability and the presence of volatile 
components associated with nanocomposites and polymer composites as 
a function of predetermined temperature conditions [94]. To do that, we 
have exposed 3.72 mg of biosynthesized nanocomposite in presence of 
argon. The temperature increase rate was set at 10 ◦C/min. 

It is clear from Fig. 9 that this nanocomposite has experienced 
several stages of weight loss with increasing temperature. The initial 
part of the weight loss relates to lower temperatures that are less than 
200 ◦C that specifies vaporization and separation of surface water 
dependent on structure of the material. The second part of weight loss 
relates to temperatures between 200 and 400 ◦C, which indicates the 
separation of water between material structure and dihydroxylation of 
organic long material. The final stage of weight loss relates to temper-
atures above 400 ◦C, which indicates burning structural water (i.e., 
organic chain) and converting water to Carbon monoxide (CO). As per 
our results, this nanocomposite depicts the weight loss of 0.91 mg 
(24.44%) at 1000 ◦C. Further, this nanocomposite shows low weight loss 
and high stability at 90 ◦C, which is similar to the reservoir conditions 
[95,96]. 

3.2. Effect of (SiO2@Montmorilant@Xanthan) nanocomposite on IFT 

IFT between two liquids, crude oil and nano-suspensions, at various 
concentrations of the SiO2@Montmorilant@Xanthan nano-formulations 
were measured at ambient conditions to fully comprehend the IFT 
reduction behaviour with nanofluids. The selected concentrations for 
these experiments were 100, 250, 500, 1000, 1500, and 2000 ppm. As 
shown in Fig. 10, the IFT of crude oil droplet has decreased in presence 
of various nano-suspensions. However, 250 ppm nanofluid concentra-
tion has showed an optimum effectiveness for reducing the IFT at 
maximum. For instance, the IFT of crude oil droplet in the presence of 
de-ionized water was reported 35 mN/m; whereas, at 250 ppm nano-
fluid concentration it has decreased to 15.42 mN/m (56% decrease). 
This decrease in IFT is due to the contact between nano-suspension and 
crude oil; where, nanofluids make a thin layer as a result of regular 
coalescence of nanoparticles. This phenomenon increases the entropy, 
mobility, and absorbance of nanoparticles on the surface of crude oil, 
causing a pressure profile (disjoining pressure) that reduces the surface 
tension between two liquids. The strength of this pressure profile is 

controlled by temperature, particle size, and the amount of ionic 
strength [97]. 

3.3. Effect of (SiO2@Montmorilant@Xanthan) nanocomposite on 
wettability 

Wettability is a very important factor governing adherence of a fluid 
into pore spaces [98] and determines the recovery potential for any 
hydrocarbon reservoirs [99]. However, wettability of any given rock- 
fluid system is dependent on salinity, pressure, type of formation, and 
temperature [29,100]. Nanoparticles are getting high importance due to 
their ability to shift the hydrophobic wettability into hydrophilic 
[26,74]. Hence, it is convenient to assess nano-suspensions to determine 
optimum nanofluid concentration for the reversal of wettability at 
maximum. Higher nanofluid concentration is also efficient to reduce 
contact angle [25,101,102], but may cause clogging and thus reducing 
reservoir permeability [103]. It is also found from the literature that 
higher nanoparticle concentrations are prone to reduced nanofluids 
stability [104,105], despite the exposure of surfactants [106], which can 
reduce its required potential. Thus, it is very important to find optimum 
effective nano-suspension from a commercial viewpoint [30]. To do 
that, we have aged oil-wet sandstone and carbonate rock thin sections in 
various nanofluid concentrations (100, 250, 500, 1000, 1500, and 2000 
ppm) to determine their optimum ability for reversing the wettability of 
sandstone and carbonate rock thin sections at ambient conditions in the 
presence of crude oil. 

Initially, a drop of crude oil was suspended on crude oil aged rock 
thin section of both reservoir formations to measure the initial contact 
angle in the presence of de-ionized water, which was measure 150◦ for 
the carbonate sample and 140◦ for the sandstone sample. Then, rock thin 
sections were aged in various nanofluid concentrations followed by 
contact angle measurements via dispensing a droplet of crude oil to 
quantify nanoparticles effect. It is clear from our results (Table 5) that, 
outer tangent angles of sandstone and carbonate rock thin sections have 
reduced due to the irreversible adsorption of nanoparticles, but the 
degree of change depends on the type of formation and nanofluid con-
centration. For example, the outer contact angle of the carbonate rock 
thin section aged in 250 ppm nanofluid concentration has been reduced 
to 33◦, whereas, at similar nanofluid concentrations in the sandstone 
rock thin section, the outer contact angle has reduced to 117◦. Similarly, 
the outer contact angle of the sandstone rock thin section aged in 1000 
ppm nanofluid concentration has been reduced to 34◦, whereas, at 
similar nanofluid concentrations in the carbonate rock thin section, the 
outer contact angle has reduced to 85◦. It can be concluded here that 
250 ppm nanofluid concentration is the optimum concentration for 
reversing the wettability of oil-wet carbonate rock thin sections and 
1000 ppm nanofluid concentration is the optimum concentration for 
reversing the wettability of oil-wet sandstone rock thin sections, 
respectively. 

Table 4 
Mineral composition of the SiO2@Montmorilant@Xanthan nanocomposite.  

Element Atomic Number Weight (wt) % Atom % 

Carbon 6 10.82 15.88 
Oxygen 8 59.23 65.30 
Silicon 14 29.96 18.82  
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Fig. 9. Thermal stability (TGA) curve of the SiO2@Montmorilant@Xanthan nanocomposite.  

M.J. Nazarahari et al.                                                                                                                                                                                                                         



Application of green nanocomposites in enhanced oil recovery 

 128 

 

Fuel 298 (2021) 120773

10

3.4. Effect of (SiO2@Montmorilant@Xanthan) nanocomposite on oil 
recovery 

In this research work, we conducted core flooding experiments on 
sandstone and carbonate rock samples with their respective optimum 
nanofluid concentrations to quantify the effect of biosynthesized nano-
composite. To do this, core flooding experiments were divided into three 
phases: (1) saturation of rock samples with de-ionized water (for 
measuring absolute permeability) followed by crude oil injection for 
measuring OOIP, and Swr (2) injection of seawater to quantify the 

secondary recovery potential and (3) injection of respective optimum 
biosynthesized smart nanofluid concentrations in their respective rock 
samples for quantifying the effect of tertiary recovery potential. All of 
the core flooding experiments were conducted at a constant flow rate of 
0.2 cc/min and a constant pressure of 2000 psi at 60 ◦C; which, was high 
enough to overcome the capillary end effect and results were reasonably 
close to the real fluid velocity in porous media. The detailed summary of 
core flooding tests including secondary and tertiary flooding data using 
carbonate and sandstone core plugs is presented in Table 6. 
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Fig. 10. The IFT values measured for the crude oil in the presence of the SiO2@Montmorilant@Xanthan nanocomposite.  

Table 5 
Contact angle profile of the SiO2@Montmorilant@Xanthan nanocomposite.  

No. Nanofluid 
Concentration 

Initial Contact 
Angle 

Final Contact Angle of Carbonate after Ageing with 
Nanofluid 

Final Contact Angle of Sandstone after Ageing with 
Nanofluid 

1 100 (ppm) Carbonate = 150◦

109◦ 77◦

Sandstone = 140◦

2 250 (ppm) Carbonate = 150◦

33◦ 117◦

Sandstone = 140◦

3 500 (ppm) Carbonate = 150◦

50◦ 78◦

Sandstone = 140◦

4 1000 (ppm) Carbonate = 150◦

85◦ 34◦

Sandstone = 140◦

5 1500 (ppm) Carbonate = 150◦

134◦ 39◦

Sandstone = 140◦

6 2000 (ppm) Carbonate = 150◦

145◦ 61◦

Sandstone = 140◦
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3.4.1. Nanofluid (1000 ppm) injection in sandstone core sample 
The results of the secondary and tertiary recovery tests on core plug 1 

(sandstone) for the 1000 ppm nanofluid injection are presented in 
Fig. 11. It is clear from our results that biosynthesized smart nanofluid 
injection was very effective in enhancing oil recovery in sandstone rock 
samples after seawater injection (secondary recovery potential). After 
the initial crude oil injection in the fully saturated (by de-ionized water) 
sandstone sample, the amount of OOIP was 5.7 cc (61%) and the irre-
ducible water saturation was 39%. Then, seawater injection (secondary 
recovery) produced 51.05% of the OOIP. Afterward, 1000 ppm of bio-
synthesized smart nanofluid was injected which has resulted in a further 
15.79% increase in oil recovery from residually trapped oil in the 
sandstone pore matrix. The breakthrough point for tertiary oil recovery, 
where two-phase flow started (crude oil and 1000 ppm nanofluid in this 
case) has happened in about 1.27 pore volume of 1000 ppm nanofluid 
injection. 

Fig. 12 shows water and oil relative permeability curves plotted via 
Johnson, Bossler, and Nauman (JBN) method for both secondary and 
tertiary recoveries in the sandstone core plug. This method requires 
effluent phase ratio vs time during two-phase displacement and overall 
pressure drop to calculate relative permeability curves. As shown in 
Fig. 12, the intersection point (at 57%) of water and oil permeability 
curves in the secondary recovery stage (located on the left side) indicates 
that the core is weakly water-wet [107]. In the tertiary recovery stage, 
the intersection point (at 65%) of water and oil permeability curves 
moves toward the right side, which confirms that after 1000 ppm NCs 

injection the sandstone core plug became strongly water-wet. This 
shifting in wettability phase towards hydrophilic conditions is respon-
sible for the decrease in residual oil saturation (Sor) and increase in Swr, 
hence resulting in enhancement of oil recovery. 

3.4.2. Nanofluid (250 ppm) injection in carbonate core sample 
Fig. 13 depicts the results of the secondary and tertiary recovery tests 

on core plug 2 (carbonate) for the 250 ppm nanofluid injection. It is clear 
from our results that biosynthesized smart nanofluid injection was also 
very effective in enhancing residual oil recovery in carbonate rock 
samples after seawater injection (secondary recovery potential). After 
the initial crude oil injection in a fully saturated (by de-ionized water) 
carbonate sample, the amount of OOIP was 6.9 cc (68.92%) and the 
irreducible water saturation was 31.08%. Thereafter, seawater injection 
(secondary recovery) produced 40.2% of the OOIP. Afterward, 250 ppm 
biosynthesized smart nanofluid was injected which has resulted in a 
further 11.72% increase in oil recovery from residually trapped oil in the 
carbonate pore matrix. The breakthrough point, where two-phase flow 
started (crude oil and 250 ppm nanofluid in this case) for tertiary oil 
recovery has happened in about 1.52 pore volume of 250 ppm nanofluid 
injection. 

The water and oil relative permeability curves (Fig. 14) via Johnson, 
Bossler, and Nauman (JBN) method for both secondary and tertiary 
recoveries in the carbonate core plug have shown the same phenomena 
as of sandstone core plug, but the degree of change was different. As 
shown in Fig. 14, the intersection point (at 53%) of water and oil 
permeability curves in the secondary recovery stage (located on the left 
side) indicates that the core is weakly water-wet. In the tertiary recovery 
stage, the intersection point (at 67%) of water and oil permeability 
curves moves toward the right side, which confirms that after 250 ppm 
NCs injection the carbonate core plug became strongly water-wet. This 
increase in Swr and decrease in Sor is caused by the shifting of wetta-
bility state from weakly water-wet to strongly water-wet (note that the 
wettability shift in carbonate core plug was 14% compared to 8% in 
sandstone core plug). In a nutshell, enhanced oil recovery methods 
require new materials such as our biosynthesized nanofluid which can 
play an integral part in enhancing the oil recovery and meeting the 
demand of the overgrowing population from the existing sedimentary 
reservoirs. 

4. Summary and conclusions 

Nanofluids or nano-suspensions of various nanocomposites sus-
pended in surfactants, brine solutions, or de-ionized water have pro-
vided a way to deal with different nano-energy applications in 
subsurface formations including drilling [22–24], CO2 storage [32,108], 

Table 6 
Summary of the core flooding tests.  

Core plug 

Characteristic 1 (sandstone) 2 (carbonate) 

Porosity (%) 15.32 12.82 
Permeability (mD) 30 8.23 
Pore volume (cm3) 10.41 9.65 
Initial oil saturation (%) 61 68.92 
Secondary recovery 
Injected fluid Seawater Seawater 
Oil recovery (%) 51.05 40.20 
Oil saturation (%) 29.85 41.21 
Capillary number, dimensionless 0.27 × 10-5 0.43*10-5 

Mobility ratio, dimensionless 28.2 29.1 
Tertiary recovery 
Injected Fluid 1000 ppm –NCs 250 ppm -NCs 
Oil recovery (%) 15.79 11.72 
Oil saturation (%) 25.14 36.38 
Capillary number, dimensionless 0.58*10–5 0.83*10-5 

Mobility ratio, dimensionless 18.2 22.5 
Total oil recovery (%OOIP) 66.85 51.92  
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Fig. 11. Oil recovery factor VS pore volume of 1000 ppm, NCs injection.  
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and enhanced oil recovery [13,19,60]. In this article, a green novel 
(SiO2@Montmorilant@Xanthan) nanocomposite was biosynthesized 
using silica, montmorilant, xanthan, and Adinandra dumosa plant 
extract to comprehend its effects for IFT reduction and wettability shift 
for the applications of EOR. This study was divided into three parts, (1) 
analytical characterization of biosynthesized nanocomposite using, 
XRD, FTIR, TGA, SEM, and EDS techniques, (2) formulating different 
concentrations (100, 250, 500, 1000, 1500, and 2000 ppm) of nanofluid 
to comprehend its effects on IFT reduction and wettability reversal, (3) 
optimum concentrations were acquired for EOR applications in sand-
stone and carbonate formations. The important outcomes of this article 
are outlined below:  

1. XRD analysis showed that silica/quartz is the predominant phase 
present in the nanocomposite followed by Montmorillonite. FTIR 
measurements have shown siloxane bonds (Si–O–Si), (Al – OH) 
bonding, hydrogen bonding (C–H), and hydroxyl bonding (C–OH). 
TGA measurements have revealed that this nanocomposite exhibits 
low weight loss (0.91 mg, 24.44% at 1000 ◦C) and high thermal 
stability. FESEM micrographs have depicted irreversible adsorption 
of nanocomposite with the particle size of 31 to 50 nm and EDS 
measurements have shown that the Si element is responsible for the 

predomination of the quartz structure in the biosynthesized 
nanocomposite.  

2. IFT measurements between crude oil and nano-formulations have 
revealed a 56% reduction from 35 mN/m to 15.42 mN/m at an op-
timum nano-concentration of 250 ppm. A similar effect was noted in 
wettability reversal. The initial contact angle of the oil-wet carbonate 
sample was 150◦ which has reduced to 33◦ at an optimum nano- 
concentration of 250 ppm. The initial contact angle of the oil-wet 
sandstone sample was 140◦ which has reduced to 34◦ at an opti-
mum nano-concentration of 1000 ppm.  

3. The total oil recovery in sandstone rock sample was 66.85% after 
nanofluid injection with the NCs concentration of 1000 ppm, in 
which secondary recovery was 51.05% by seawater injection and 
tertiary recovery was 15.8% by 1000 ppm nanofluid injection. 
However, the core flooding test in a carbonate rock sample resulted 
in the total oil recovery of 51.92% after nanofluid injection with the 
NCs concentration of 250 ppm, in which the secondary recovery was 
40.20% by seawater injection and tertiary recovery was 11.72% by 
250 ppm nanofluid injection. 
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Fig. 12. Relative permeability curves of water and oil for the water-wet sandstone rock during the seawater injection and NCs (1000 ppm) flooding (Plotted using the 
JBN method). 
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Fig. 13. Oil recovery factor VS pore volume of 250 ppm, NCs injection.  
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ABSTRACT: Many carbonate oil fields are known to be oil-wet, which makes production more difficult. Enhanced oil recovery
methods have been developed in the past to reduce interfacial tension (IFT) and improve displacement efficiency by injecting
higher viscosity solutions. This work focused on the production of ZnO/SiO2 nanocomposite (NC) that is designed to reduce
IFT during water-flooding of an oil-wet rock sample from the Upper Qamchoqa carbonate formation. A natural polymer was
used as a mobility modifying agent to increase oil recovery. In addition, the effects of water salinity, NC concentration,
temperature, and pressure have been analyzed to determine potential improvement on the performance of the stated chemical
additives to the injected fluids. ZnO/SiO2/xanthan NC was prepared in a simple, economical, and importantly, green way using
the pomegranate seed extract and characterized with scanning electron microscopy, transmission electron microscopy, and X-
ray diffraction. The potential effect of the polymeric ZnO/SiO2 nanofluid on IFT reduction was studied. Core-flooding was
carried out to investigate the effects of this IFT reduction on relative permeability curves. The results show that the nanofluid
with 2000 ppm NC concentration at high temperature and high pressure significantly reduced the IFT, by about 93.6%, from
31.8 to 2.016 mN/m compared with seawater injection, also increasing the oil recovery by about 19.28% from 46.96 to 66.24%,
with high shifting of the relative permeability curve to the right. The derived NC is very promising as a chemical for enhanced
oil recovery.

1. INTRODUCTION
Oil production from existing oil fields is declining, and new fields
are harder to find; hence, difficult to produce oil reservoirs and
enhanced oil recovery (EOR) approaches are the focus of
research in and around the industry.1 Conventional EOR
techniques (microbial, gas injection, and thermal approaches)
can experience significant difficulties, such as earlier break-
through of injected fluids at production wells, and still leave a
large amount of oil unrecovered.2 Chemical EOR methods were
introduced several decades ago and include alkaline, surfactant
and polymer flooding, sometimes all together. They were
applied to boost the oil recovery due to the modification of
interfacial tension (IFT), wettability, and the mobility ratio. The
high cost of chemicals, possible reservoir damage, high
consumption, and chemical loss are the main challenges of
these techniques.3,4 Therefore, a new EOR technology with low
cost, high efficiency, and environmental friendliness needs to be
developed. To meet these requirements, nanofluids are highly
recommended due to their significant EOR functions. The main
EOR mechanisms of nanofluid flooding highlighted in the
literature are wettability alteration, IFT reduction, and structural
disjoining pressure.5−12 Nanofluids are receivingmuch attention
in the oil and gas industry, currently (Table 1). To exploit their
specific features, these unique fluids are usually developed as a
solution of nanoparticles (NPs).13−15 A large surface area and

high surface energy of the nanostructures provide special
thermal, electrical, optical, rheological, and interfacial perform-
ance.16−18 During flooding through a porous medium, nano-
particles tend to form a layer in the interface between water and
crude oil.19 According to Hendraningrat and Li,20 this layer
reduces the IFT between immiscible phases dependent on the
type, size, and concentration of the nanoparticles. In addition,
the pH ratio,21 salinity level,22 and solvent type21 have also been
found to be crucial in reducing the IFT and improving oil
recovery.
Furthermore, low-salinity (LoSal) water-flooding (LSWF)

has been recognized as an effective EOR process in several
research studies and field applications by Tripathi and
Mohanty,29 Hourshad and Jerauld,30 and Shiran and Skauge.31

In the last two decades, various mechanisms of LSWF have been
identified, including the wettability alteration toward a more
water-wet system, IFT reduction, and minimizing the residual
oil.32−34 In addition, fines migration has been identified to be
induced during LSWF.35 It is thought that a small amount of
residual oil may be carried by migrating fine-grained material
because of separation of the oil-coated particles from rock
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surfaces.36 An additional effect is that permeability might be
reduced as pores are partially blocked by fines migration.37,38

Arab and Pourafshary39 stated that attractive forces between
mobilized fine-grained particles and static grain surfaces can be
strengthened using nanoparticles because of changes to the
surface zeta potentials. Amongst various possibilities, silica and
zinc nanoparticles have been widely used in EOR applications
during surfactant flooding,40−43 polymer flooding,2,44 and
LSWF.21,45,46 These nanoparticles are excellent candidates for
EOR applications because of having a strong adsorption ability,
high-temperature resistance, high surface area, and strong
chemical stability. Fabrication of NPs from plant extracts in
green procedures has been reported by many researchers
wherein they have successfully obtained highly stable nano-
structures.47,48 The extract of pomegranate seeds is one of the
most commonly used for producing green nanoparticles,
polymer-coated nanoparticles, and nanocomposites (NCs)
because they contain a considerable amount of antioxidants
and bioactive phytochemicals, such as proathocyanidins,
phenolics, ascorbic acid, and flavonoids, which provide nano-
materials with large surface area.49,43,50 In this work, we set out
to combine the functions of LSWF, surfactant flooding, and
polymer flooding together in a novel nanofluid (called low-
salinity polymeric nanofluid) that has been designed from

mixing a polymer-coated nanocomposite with low-salinity
water. We thus prepared a xanthan-coated ZnO/SiO2 nano-
composite in an eco-friendly procedure by using the extract of
pomegranate seeds to be able to reduce IFT, change the relative
permeability curve, and improve oil recovery. We demonstrate
this in core-flooding of samples taken from the Upper
Qamchoqa carbonate formation in Kurdistan Region, Iraq.

2. EXPERIMENTAL SECTION
The experimental work of the current investigation was divided into
three parts, as illustrated schematically in Figure 1, which includes the
following: (i) synthesis and characterization of polymer-coated ZnO/
SiO2 nanocomposite; (ii) the static experimental part includes the
preparation and stability observation of polymeric nanofluids and their
effects on IFT reduction; and (iii) the dynamic experimental section
covers the oil displacement by low salinity polymeric nanofluid
flooding.

2.1. Materials and Characterization. For synthesizing the
nanocomposite (NC), high-purity (99.5%) chemical reagents,
including salts and solvents, were purchased from Merck and Aldrich
companies. Xanthan gum with 98% purity in powder form was supplied
by AGREMA, Germany. For the reacted plant extract with chemical
solution, the UV−visible measurement was performed at room
temperature by a PerkinElmer 550ES from 200 to 600 nm, with a
resolution of 1 nm. The size and shape of the synthesized NC was

Table 1. Summary of the Effect of NPs on IFT Reduction and Oil Recovery Reported in the Literature

IFT (mN/m) RF (OOIP%)

references NP NP size (nm) NP conc. dispersion media porous media clean with NP clean with NP

Roustaei et al.23 SiO2 10−40 4 g/1 L ethanol sandstone 26.3 1.75 55 78
Joonaki and Ghanaatian24 Al2O3 ∼60 0.5−3 g/L propanol sandstone 5.7 2.25 56.6 76.8

SiO2 10−35 5 1.45 56.6 79.1
Fe2O3 40−60 6.3 2.75 56.6 73.9

Bayat et al.25 Al2O3 40 50 mg/L DIW limestone 18 13.4 55.8 65.7
TiO2 10−30 17.5 12.5 55.3 61.9
SiO2 20 16.7 11 54.8 57.7

Zaid et al.26 ZnO 45.93 0.05 wt % SDS carbonate 2.84 3.5 22.5 72.26
Al2O3 38.25 2.84 4.1 22.5 53.53

Hendraningrat and Torsæter27 Al2O3 17 0.05 wt % brine sandstone 19.2 12.8 52.22 60
SiO2 40 19.2 17.5 53.4 55.4
TiO2 21 n.a. 56.7 67.8

Li et al.21 SiO2 10−20 1.0 g/L brine sandstone 17.5 7 12 40
Soleimani28 ZnO 60 0.05-0.5% SDS calcite 27.43 18.65 n.a. 11.82

Figure 1. Schematic illustration of the experimental procedure of synthesizing ZnO/SiO2/xanthan NC and its application.
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identified using transmission electronmicroscopy (TEM) and scanning
electron microscopy (SEM) with a CamScan MV2300. Energy-
dispersive X-ray (EDS) spectroscopy (S3700N) was utilized for
chemical analysis of prepared nanostructures with a scanning rate of 2°/
min in the 2θ range from 10 to 90°. The mineralogical composition of
the prepared nanomaterial was investigated using X-ray diffraction
(XRD, Goniometer-Cu Kα = 1.5406 Å) and Fourier-transform infrared
(FTIR) spectroscopy analyses.
Seawater (SSW) was collected from the Persian Gulf, which

presented different ionic concentrations and salt compositions, as
shown in Table 2a. For IFT measurements and core-flooding, a crude
oil with a density of 0.879 g/mL (29.5° API) was used in this work. The
composition and SARA details of crude oil are shown in Table 2b and
Figure 2, respectively. A carbonate core sample (length 6.61 cm and

diameter 3.81 cm) from the Upper Qamchoqa formation outcrop in
Bekhma area (36°40′17.00″N: 044°15′04.4″E) in Kurdistan region,
Iraq was collected for the core-flooding test. The porosity and gas
permeability of the core sample were 16.85% and 13.15 mD,
respectively.
2.2. Green Synthesis of Xanthan-Coated ZnO/SiO2 Nano-

composite. The synthesis steps for preparing the nanocomposite are
shown in Figure 3. Initially, the extract of the pomegranate seed was
collected and filtered using a filter paper. Then, 2 g of ZnCl2 and 5 g of
sodium metasilicate (Na2SiO3) were added to 200 mL of the filtered
extract in a 500 mL beaker and mixed at 80 °C and 850 rpm while
stirring for 2 h until a light black precipitate was formed at the bottom of
the beaker. After separating the precipitate by filtration, it was heated up
to 600 °C in a furnace to burn all the plant particles within the
nanomaterials. Afterward, the hot distillate water was used to clean the
collected nanomaterials from the plant-burned impurities. Further-
more, the cleaned nanomaterial was dried at room temperature and
mixed with 10 g of xanthan gum by mortar and pestle, under reflux for 2
h at 80 °C. Finally, the dried and cleaned nanocomposite was collected
and characterized using various analytical techniques.
2.3. Preparation of Nanofluids. In this study, varying

concentrations of the polymer-coated ZnO/SiO2 nanocomposite

(500, 1000, and 2000 ppm) were utilized to prepare the polymeric
nanofluid. Initially, polymeric nanofluids formulations were first tried in
distilled water (DW) and seawater (with high salinity (HiSal)) as base
fluids. Then, LoSal-polymeric nanofluids were developed by reducing
the salinity of the seawater (SSW) by 10 and 20 times dilutions based
on the salting-out approach described by Spildo et al.51 (Table 3). Thus,
a liter of seawater was usually diluted by adding 100 mL of distilled
water. Nanofluids were prepared by stirring (LABINCO L81 Stirrer) at
600 rpm for 6 h, keeping the operating temperature below 30 °C to
avoid overheating of the homogenizer. Furthermore, to produce
nanofluids with high dispersion stability, ultrasonic waves emitted from
the VIP 200HD ultrasonic mixer, manufactured by Hielscher in
Germany, were used for mixing the fluid solutions for 2 h at 400W. The
dispersion stability of the synthesized nanocomposite within the
nanofluids was investigated by visual observation, which has been
monitored through transparent vessels with time. Finally, the PAAR
density meter was used to measure the density of the polymeric
nanofluids at room temperature.

2.4. Interfacial Tension (IFT) Measurements. Interfacial tension
(IFT) is developed by co-presence of two immiscible fluids, including
crude oil and water, in porous media. IFT is the energy that forces the
molecule toward the solid surface from the bulk phase per unit area to
produce an interface between two immiscible liquids, and it is usually
measured in dynes/cm (milli-newtons/meter).38 Generally, several
techniques are available tomeasure the value of IFT, such as aWilhelmy
plate, spinning drop, sessile drop, Du Noüy ring, maximum bubble
pressure, capillary rise, and pendant drop.39 In this study, we used the
pendant drop method (Figures 4 and S1) to measure the IFT by
estimating the dimensions of the suspended oil droplet. Then,
according to the following formula, the software will start to
approximate the IFT on receiving the image of the crude oil droplet
from the camera.

γ ρ= Δ · ·g D
H (1)

where Δρ is the difference between the density of the drop and bulk
fluids (g/cm3), g is the gravitational acceleration of the earth (cm/s2),D
is the large diameter of the droplet (cm), and H is the droplet shape
factor.

The initial IFT measurements using the pendant drop technique
have been taken between oil and different saline water solutions without
the presence of nanomaterials. The same procedure was applied for
measuring the IFT between oil and polymeric nanofluids containing
polymer-coated ZnO/SiO2 NC at zero-, high-, medium-, and low-
salinity levels. Finally, to check the effects of temperature and pressure
on the IFT values for all different solutions, the IFT tests were
performed under 30, 50, and 70 °C temperature and 500, 1000, and
1500 psi pressure.

2.5. Oil Displacement Experimental Setup and Procedure.
Core-flooding experimental setups are illustrated schematically in
Figure 5. The setup mainly consists of tanks containing the fluids,
pumps, a core holder, and a fraction collector. The high-performance
liquid chromatography (HPLC) pump injects the hydraulic fluid
automatically to the rear of the pistons in three cylinders on the basis of
the fluid selection, which needs to be pumped into the core-holder
chamber and injected into the core with the rate or input pressure
chosen by the user. Cylinders containing crude oil, water, and nanofluid
solution are located along with a core holder inside an oven to apply the
temperature to the system. The output line of the core-holder chamber
is removed from the oven, and the outlet fluid is stored in a special fluid

Table 2. Compositional Details of Used Fluids

(a) seawater

ion Na+ Ca2+ Mg2+ K+ Cl− SO4
2− HCO3

− T.H. T.D.S.
conc. (ppm) 7337 1920 936 92 11 502 6893 106 8700 33 194
(b) crude oil

component C1 C2 C3 iC4 nC4 iC5 nC5 C6 C7 C7+ CO2 H2S
mol % 0.028 0.40 2.48 0.086 3.27 2.09 2.75 5.66 9.32 82.32 0.029 0.093

Figure 2. SARA details of the crude oil used in this study.
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collection vessel. The core-holder chamber itself consists of two parts of

the fluid flow (inlet and outlet) and a special rubber to block the fluid

flow around a 1.5 in. plug, which is operated by a hydraulic fluid pump

manually.

Figure 3. Schematic diagram of a green process to synthesize the ZnO/SiO2/xanthan nanocomposite.46

Table 3. Formulation of Fluid Solutions Used in This Study

sample NC conc. (ppm) dispersion media salinity density (g/cm3) description

S0 0 DW zero 1 distilled water
S0H SSW high 1.03 high-salinity water
S0M 1:10 SSW dilution moderate 1.014 moderate-salinity (MoSal) water
S0L 1:20 SSW dilution low 1.0.8 low-salinity water
S1 500 DW zero 1.0004 polymeric nanofluid
S1H SSW high (HiSal) 1.0337 HiSal-polymeric nanofluid
S1M 1:10 SSW dilution moderate (MoSal) 1.0168 MoSal-polymeric nanofluid
S1L 1:20 SSW dilution low (LoSal) 1.0112 LoSal-polymeric nanofluid
S2 1000 DW zero 1.0009 polymeric nanofluid
S2H SSW high (HiSal) 1.0342 HiSal-polymeric nanofluid
S2M 1:10 SSW dilution moderate (MoSal) 1.0171 MoSal-polymeric nanofluid
S2L 1:20 SSW dilution low (LoSal) 1.0114 LoSal-polymeric nanofluid
S3 2000 DW zero 1.0019 polymeric nanofluid
S3H SSW high (HiSal) 1.0352 HiSal-polymeric nanofluid
S3M 1:10 SSW dilution moderate (MoSal) 1.0176 MoSal-polymeric nanofluid
S3L 1:20 SSW dilution low (LoSal) 1.0117 LoSal-polymeric nanofluid

Figure 4. Schematic presentation of high-pressure (HP)−high-temperature (HT) pendant drop IFT400 interfacial tension-measuring apparatus.
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To carry out displacement tests, a carbonate core plug was selected
from the Upper Qamchuqa outcrop in the Kurdistan region, Iraq. The
selected plug was cleaned by soxhlet extraction using ethanol and
toluene at a temperature between 60−80 °C for 24 h to remove all of
the present water, oil, and any other residues. Afterward, before core-
flooding, the sample was dried by placing into an oven at 70 °C for 6 h.
Core displacement tests were conducted using a water and LoSal-
polymeric nanofluidmixture prepared by dispersing 2000 ppm of ZnO/
SiO2/xanthan NC in low-salinity water. Tests were performed at 75 °C
and 1350−1380 psi, with an injection rate of 0.5 cm3/min.
The following five-step procedure was performed for evaluating the

effectiveness of the injected LoSal-polymeric nanofluid to determine
the improvements on oil recovery: (1) the optimum nanofluid was
identified from conducting the IFT test measurements based on NC
concentration and water salinity. (2)Water, about 2 pore volume (PV),
was injected into the core plug under a controlled flow rate (0.5 cm3/
min), and two pressure transducers were used to record the pressure
values at the injection and production points. (3) The relative
permeability curve was constructed after injecting 2 PV water (i.e.,
before nanofluid flooding). The oil and water effective permeabilities
were measured as water replaced oil within the core, and new oil and
water saturations were obtained. Then, the effective permeability to
water and oil at residual oil saturation and irreducible water saturation
(Krw at Sor andKro at Swir) was measured using the Johnson, Bossler, and
Naumann (JBN) method as shown in Section 1, Supporting
Information. (4) Two pore volume of LoSal-polymeric nanofluid was
injected into the core plug, and the displaced volume of water in the
porous media was measured. (5) Relative permeability curve was
constructed after nanofluid treatment.

3. RESULTS AND DISCUSSION
In this section, first, characterization details of the synthesized
green nanocomposite have been presented, followed by the
discussion on IFT reduction by various fluid solutions (S0, S0H,
S0M, S0L, S1, S1H, S1M, S1L, S2, S2H, S2M, S2L, S3, S2H,
S3M, and S3L) under various temperature and pressure
conditions. Subsequently, results show that the NC concen-
tration, temperature, pressure, and salinity were directly
influenced by the IFT reduction. Finally, the results of core-
flooding from injecting water and nanofluid were presented and
discussed, in detail.
Generally, the performance of the synthesized NC in this

work was compared with the efficiency of the commercial and
synthesized nanoparticles used in the literature, as shown in

Figure 6. Comparisons of the IFT reductions and oil recovery
improvements are shown. In 2012, Roustaei et al.23 obtained a

great reduction in IFT and increased oil recovery by about 92
and 23%, respectively, by adding silica NPs into brine, whereas
Bayat et al.25 applied Al2O3 with the deionized water (DIW),
which caused the IFT to be reduced by about 34% and oil
recovery increased by about 13%. In addition, Zaid et al.26 stated
that using ZnO and Al2O3 surfactant nanoemulsions, oil
recovery can be increased by about 50% with no reduction in
IFT. More recently, Soleimani et al.28 used a synthesized ZnO
with the sodium dodecyl sulfate (SDS) surfactant, which
reduced IFT and improved oil recovery by about 32 and 17%,
respectively. According to these studies, a great reduction in IFT
(93.6%) was achieved in this work from using LoSal-polymeric
nanofluid, and oil recovery was increased by about 19.3%.

3.1. Characterization of Polymer-Coated ZnO/SiO2
Nanocomposite. The production and characterization of the
same ZnO/SiO2/xanthan NC were presented and discussed in
detail in our previous paper (Ali et al.46). The nanomaterial was
prepared after verifying the presence of potent antioxidants
inside the pomegranate extract by using the UV−vis spectrum
(Figure S2), with the support of the results obtained by previous
research.52 Additionally, the crystallinity and phase purity of
nanomaterials deposited on the surface of xanthan polymer,

Figure 5. Schematic illustration of the apparatus for oil displacement tests: (1) HPLC pump, (2) pressure gauges, (3) valves, (4) cylinder containing
crude oil, (5) cylinder containing brine, (6) cylinder containing nanofluid, (7) core-holder chamber, (8) fluid flow distributor, (9) core, (10) blocking
rubber around the core, (11) oven, (12) manual hydraulic pump, and (13) outlet fluid-collecting vessel.

Figure 6. Clustered column chart demonstrates the best results
obtained in this work and those reported in the literature in terms of
IFT reduction and oil recovery.
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within the synthesized NC, were identified by the XRD peaks
containing all associated crystalline planes of pure silica and zinc

NPs (Figure 7).53−55 As it can be seen, the three observed peaks
(010, 002, and 012) with the reflections from 31.5 to 36° are

Figure 7. XRD diffractogram of the green synthesized SiO2/ZnO/Xanthan NC.46

Figure 8.Morphology, shape, size, and distribution of the nanomaterials of the synthesized NC; (a) 300 nm TEM image and (b) 3 μm SEM image.46

Figure 9.Dispersion stability of nanocomposites within LoSal-polymeric nanofluids after resting for a week with concentrations of (a) 500, (b) 1000,
and (c) 2000 ppm used for IFT tests and (d) with 2000 ppm as concentration of an optimum nanofluid for core-flooding.
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similar to the peaks of zinc and silica NPs reported in the
literature.56

The morphology of the synthesized NC at different
magnifications by SEM and TEM images is illustrated in Figure
8. The appearance, size, and distribution of silica and zinc NPs
were observed clearly on the reported TEM and SEM
images.57−59 For further confirmation concerning the biosyn-
thesis of NC, EDS and FTIR spectra analyses were also
conducted, as shown in (Figures S3 and S4). Results of both
analyses clearly confirm the presence of SiO2 and ZnO in the
elemental composition of the nanocomposites.
3.2. Nanocomposite Suspension Stability. The stability

of the distribution of the nanocomposite colloidal particles
within the nanofluid solutions is very important. The dispersion
should remain homogenous under the experimental circum-
stances, else flocculation is going to happen, in which case, the
desired effects will no longer take place. The excellent stability of
LoSal-polymeric nanofluids for both IFT tests and core-flooding
is illustrated in Figure 9. Three of the nanofluids were prepared
for the IFT tests, with 500, 1000, and 2000 ppm NC
concentrations within LoSal water (Figure 9a−c). Also, the
LoSal-polymeric nanofluid that was identified as optimal by its
NC concentration is shown in Figure 9d. Before conducting the
IFT and core-flooding experiments, the nanofluids were kept in
a static state for a duration of 1 week. The precipitation of
nanomaterials in the bottom of the tubes was prevented by
stabilizing the fluids using ultrasonic waves, and no sedimenta-
tion was observed, as shown by lavender boxes. Additionally,
from the left to the right of the figure, the presence of the NC
within the LoSal water can be seen as the cloudiness increases
with NC concentration.
3.3. IFT Measurements of Fluid Systems. IFT between

immiscible liquids in the reservoir has an important role in
improving the production of oil, depending on the type of rock
and present fluids.60 IFT for different immiscible liquid systems
was measured, such as oil/water, oil/polymeric nanofluid, and
oil/LoSal-polymeric nanofluid systems. The measured values of
IFT for fluids under various NC concentrations (0, 500, 1000,
and 2000 ppm), salinities (zero, low, moderate, and high),
temperatures (30, 50, and 70 °C) and pressures (500, 1000, and
1500 psi) are summarized in Table 4. The minimum value of
IFT of 2.016 mN/m was achieved between oil and LoSal-
polymeric nanofluid (S3L) at 70 °C and 1500 psi for the
polymer-coated nanocomposite with a concentration of 2000
ppm.
The initial IFT values between oil/SSW and oil/DW were

measured at low temperature low pressure (LTLP) and high-

temperature high-pressure (HTHP) conditions (Figure 10).
When the salinity of seawater has been reduced, by a 20 time

dilution, on the basis of the salting-out approach, the IFT
between oil and LoSal water at LTLP condition was decreased
by about 38% from 31.8 to 19.68mN/m.However, it was greatly
reduced under the HTHP condition by about 53.5% from 31.8
to 14.781 mN/m. Further, by adding polymer-coated ZnO/
SiO2 NC into the DW and LoSal water, the IFT was further
decreased to its lowest values in both reservoir conditions. The
IFT values measured between the oil/polymeric nanofluid and
oil/LoSal-polymeric nanofluid were about 3.006 and 2.215mN/
m, respectively, at LTLP condition and 2.547 and 2.016 mN/m,
respectively, at HTHP condition. As can be seen, it is clear that
the IFT was considerably reduced when changing from seawater
to low-salinity polymeric nanofluid by about 93.6% at higher
temperature and pressure. The variations of IFT between the
various immiscible liquids can be clearly seen in assessing the oil
droplets, with the presence of different aqueous phases, shown in
Figure 10.
Figure 11 shows the measured IFT values for the various

conditions that were considered. We first examined the effect of
water salinity on IFT reduction, without adding NC. In this way,
the IFT between crude oil and distilled, high salinity (seawater),
moderate salinity, and LoSal waters has been measured and only
a small reduction in IFT was observed, as shown in region I on
Figure 11. As it is clear, this reduction of the IFT was achieved
due to the salinity effect of water. By decreasing the salinity of
seawater by 10 and 20 time dilutions, a further reduction to the
IFT was observed. This is quite consistent with the outputs of
Nowrouzi et al.43 wherein they described the effect of various

Table 4. Measured Values of IFT between Crude Oil and Various Aqueous Phases under the Effects of NC Concentration, Water
Salinity, Pressure, and Temperature

interfacial tension (IFT) (mN/m)

press.
(psi)

temp.
(°C) S0 S0H S0M S0L S1 S1H S1M S1L S2 S2H S2M S2L S3 S3H S3M S3L

500 30 28.31 31.24 24.76 19.68 12.96 16.04 12.77 8.92 8.01 14.06 11.41 6.95 3.00 9.45 8.51 2.21
50 25.4 30.3 21.5 17.3 10.39 16.32 10.85 7.32 6.63 12.62 10.43 5.01 2.76 9.77 7.94 2.29
70 26.84 29.65 20.02 16.02 9.765 16.27 10.39 6.21 5.12 10.65 9.173 3.59 2.09 8.94 6.63 2.41

1000 30 29.0 32.76 25.1 19.13 13.41 18.86 12.89 8.16 7.64 16.14 10.74 6.71 3.81 10.3 8.72 3.16
50 24.89 29.21 29.6 18.84 9.972 14.51 11.54 8.19 6.29 11.29 10.96 4.57 3.51 9.29 7.50 2.73
70 24.62 28.96 19.05 18.3 9.541 13.68 10.68 6.83 4.70 9.014 8.820 3.77 2.65 8.75 5.92 2.14

1500 30 27.56 31.97 24.38 20.03 12.76 16.65 12.73 9.01 8.75 16.50 12.86 6.30 3.01 10.1 7.86 3.71
50 23.54 31.7 20.9 16.61 11.42 16.49 11.60 7.92 5.81 13.17 10.07 4.36 2.61 9.43 8.49 2.91
70 20.56 25.2 17.96 14.78 10.67 13.29 10.84 7.56 5.97 11.52 10.13 3.92 2.54 9.53 5.64 2.016

Figure 10. IFT values and droplet shapes of crude oil with the presence
of various aqueous phases at LTLP and HTHP conditions.
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densities and ionic compounds of the seawater on IFT
reduction. In the same region, the effect of pressure and
temperature on the IFT reduction was strong; by increasing the
temperature and pressure from 30 °C and 500 psi to 70 °C and
1500 psi, the IFT of oil/S0, oil/S0H, oil/S0M, and oil/S0L were
reduced from 28.4 to 20, 31.8 to 26, 24.6 to 18, and 19.8 to 14.8
mN/m, respectively. Generally, the water salinity, temperature,
and pressure were the only factors behind the reduction of IFT
in this region; the impact of the salinity was about 37% and that
of temperature and pressure effects was 27.8%.
However, even further IFT reduction was observed in the

other regions II−IV shown in Figure 11 by adding the polymer-
coated NC into different water-based solutions.61 Basically, the
effect of the synthesized NC within the distilled and LoSal
waters was higher than within the high-salinity waters. This is
supported by Li et al.19 and Dahle et al.62 studies, where they
reported that adding nanoparticles into the smart and LoSal
waters greatly reduced the IFT due to the development of a
layered structure of the nanoparticles at the interface between
crude oil and nanofluids. In region II, the IFT for all salinity cases
was reduced significantly by adding only 500 ppm NC.
Typically, between oil and LoSal-polymeric nanofluid, the IFT
value was reduced by about 55% from 19.8 mN/m (oil/S0L) to
8.923 mN/m (oil/S1L) whereas the effect of pressure and
temperature on IFT reduction was about 16.3% in this region,
which was smaller than the effect of pressure and temperature in
region I. Furthermore, by increasing the concentration of
nanocomposites to 1000 ppm in region III, little variations in
IFT values were observed for both moderate and high-salinity

polymeric nanofluids; this is where the NC concentration was
very active with the DW and LoSal-polymeric nanofluids. The
IFT between oil/S2L was reduced by about 56% from 8.923 to
3.935 mN/m at HTHP condition.
In region IV, by increasing the concentration of NC to 2000

ppm, the relative IFT for all types of nanofluids reduced
gradually except that for the high-salinity water, which reduced
further in some cases. Similarly, Standal et al.63 reported that
IFT of the oil/aqueous phases would be reduced on increasing
the salinity due to developing the component with higher
concentration in the oil phase. On the other hand,
Lashkarbolooki et al.64 claimed that the IFT value of the oil/
nanofluid system would be always lower than the IFT between
oil and smart nanofluid with a sufficient concentration of
nanoparticles and it would be kept down to its minimum value at
the lowest salinity. In this region, the IFT of oil/S3L (LoSal-
polymeric nanofluid) system was reduced by about 68% from
6.950 to 2.215 mN/m due to the effect of NC concentration and
it was further reduced to 2.016 mN/m (9%) by increasing the
temperature (from 30 to 70 °C) and pressure (from 500 to 1500
psi).

3.4. Oil Displacement Experiments. In this section, oil
displacement experiments were performed to mimic water-
flooding and LoSal-polymeric nanofluid flooding processes with
varied injected PV to a carbonate core plug. According to the
IFT results, the LoSal-polymeric nanofluid was selected as the
most effective nanofluid, which is composed of the LoSal water
(1:20 SSW dilution) and a 2000 ppm polymer-coated ZnO/
SiO2 nanocomposite. Plots of the evolution of the cumulative oil

Figure 11. Effects of the NC concentration, water salinity, temperature, and pressure on IFT reduction.

Table 5. Summary of the Oil Displacement Tests

water-flooding nanofluid flooding

core nanofluid
NC conc.
(ppm)

injected rate
(cc/s)

Soi
(%)

Sor
(%)

oil recovery (%
OOIP) Sor (%)

oil recovery (%
OOIP)

total oil recovery (%
OOIP)

carbonate LoSal-polymeric
nanofluid

2000 0.5 77 53 46.96 33.76 19.28 66.24
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production factor with the injected pore volume and the relative
permeability curves for both water and nanofluid injections are
presented and discussed below. Table 5 summarizes the results
collected from these experiments.
Figure 12 shows the oil recovery and differential pressure

(ΔP) across the core plug as a function of pore volume injected

into the two stages of the core-flooding. As observed in other
studies, the cumulative oil recovery is improved steadily with the
volume of injected brine before approaching a plateau at around
2 PV. The water-flooding oil recovery factor was identified to be
about 46.96% of the original oil in place (OOIP). The injection
of a LoSal-polymeric nanofluid, as shown in Figure 12, was
capable of further increasing the cumulative oil recovery by
about 19.28% OOIP over the water-flooding process. Again, the
second plateau was reached after injecting roughly 2 PV of
nanofluid solution. By this point, the total cumulative oil
recovery from both water-flooding and LoSal-polymeric nano-
fluid flooding increased to about 66.24% OOIP. It was also
found that the differential pressures (ΔP) across the model for
these both experiments generated by brine and nanofluid
injections were relatively similar and low. This smooth behavior
of the ΔP curves between both floods indicates the high
dispersion stability of nanostructures within the nanofluids, as
discussed above.65

Figure 13 represents the relative permeability curves of a
carbonate core sample before and after the treatment with the
LoSal-polymeric nanofluid. Both curves were determined from
running the oil displacement data in CYDAR software by
applying the JBN approach.66 Comparing the relative
permeability values before and after the nanofluid flooding, it
can be observed that there were appreciable variations in the
irreducible water saturation (Swr), the point where the water and
oil relative permeabilities are equal (crossover point), and the
relative permeability curves. The values of the irreducible water
saturation, before (Swir = 0.23) and after treatment (Swir = 0.47),
indicate that, according to Craig’s rules of thumb,67 the
wettability of the carbonate plug was changed from the oil-wet
system to a strongly water-wet system. The most likely
explanation for this considerable change in relative permeability
curves is the adsorption of ZnO/SiO2/xanthan NC on the
surface of the carbonate. The oil relative permeability curve was
considerably shifted to the right due to the effect of nanofluid
flooding, which suggests that the oil effective permeability at a
particular water saturation point improved as the wettability

system was changed to a stronger water-wet condition. Similar
to the oil relative permeability curve, the crossover point was
also moved to the right. After injecting the nanofluid, the water
saturation at which the water and oil relative permeabilities
become equal was changed from 0.4 to 0.6. According to Craig’s
rules of thumb,67 this value is typical of strongly water-wet cores.

4. CONCLUSIONS
This paper described a new green technology to develop a Low-
salinity polymeric nanofluid using a polymer-coated ZnO/SiO2
nanocomposite for the enhanced oil recovery. ZnO/SiO2/
xanthan NCwas synthesized from pomegranate seed extract in a
green and economical way and characterized using UV−vis,
XRD, TEM, SEM, FTIR, and EDS techniques. The following
major conclusions can be drawn on the basis of the results
obtained from this study:

• Polymer-coated ZnO/SiO2 NC was highly dispersed in
water andmaintained a high suspension stability for a long
time.

• LoSal-polymeric nanofluid was shown to control the
interfacial tension due to the effects of the synthesized
NC, salinity, temperature, and pressure.

• The nanofluid helped to improve the oil displacement
efficiency from a carbonate core by about 19.3% of the
original oil in place.

• The LoSal-polymeric nanofluid altered the relative
permeability curves, displacing them to the right in a
fashion consistent with wettability alteration.

• The method used to prepare the low-salinity polymeric
nanofluid could be widely applied to improve oil recovery
from carbonate reservoirs.
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In this study, TiO2/SiO2/poly(acrylamide) nanocomposites (NCs) as a newly-developed-nano enhanced oil recov-
ery (EOR) agent is proposed using a simple, green and economic method from the extract of pomegranate seeds.
The ultraviolet–visible spectroscopy (UV–Vis), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FT-IR), scanning electronmicroscopy (FE-SEM), transmission electronmicroscopy (TEM) and energy-dispersive
X-ray spectroscopy (EDS) are applied to analyze the characterization of NCs. Nano-smart solutions are prepared
from the dispersion of NCs within the smart water at three different concentrations (500, 1000 and 1500 ppm).
The used smartwater solutions are formulated frommixing the single and binary systems of themonovalent and
divalent salts (NaCl, KCl, MgCl2, CaCl2, Na2SO4, MgSO4, K2SO4 and CaSO4) at different concentrations of 2500,
5000 and 10,000 ppm within the distilled water. In order to identify the effect of the prepared NCs in smart
EOR applications, the interfacial tension (IFT) of crude-oil/smart-water and crude-oil/smart-nanofluid systems
is measured using the pendant drop technique, the wettability behavior of carbonate rock is studied using the
contact angle (CA) measurement, and recovery efficiency is determined by preforming the coreflooding test
for eight core plugs. According to the obtained experimental results of IFT and CA, KCl-5000, K2SO4-5000,
CaSO4+CaCl2 (5000+5000) andK2SO4+CaCL2 (2500+2500) are selected as the optimal smart solutions. Fur-
thermore, the performance of the selected smart water solutions is influenced by 65% in IFT reduction, 32% in
wettability alteration and 10.5% in oil recovery when the prepared NCs is added to the solutions. Nano-OSS3-
5000 smart-nanofluid developed from mixing 1500 ppm of TiO2/SiO2/poly(acrylamide) NCs with 5000 ppm of
CaSO4 and CaCl2 ions demonstrated the highest performance in increasing oil recovery from 36.0 to 46.53% orig-
inal oil in place (OOIP).

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Oil is an important source of energywith thedemand expected to in-
crease up to 2040. Oil production from mature reservoirs is declining
and discovering new oilfields are becoming difficult [2,3]. Currently,
the petroleum industry is focusing on improving the oil recovery factor
frommature fields given the challenge of replacing resources with new
fields [82]. Primary processes of oil recovery,which rely on natural pres-
sure drive, can produce between 5 and 25% of the original oil in place
(OOIP) with the larger figure applying to lighter oils [11,12,14].
Waterflooding, as a common secondary recovery process, is usually ap-
plied to maintain the internal forces and drive mechanisms of oil

reservoirs after the depletion phase aswell as helping to displace fluids,
where an incremental recovery by this approach varies between 5 and
30% OOIP [13]. However, some serious challenges are encountered reg-
ularly when injectingwater. For instance, oil is bypassed as thin films in
oil wet reservoirs and can become trapped due to strong capillary pres-
sures in water wet fields. The interfacial tension (IFT) between oil and
water has a strong impact on this behavior and reduces displacement
efficiency as well as resulting in more oil left behind [6]. Thus, the goal
of enhanced oil recovery (EOR) is to increase the recovery factor up to
extra 15% OOIP, depending on the type of reservoir and hydrocarbon.
For this purpose, the type and concentration of the dissolved ionswithin
water can be managed in a way that would be able to activate the re-
lated mechanisms of EOR to displace the oil left in the porous rock by
adjusting oil/water/rock interactions, this is called smart water or low-
salinity water [84]. The strength of the interaction between the dis-
solved ions and the carbonate rocks is dependent on the type and

Journal of Molecular Liquids 322 (2021) 114943

⁎ Corresponding author at: Department of Petroleum Engineering, Faculty of
Engineering, Soran University, Kurdistan Region, Iraq.

E-mail address: jagar.pet@gmail.com (J.A. Ali).

https://doi.org/10.1016/j.molliq.2020.114943
0167-7322/© 2020 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of Molecular Liquids

j ourna l homepage: www.e lsev ie r .com/ locate /mol l iq



Application of green nanocomposites in enhanced oil recovery 

 148 

 

concentration of ions. For instance, SO4
2− and Ca2+ are the most effec-

tive ions in altering thewettability of the reservoir rock towards theme-
dium and hydrophilic state [19,66].

According to British Petroleum [27] reports, the injection of the
smart water, as a cost and environment friendly EOR technique, into
the porous media increases oil recovery due to the improvement of res-
ervoir parameters including wetting behavior, relative permeability,
fluid flow and capillary forces. Austad et al. [18] and Fathi et al. [38]
stated that the smart water can alter the wettability of the reservoir

rocks under different temperature conditions; accordingly, water imbi-
bition capillary forces and sweep efficiency would be improved. The
mechanism of the wettability alteration of carbonate rocks by smart
water is reported by Strand et al. [85], Zhang et al. [94], Puntervold
et al. [66]; wherein, the wettability of the carbonate surfaces can be al-
tered by changing the surface charge of water-wet spots when covered
by effective dissolved ions, such as calcium, Ca2+, magnesium, Mg2+

and sulfate, SO4
2−. During injecting the smart water, the sulfate ion

would be absorbed onto the surface of the carbonate rock and the

Table 2
Properties of dissolved ions used in this study.

Salt Symbol Molecular weight [gm/mol] Density [gm/cm3] Water solubility [gm/L] Assay [%]

Sodium chloride NaCl 58.44 2.17 359 >99.5
Potassium chloride KCl 74.55 1.98 347 >99
Magnesium chloride MgCl2 95.22 2.32 542 >98
Calcium chloride CaCl2 110.98 2.15 740 >96
Calcium sulfate CaSO4 172.17 2.32 2 >99
Sodium sulfate Na2SO4 142.04 2.70 200 >99
Magnesium sulfate MgSO4 246.48 1.68 710 >99.5
Potassium sulfate K2SO4 174.26 2.66 111 >99

Fig. 1. Schematic diagram of the multi-pots green process to synthesis the TiO2/SiO2/PAM nanocomposites.

Table 1
Summary of experimental studies on the effect of TiO2, and SiO2, and modified TiO2 and SiO2 in EOR.

Nanoparticles Base phase or substrate NP conc. [wt%] Rock type IFT [mN/m] CA [degree] EOR recovery References

Clean with NP Clean with NP [%OOIP]

SiO2 Ethanol 0.4 Sandstone 26.3 1.7 55 78 23 Roustaei et al. [74]
PAM 1–2 Sandstone 27 10.2 – – 24.7 Sharma et al. [78]
Xanthan gum 0.1–0.5 Sandstone 17.8 6.4 86 20 7.81 Saha et al. [77]
DIW 0.05 Limestone 16.7 11 54.8 57.7 2.9 Bayat et al. [24]
Low-salinity water 0.02–0.1 Sand pack 21 20.3 51 30.5 10.1 Abhishek et al. [1]
Brine 0.1 Sandstone 17.5 7 12 40 28 Li et al. [52]

TiO2 DIW 0.05 Limestone 17.5 12.5 55.3 61.9 6.6 Bayat et al. [24]
Water 0.05 Sandstone – – 56 21.64 6 Hendraningrat & Torsæter [42]
Water 1.0 Sandstone – – 125 90 31 Ehtesabi et al. [34]
Polymer 2.3 Sandstone – – – – 41 Cheraghian [29,30]

Functionalized SiO2 Prop-2-enamide 0.6–1.2 Sandstone 28 7 87 28 21 Ju & Fan [46]
Poly2(DMAEA 0.1 Sandstone 27 14 85 62.2 9.9 Qi et al. [69]
2-Poly(MPC) 0.1–0.2 Sandstone 47 35 – – 5.2 Choi et al. [31]
Fe2O3/SiO2 NC 0.1 g Carbonate 39 17.5 138 52 31 Kazemzadeh et al. [48]
NiO/SiO2 NCs 0.1 Carbonate 28 1.84 174 32 – Dahkaee et al. [32]
ZnO/SiO2/xanthan NCs 2000 ppm Carbonate 31 2.017 – – 19.3 Ali et al. [8–10]

Functionalized TiO2 TiO2/SiO2 NCs 0.1 g Carbonate 39 13.2 138 48 26 Kazemzadeh et al. [48]
SiO2/TiO2 0.1 Sandstone – – 154 23 – Sun et al. [83]
Al2O3/TiO2 0.1 Sandstone – – 154 24 –

J.A. Ali, K. Kolo, A.K. Manshad et al. Journal of Molecular Liquids 322 (2021) 114943
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concentrations of the positive charges would be reduced. Ca2+ would
also reach the surface by the presence of the low electrostatic repulsion
forces at the oil/water interface. Consequently, the carboxylic material
existing on the carbonate surface would be displaced and wettability
would be altered to water-wet [4,94]. At high temperature, the magne-
sium ion is increasing the positive surface charges to a level that can
substitute the calcium ion [94]. Lashkarbolooki et al. [50,51] studied
the impact of different dissolved ions (NaCl, KCl, Na2SO4, MgSO4,
CaSO4, CaCl2, andMgCl2) on the IFT reduction andwettability alteration.
Their results showed that themonovalent cation altered thewettability
and MgCl2 reduced the IFT effectively. Manshad et al. [57] studied the
impact of the different active ions dissolved within smart water on the
IFT reduction. They obtained the lowest IFT of 6.938 mN/m with
2000 ppm K2SO4 smart water solution. Although, a great influence of
the smart water on the wettability is achieved as shown above, but
still its role in reducing IFT is low compared with the surfactant injec-
tion. In order to obtain the desirable impact on the contact angle and
IFT, smart water can be combined with other methods, such as smart
water + surfactant [5], smart water + CO2 (carbonated smart water)
[57], smart water + polymer [79], smart water + CO2 + surfactant
[86], and smart water + nanoparticles [75,62,63].

Nanoparticles (NPs) are very small in size (1–100 nm diameter)
with the large surface area to volume ratio [36]. In solution, they can
alter the fluid-rock and/or fluid-fluid interactions by providing im-
proved surface activity as well as particle mobility in porous media
[26]. More importantly, NPs can travel easily through the narrow chan-
nels andmove a long distance to the, so far, unswept parts of a reservoir
without leaving any significant consequences on the permeability. Con-
sequently, the production of trapped and by-passed oil and the im-
provement of the microscopic sweep efficiency can be resulted [89].
Among nanoparticles, silicon dioxide (SiO2) and titanium dioxide
(TiO2) are the most studied and reported promising NPs for EOR appli-
cations [3,49,67,82,15,20,37,59,72]. The suitability of silica and titanium
NPs for improving oil recovery under various laboratory conditions is
reported in previous studies (Table 1). The outcome of the experiments
is dependent on the size, concentration, surface modification and dis-
persionmedia of theNPs [24].Moreover, they have a tendency to aggre-
gate and/or agglomerate in solution due to the immense surface free
energy that is triggered by their ultra-small size and large surface area
[60]. This means that they have poor stability within the aqueous
phase which presents a significant problem to applications in EOR.
Their poor dispersibility will result in a decrease in the activity of NPs
at fluid–rock interfaces and may also block pore throats as large bodies
of nanomaterial can form. To overcome this problem, the attraction and
aggregation of NPs to each other is prevented by attaching them to, or
coating on, macro-size particles such as polymers [25].

NPs combined with polymer chains, which are mostly referred to as
nanocomposites or polymer-coated NPs, are now used in EOR applica-
tions as shown in Table 1. According to Choi et al. [31], Bila et al. [25]
and Ali et al. [6–9], better stability, emulsification and transportation
can be achieved from these kinds of functionalized nanostructures com-
pared with pure NPs. However, only few studies have investigated their
application in EOR methods and the influence of these functionalized
NPs needs to be better understood. Roustaei [95] investigated the role
of surface-modified silica NPs on reducing the oil–water IFT and wetta-
bility alteration in EOR. They reported that oil recovery is improved by
26.2% of original oil in place (OOIP) with very low damage to the rock
permeability. Choi et al. [31] reported 5% OOIP increase in oil recovery
using polymer-coated NPs due to the significant reduction in oil-water
IFT and alteration of wettability. Llanos et al. [54] studied the effect of
the functionalized SiO2 NPs with sodium oleate surfactant on the rheol-
ogy, IFT, adsorption and wettability behaviours of polymer flooding.
They stated that the surface-modified SiO2 NPs had little impact on
the viscosity of the polymer solution but had a strong influence by re-
ducing the IFT and wettability alteration of the porous medium.
Kazemzadeh et al. [48] stated the influence of TiO2/SiO2 and Fe3O4/Ta
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SiO2 nanocomposites on IFT reduction,wettability alteration and viscos-
ity improvement during EOR application. Their results showed that
TiO2/SiO2 and Fe3O4/SiO2 nanocomposites helped to improve oil recov-
ery by 23% and 24% OOIP, respectively. More recently, Giraldo et al. [41]
investigated the effect of NiO/SiO2 Janus nanocomposites on IFT reduc-
tion and contact angle, and their results showed a significant increase in
the capillary number and an effective reduction in IFT at 100 mg/L con-
centration. Bila et al. [25] evaluated the capability of polymer-coated sil-
ica NPs within seawater to improve oil recovery at ambient conditions.
Their results showed an improvement in oil recovery by 2.6% to 5.2%
OOIP with IFT reduced from 10.6 to between 2.5 and 6.8 mN/m. In our
previous work [7,8–10], we synthesized a single-pot green method to

prepare ZnO/SiO2/xanthan NCs for EOR applications. We extracted an
additional 19.28% OOIP due to the high reduction in the value of IFT
from 31.8 to 2.016 mN/m and contact angle from 137° to 34°. Shirazi
et al. [80] studied the impact of TiO2 NPs on the behavior several
smart-waters by measuring the CA, IFT reduction, and oil recovery
during the spontaneous imbibition process, and they enabled to in-
crease the performance of all types of smart waters drastically
under the influence of the used NPs. In 2020, the performance of
the engineered (smart) under the effect of several NPs (SiO2,
CaCO3, TiO2, and gamma Al2O3) as hybrid injection EOR solutions is
investigated by researchers [56,71,43,68]. All published research
works stated that the performance of the smart water is improving
under the influence of the nanomaterials.

Fig. 2. Schematic presentation of high-pressure (HP) and high-temperature (HT) IFT measuring test; a) pendant drop IFT400 apparatus, and b) crude oil droplet [7].

Fig. 3. Schematic illustration of sessile drop method for contact angle measurements [9].

Fig. 4. Schematic illustration of the apparatus for oil displacement tests: (1) HPLC pump,
(2) pressure gauges, (3) valves, (4) cylinder containing crude oil, (5) cylinder containing
brine, (6) cylinder containing nanofluid, (7) core holder chamber, (8) fluid flow
distributor, (9) core, (10) blocking rubber around the core, (11) oven, (12) manual
hydraulic pump, and (13) outlet fluid collecting vessel [8].

Fig. 5. The Uv-Vis spectroscopy of pomegranate seed extract used for preparing TiO2 and
SiO2 nanoparticles.
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Theultimate goal of this study is to investigate the effect of a composite
nanomaterial that combines NPs with polymer chains on the role of the
smartwater in reducing IFT andaltering thewettability. Silica and titanium
NPs are synthesized from the extract of pomegranate seeds using the
multi-pots method. Polyacrylamide (PAM) as a well-known EOR polymer
is used as a substrate for the nanocomposites. Instead of having NPs dis-
persed in the polymer solution, we prepared smart-polymeric-nanofluids
by dispersing the synthesized TiO2/SiO2/PAMNCs in smartwaterwith var-
ious types and concentrations of dissolved ions. The developed smart-
polymeric-nanofluids are then applied to reduce the interfacial tension

force and alter the wettability of carbonate rocks with the aim of improv-
ing the recovery factor of an oil field.

2. Materials and methods

2.1. Materials

High-purity chemical reagents including sodium silicate (NaSiO3),
metatitanic acid (TiO(OH)2), sodium hydroxide (NaOH), ethanol,
propanol, polyacrylamide (PAM) and different salts are ordered from

Fig. 6.Mechanistic relationship of the synthesized TiO2 and SiO2 nanoparticles; (a) reaction of Na2SiO3 with the antioxidants in pomegranate seed extract, and (b) reaction of TiO(OH)2
with the antioxidants in pomegranate seed extract.

Fig. 7. Elemental analysis of a green synthesized TiO2/SiO2/PAM NCs; a) XRD pattern and b) FTIR spectra.
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the Merck company with a purity higher than 99 mol%. The properties
of used salts including molecular weight, density and the solubility are
shown in Table 2. The synthetic seawater, as the formation water,
with the NaCl concentration of 100,000 ppm is used for waterflooding
of secondary recovery. A sample of the dead crude oil of 0.879 g/cm3

density (29.5o API) from the Asmari reservoir of the rag-e-sefid oilfield

in Iran is used in this study. In addition, the rock samples are collected
from the Asmari Formation outcrop in Khuzestan in Iran for the wetta-
bility measurement and coreflooding tests.

2.2. Synthesis and characterization of TiO2/SiO2/PAM nanocomposites

In this study, we used multi-pots approach to synthesize TiO2/SiO2/
PAM NCs in an eco-friendly manner using the pomegranate seed ex-
tract as shown schematically in Fig. 1. Polyacrylamide is used as a sub-
strate for the NPs. This plant has a rich makeup of phytochemicals
which are the source of a large number of biologically active com-
pounds such as phenolics, aromatic esters, steroids, terpenoids, essen-
tial oils and other bioactive constituents used in various applications
[61,44,76]. Following the methodology of Nasrollahzadeh et al. [61]
and Sajadi et al. [76], the pomegranate juice is collected and filtered
into two beakers of 500 mL size. In one beaker, 6 g of Na2SiO3 is
added while 3 g of TiO(OH)2 is added to the other. Both are mixed
with 200 mL of the filtered extract at 80 °C and 850 rpm and stirred
until a dark greenish-brown formation is precipitated. The precipitates
for both nanoparticles are filtered, heated up to 600 °C and washed to
remove impurities. The obtained NPs are then mixed with 12 g of
polyacrylamide (PAM) powder under the refluxing condition with
ethanol solvent for 2 h at 80 °C. Finally, the dried and cleaned TiO2/

Fig. 8. TEM morphology of TiO2/SiO2/PAM NCs at 75 nm.

Fig. 9. SEMmorphologies of a) Silica NPs, b) Titanium NPs, and c) TiO2/SiO2/PAM NCs at 5 μm.

Fig. 10. Elemental mapping analysis of TiO2/SiO2/poly(acrylamide) nanocomposites.
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SiO2/PAM NCs is collected and characterized as ready to be used for
EOR applications.

UV–Vis Spectrophotometer is used to identify the ultraviolet–
visible (UV–Vis) spectroscopic characterization of the obtained tita-
nium and silica NPs before drying with the scan range of 200 to
900 nm. Scanning electron microscope (SEM) and transmission elec-
tron microscopy (TEM) techniques are used to characterize the size
and shape of TiO2 NPs, SiO2 NPs, and TiO2/SiO2/PAM NCs. Additionally,
X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS)
and Fourier transform infrared spectroscopy (FTIR) analytical ap-
proaches are used to study the mineralogical composition of prepared
nanomaterial.

2.3. Preparation and characterization of smart-water and smart-
polymeric-nanofluids solutions

The experiment work is started by preparing the single and binary
ion-based smart water solutions from mixing the selected ions with
the distilled water at different concentrations of 2500, 5000 and
10,000 ppm using the magnet stirrer (Table 3a,b). The density of the
prepared smart solutions is measured using PAAR density meter. From
the IFT and contact angle measurements (as shown in Section 3.4),
the optimal smart solutions (OSS) are identified, which are KCl
(5000 ppm), K2SO4 (5000), CaSO4 + CaCl2 (5000 + 5000) and

K2SO4 + CaCL2 (2500 + 2500). The smart-polymeric-nanofluids are
prepared from dispersing 500, 1000 and 1500 ppm TiO2/SiO2/PAM
NCs within the identified OSS solutions using the LABINCO L81 Stirrer
at 600 rpm for 6 h at temperature below 30 °C (Table 3c).

In order to keep the dispersed nanocomposites in smart water sta-
ble, the prepared smart nanofluids aremixed by ultrasonic waves emit-
ted from the UP200 ultrasonic mixer, manufactured by Hielscher in
Germany, for 2 h. The stability of the nanofluids is one of the most im-
portant parameters in EOR. The visual observation approach is used to
investigate the stability of TiO2/SiO2/PAM NCs dispersed in seawater,
wherein the developed nanofluids are monitored through transparent
vessels over time. Additionally, other characteristics of polymeric
nanofluids including density, viscosity, conductivity and pH at ambient
temperature and pressure are measured using PAAR density meter,
Brookfield DV2T viscometer, Mettler Toledo S230, andWTW™ inoLab™
Cond 7310, respectively.

2.4. Interfacial tension measurement

The pendant drop method is used to measure interfacial tension of
the liquid-liquid system using the IFT-400 apparatus by estimating the
dimensions of the suspended crude oil droplet (Fig. 2). After receiving
the droplet image in the computer from a camera, the software derives
the value of IFT using the equation:

Fig. 11. Visual stability observation of OSS1-nanofluid with NCs concentrations of 500, 1000 and 1500 ppm during 6 days.
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γ ¼ ∆ρ:g:D
H

ð1Þ

where ∆ρ is the difference between the density of the drop and bulk
fluids (gm/cm3), g is the gravitational acceleration of the earth (cm/
s2), D is the large diameter of the droplet (cm), and H is the droplet
shape factor.

Initially, the IFT between crude oil and smart water prepared from
mixing the singular and binary ion-based systems with the distilled
water at different concentrations is measured without the presence of
the synthesized NCs. Afterwards, the IFT of the oil/smart-polymeric-
nanofluids (nano-OSS1, nano-OSS2, nano-OSS3 and nano-OSS4) at dif-
ferent concentrations of the TiO2/SiO2/PAM nanocomposites is
estimated.

2.5. Contact angle measurement

The sessile drop technique presented schematically in Fig. 3 is used
tomeasure the contact angle of the crude oil on the surface of carbonate
rocks with the presence of smart water and smart-polymeric-
nanofluids. This is started with preparing the rock pellets of 2 mm
from the carbonate outcrop samples. After obtaining the smooth pel-
lets, they are cleaned using the toluene and distilled water. The
smooth and cleaned sections are then submerged into the crude oil
for 12 days under 70 °C to achieve the oil-wet state. Afterwards,
the aged rock slices are dropped into the enclosed containers filled
with smart-water and smart-polymeric-nanofluids solutions under
the static condition for 3 days to study the wettability alteration. Fi-
nally, the contact angle of the crude oil droplets on the surface of all

aged slices is measured under the influences of dissolved ions and
the synthesized nanocomposites.

2.6. Oil displacement set-up and procedure

The coreflooding experimental set-up illustrated schematically in
Fig. 4 is used to conduct the oil displacement tests. The apparatus is
mainly composed of 3 cylinders containing the injected fluids (dead
crude oil, brine and smart solution) that can be pumped into a core
holder chamber using the hydraulic pump. In order to carry out the
test under the desirable temperature, the fluid containing cylinders
and core holder are placed in an oven. There are also pressure and tem-
perature gauges and valves placed on the different locations of the ap-
paratus to monitor and control the flow behavior.

Eight carbonate core plugs with the porosity of 7.75–9.65% and per-
meability of 3.2–4.2 mD are collected from the Asmari carbonate out-
crop in Iran. The prepared plugs are kept in the Soxhlet extraction
under 60–80 °C for 24 h and cleaned using the ethanol and toluene.
The cleaned plugs are dried in an oven under 70 °C for 6 h. In order to
establish the saturation profiles inside the prepared cores, initially,
each core sample is placed inside the core holder and the brine accumu-
lator is connected to the core holder, then a confining pressure of
1000 psi greater than the injection pressure is applied. After connecting
the coreflooding system, the brine is injectedwith 0.25 cm3/min rate by
fluid injection pump. The saturation of the cores is achieved when the
core produce brine and injection is stooped. Afterwards, oil accumulator
is connected to the core holder instead of the brine accumulator and
the confining pressure is applied to the core. Then, crude oil is injected
into the core samples at different rates from 0.1 to 0.5 cm3/min and
the produced water is measured in a graduated flask. After occurring
the breakthrough, extra 2 pore volumes (PVs) of crude oil are injected

Fig. 12. Characteristics of smart-polymeric-nanofluids with 500, 1000 and 1500 ppm NCs concentrations a) density, b) pH, c) viscosity, and d) conductivity.
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to complete the saturation process. From the collected water in the
graduated flask, the initial water saturation (Swi) is measured. Then,
the saturated cores are kept for one week to achieve the complete
and stable oil-wet state.

Generally, the coreflooding tests are carried out under 75 °C temper-
ature and 1350–1500 psi pressure with the injection rate of 0.5 cm3/
min. The procedural steps of the coreflooding used in the current
work consists of injecting the formation water into the all core plugs,
separately, as the secondary recovery method. Then, the enhanced
oil recovery is performed in two phases; first, four identified optimal
smart water solutions (OSS1: KCl-5000, OSS2: K2SO4, OSS3:
CaSO4 + CaCl2, OSS4: K2SO4 + CaCL2) are injected into core plugs 1,
3, 5 and 7. Secondly, the most effective smart-polymeric-nanofluids
(nano-OSS1-1000, nano-OSS2-1500, nano-OSS3-1500, nano-OSS4-
500) are injected into the remaining core plugs (2, 4, 6 and 8). The vol-
ume of the oil displaced is collected in a vessel from the outlet of core
holder. The pressure, temperature and pore volume injected into cores
are recorded throughout the tests. In addition, relative permeabilities
of core plug#6 to water and oil before and after the smart nanofluid
flooding are estimated from the obtained data of the coreflooding
using the Johnson, Bossler, and Naumann (JBN) method [8].

3. Results and discussions

3.1. Identification of the plant extract

The extract of the pomegranate seeds is prepared and filtered for
preparing silica and titanium nanoparticles. In order to determine the
possibility of synthesizing nanoparticles from the related salt reactions
with the plant extract, Uv-Vis analysis is carried out for the dark red

solutions. From Uv-Vis results, two bonds of phenolics around 300 nm
wavelength with the absorbance of 1.9 and 2.8 are observed for TiO2

and SiO2, respectively (see Fig. 5). Titaniumand silicaNPs bonds provide
strong proof of the presence of potent antioxidants inside the pome-
granate seed extract in accordancewith the results reported in the liter-
ature [22,40,64,65].

3.2. Characterization of TiO2/SiO2/PAM nanocomposites

After confirming the synthesis of TiO2 and SiO2 NPs using Uv-Vis
spectroscopy, they are mixed with the polyacrylamide (PAM) polymer
to produce TiO2/SiO2/PAM. The mechanistic relationships of salt reac-
tions to the antioxidants of the pomegranate extract are shown sche-
matically in Fig. 6a,b. Generally, TiO2 and SiO2 NPs are distributed on
the surface (chains) of the polyacrylamide as a substrate. In this em-
bodiment, a continuous chain is formed between the synthesized NPs
which is likely to make the nanofluid flow with an even displacement
front in porous media. Thus, the inter-fingering of normal water that
is expected within the oil phase may be prevented and better displace-
ment efficiency can be achieved.

As additional analysis, X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR) are carried out to identify the mineralogi-
cal composition of the synthesized NCs. A typical XRD pattern and
FTIR spectrum for TiO2/SiO2/PAM NCs are shown in Fig. 7. Fig. 7a
contains all the peaks associated with the crystalline planes of
pure TiO2 and SiO2 nanoparticles deposited on the surface of poly-
acrylamide. Three major (“023”, “032” and “043”) and three minor
(“051”, “052” and “060”) peaks are observed with the reflections
about 25, 38 and 48°, and 54, 55 and 63°, respectively. Three men-
tioned major peaks represent the crystalline plane of TiO2. While,

Fig. 13. IFT values measured between crude oil and smart water solutions prepared from mixing different dissolved ions within the distilled water at 2500, 5000 and 10,000 ppm
concentrations.
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the minor peaks are mainly belonged to SiO2. Additionally, Fig. 7b il-
lustrates the FTIR spectrum of the synthesized NCs, which contains a
broad band from 1665 and 3418 cm-1 and represents the O–H
stretching vibration of incomplete salt groups (Ti–OH and Si–OH)
with the consideration of the remaining absorbed water. However,
the vibration peaks from 475 and 1106 cm-1 belonged to the NCs
stretching modes. These results provide evidence of a successful
synthesis process of nanocomposites [53,70,81,91,93].

The morphology of the synthesized NCs is illustrated by SEM and
TEMmicrographs in Figs. 8 and 9, respectively. TEM results of the syn-
thesized NCs on Fig. 8 show nanomaterials of size less than 10 nm.
This has been also confirmed by SEM in accordance with the observed
shapes of nanomaterials, which are very similar to shapes of TiO2 and
SiO2 reported in the literature [55,35,21]. As can be seen, the particles
are clustered together with random distribution of the silica and tita-
niumNPs on the surface of the polyacrylamide. It is clear that the similar
morphologies of TiO2 and SiO2 NPs have been achieved separately and
in combination on the PAM surface (Fig. 9). Fig. 10 illustrates the ele-
mental mapping of the green synthesized NCs. The figure is strongly
depicted the presence of Si, Ti, O and Cu elements as elemental compo-
sition of the prepared nanocomposites. Au stands for the gold element
that used for coating the nanocomposites. As is clear, Si and Ti elements
are widely distributed in the map that confirms the validity of TiO2/
SiO2/poly(acrylamide) NCs.

3.3. Characterization of smart nanofluids

In this section, some main characteristics of the derived nanofluids
are presented and discussed, such as dispersion stability, pH, conduc-
tivity, viscosity and density. The dispersion stability of nanomaterials

within the smart nanofluid solutions over long period of time is one
of the important requirements of the injection fluid. The main obser-
vation is that either dispersion is maintained in the desired status
under the experimental circumstances or flocculation will occur.
After sonicating the dispersed nanocomposites within the optimal
smart water solutions at 500, 1000 and 1500 ppm concentrations,
they are stored in transparent vessels at the static state and monitored
over 6 days (see Fig. 11 as an example). Consequently, an excellent
suspension stability of the nano-KCl-5000 (OSS1) nanofluids is ob-
served in first four days as shown in Fig. 11. This high stability
might be due to the presence of PAM as a substrate in the synthesized
NCs [28,88,90]. However, the sedimentation of the dispersed NCs
started to happen in day 5, and the NCs at the concentrations of
500 ppm are completely precipitated at the bottom of the vessels at
the end of day 6. While, the NCs of 1000 and 1500 ppm are partially
precipitated at the bottom of the vessels.

The main properties of the developed smart nanofluids including
the density, pH, viscosity and conductivity as function of the NCs con-
centration are shown in Fig. 12. The density of all optimal smart solu-
tions is varied between 0.999 and 1.0006 g/cm3 by adding NCs at 500,
1000 and 1500 ppm concentrations. It is clear that the density is
slightly increased with increasing the NCs concentration which proves
the low presence of NCs inside the solutions. However, the density
measured for the binary-ion based smart nanofluids (OSS3 and
OSS4) is higher compared with the single-ion based smart nanofluids
(OSS1 and OSS2). Among the binary systems, the OSS3 solution
showed the highest density at three NCs concentrations because it is
made-up of 5000 ppm of both CaSO4 and CaCl2. As is obvious, pH of
a colloidal solution significantly influences the particle aggregation
and the stability of the suspension of the NPs [39,87]. In general, the

Fig. 14. Contact angles measured for the crude oil droplet on the carbonate surface with the presence of smart water solutions prepared from mixing different singular dissolved ions
within the distilled water at 2500, 5000 and 10,000 ppm concentrations.
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value of pH is varied from 6.3 to 7.5 dependents on the type of the
dissolved ion and the NCs concentration. For this property, binary-
ion based nanofluids showed the higher trends similar with what ob-
served with the density. pH of four optimal smart solutions is in-
creased with increasing the NCs concentration, except the OSS2
solution at 1000 ppm NCs concentration which expressed a significant
reduction in the pH value to 5.5 (see the dash-lined circle on Fig. 12b).
Since it is very far from the trend of pH of all other solutions, this
point can be considered as an error and neglected. This high changes
and irregularities in the trends of the solutions is might be due to the
influences of some materials at once including TiO2 NPs, SiO2 NPs,
K2SO4 and polyacrylamide. The used salts and nanomaterials might
have various influences on the performance of the water which
leads to have irregular distribution of the values of fluid properties.
Thus, irregular points of density, pH, viscosity and conductivity can
be seen on Fig. 12. Moreover, the viscosity of the smart-nanofluids is
remained low between 1.2 and 1.7 cP but it is increased with increas-
ing the concentration of the NCs. Here also a rapid change in the vis-
cosity value is obtained when 1000 ppm NCs mixed with OSS2
solution. Meanwhile, the conductivity readings of the smart
nanofluids formed by dispersing the synthesized NCs in the optimal
smart solutions are also shown on Fig. 12d. The conductivity of the
binary-ion based nanofluids (about 11 μS/cm) is higher compared
with the single-ion based nanofluids (about 5 μS/cm), and remained
constant for all solutions at 500 ppm concentration of NCs. After this
NCs concentration, the conductivity of OSS2 and OSS4 started to de-
cline with increasing NCs concentration. Two irregular points for
OSS1 and OSS3 at 1500 ppm NCs are identified, which are opposite
to the main trend of the curves and showed a high raise in the
value of conductivity.

3.4. IFT and contact angle

3.4.1. Smart water with the single dissolved ion
Interfacial tension (IFT) is one of the most important mechanisms

of EOR, which is directly related to the capillary number. According to
Kamal et al. [47], increasing the capillary number from around 10−7 or
10−6 to about 10−3 or 10−2 will reduce the oil saturation by 90% or to
zero. To reach such saturations, the IFT between oil and water must be
reduced to its minimum value, which can be achieved by injecting
chemicals or nanofluids. Thus, we measured the value of IFT between
crude oil and different aqueous phases of smart-water and smart-
nanofluids. The improved efficiency in oil displacement, simplicity of
injection, availability and low cost compared to other EOR techniques
make smart water injection attractive for EOR [30]. According to
Norouzi et al. [62,63] and Manshad et al. [57,58] the IFT is measured
between oil and smart water. Fig. 13 illustrates the value of IFT mea-
sured between crude oil and different smart-waters prepared from
mixing different dissolved ions (NaCl, KCl, MgCl2, CaCl2, Na2SO4,
MgSO4, K2SO4, CaSO4) within the distilled water at 2500, 5000 and
10,000 ppm concentrations. As can be seen, the value of IFT measured
for each smart solution is varied from each to another and dependent
on the salt concentration. By considering 2500 ppm concentration of
dissolved ions, a smart water prepared from KCl showed the lowest
value of IFT which is about 17.25 mN/m. However, the maximum IFT
of 21.25 mN/m is recorded for the MgCl2 smart water. Although, the
IFT of KCl smart water is reduced to 15.3 mN/m by increasing its con-
centration to 5000 ppm, but the minimum IFT of 12.83 mN/m is ob-
tained with 5000 ppm K2SO4 smart water. IFTs of all smart solutions
are increased by increasing the concentration of ions to 10,000 ppm.
From the single-ion based smart waters, both KCl and K2SO4 dissolved

Fig. 15. IFT values measured between crude oil and smart water solutions prepared from mixing binary ionic compound within the distilled water at 2500 + 2500, 5000 + 5000 and
10,000 + 10,000 ppm concentrations.
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ions with the concentration of 5000 ppm are selected as the optimal
smart solutions (OSS1 and OSS2).

In addition, the role of the dissolved ion as smart water on the con-
tact angle and wettability alteration of the carbonate rocks is analyzed.
Fig. 14 demonstrates the measured values of contact angle for each
above mentioned single-ion based smart water at different concentra-
tions. In general, the contact angle measured for all smart waster solu-
tions at all different concentrations is varied between 44 and 72°.
Smart waters prepared with 2500 ppm dissolved ions showed the min-
imum average range of contact angle of about 53°, and this average
value of contact angle for all smart water solutions is increased to 54°
and 62° by increasing the NCs concentration to 5000 and 10,000 ppm,
respectively. RezaeiDoust et al. [73] stated that SO4

2−, Mg2+, and Ca2+

are the most effect ions in altering the wettability of carbonate rocks.
By considering each group of smart waters based on the concentration
of the dissolved ion, the lowest contact angles of 44.5°, 45.84° and 49°
are obtained from the smart waters prepared with the 2500 ppm
K2SO4, 5000 ppm NaCl, and 10,000 ppm Na2SO4. However, the highest
contact angle of 121 is recorded for a smart water contains
10,000 ppm of MgCl2.

3.4.2. Smart water with the binary ion compounds
In this section, the results of the IFT and contact angle measured be-

tween crude oil/rock/smart water prepared from dissolving the pairs of
NaCl, KCl,MgCl2, CaCl2, Na2SO4,MgSO4, K2SO4, CaSO4 ionswith equal con-
centration ratios of (2500 + 2500, 5000 + 5000, 10,000 + 10,000) ppm
in the distilled water are discussed. Fig. 15 demonstrates the measured
IFT values for all ionic compounds at different concentrations. As is obvi-
ous, the IFT varied between 16 mN/m and its highest value of 34 mN/m
dependening on the type and concentration of the dissolved ions [62].

The lowest IFT is obtained for the oil/K2SO4 + CaCl2 solution with the
concentration of (2500 + 2500 ppm). There are some other values of
IFTs obtained by some ionic compounds, such as CaSO4 + KCl,
Na2SO4 + MgCl2 and Na2SO4 + CaCl2 with concentrations of
(2500 + 2500), CaSO4 + CaCl2, Na2SO4 + CaCl2, MgSO4 + CaCl2 and
K2SO4 + CaCl2 with the concentration of (5000 + 5000) ppm. While,
the values of all IFTs measured for all ionic compound solutions at
(10,000 + 10,000) ppm are equal to or higher than 20 mN/m. Generally,
5000+5000ppmshowed abetter performance comparedwith the other
two selected concentrations. According to the achieved results, the smart
waters prepared from 2500 + 2500 ppm of K2SO4 + CaCl2 and
5000 + 5000 ppm of CaSO4 + CaCl2 are identified as two optimal smart
solutions (OSS3 and OSS4) from the binary-ion compound solutions.

Furthermore, the values of the measured contact angles for the dis-
solved binary-ions are shown in Fig. 16. The prepared smart waters
demonstrated various performance in reducing the contact angle and
different values aremeasured between 45° to 95.7°. This is quite consis-
tent with the observations and explanation of Nowrouzi et al. [62]. The
minimum contact angle of 45° is obtained with the pair of dissolved ions
of CaSO4 +MgCl2 at (10,000 + 10,000) ppm concentration. Meanwhile,
the smart waters composed of 2500 + 2500 ppm (K2SO4 + CaCl2) and
5000+5000 ppm (CaSO4+CaCl2) provided 47.5 and 49.5°, respectively,
as two others minimum IFTs below 50mN/m. However, Na2SO4 + CaCl2
at different concentrations established the high contact angle up to 90°,
and K2SO4 + KCl at concentration of (5000 + 5000 ppm) provided the
highest contact angle of 95.7°.

3.4.3. Optimal smart water with nanocomposites
From carrying out all the IFT and contact anglemeasurements under

the effect of smart water with the presence of the single dissolved-ion

Fig. 16. Contact angles measured for the crude oil droplet on the carbonate surface with the presence of smart water solutions prepared frommixing binary ionic compounds within the
distilled water at 2500 + 2500, 5000 + 5000 and 10,000 + 10,000 ppm concentrations.
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and binary dissolved ions, four optimal smart solutions are selected;
OSS1 consist of 5000 ppm KCl, OSS2 made-up of 5000 ppm K2SO4 dis-
solved in water, 5000 + 5000 ppm CaSO4 + CaCl2 is identified as the
first optimal smart solution (OSS3) of binary-ion system, and the last
optimal smart solution (OSS4) is with 2500 + 2500 ppm of K2SO4 +
CaCL2. In order to study its effect on the IFT reduction andwettability al-
teration, smart nanofluids are prepared by adding TiO2/SiO2/PAM NCs
to the optimal solutions at 500, 1000 and 1500 ppm concentrations.
Fig. 17 presents the results of the IFT measured under the influences
of the smart nanofluids. As can be seen, the minimum IFT is achieved
with the nano-KCl-5000 smart nanofluid prepared from dispersing
500 NCs within the OSS1. With this smart nanofluid, the IFT is reduced
by 60.7% from 15.3 to 6 mN/m. This drop in IFT could be due to the ac-
cumulation of nanoparticles as a single-layer at the interface between
two immissible phases in the porous media, which provide a weak IFT
similar to the surfactants [52,33]. Additionally, Hendraningrat and
Torsaeter [42] stated that this force can be justified by managing the
concentration of nanoparticles. For example, with the same smart
water (OSS1) the value of IFT increased by increasing the NCs concen-
tration from 500 to 1000and 1500 ppm, which is quite consistent with
the results reported by Bahraminejad et al. [23]. Similarly, when the
NCs added to other optimal smart solutions (OSS2, OSS3 and OSS4) at
different concentrations, different IFTs with the small variation are ob-
tained from the smart nanofluids. The variation in the IFT value for all
the studied nanofluids prepared from OSS2, OSS3 and OSS4 is ranged

between 8 and 12 mN/m. Hence, we mostly focused on the CA results
to select the optimum concentration of NCs.

Fig. 18 illustrates the CAs measured for the oil droplets on the car-
bonate surface under the influences of the optimal smart solutions
with and without the presence of TiO2/SiO2/PAM NCs. Different values
of CAs are achieved depending on the dissolved ions andNCs concentra-
tions, but entirely the variation is between 49 and 109°. This variation in
the measured CAs dependepent on the NCs concentrations is quite nor-
mal based on the reports of Azarshin et al. [21] and Saha et al. [77]. As is
shown in Fig. 18, the reduction trend of CA curves is also random and
not straight. The similar curve trend is reported by Bahraminejad et al.
[23]. For instance, the CA curve of the OSS1 (KCl-5000) is firstly in-
creased 65.7 to 70° by adding 500 ppm NCs, then reduced to 59° by in-
creasing NCs concentration to 1000 ppm and raised again to 90° at
1500 ppm. The minimum CA of 48.3° is measured with the presence
of the OSS2 (K2SO4-5000) at 1500 ppm NCs, which is reduced by 45%
from 89°. Moreover, the lowest CAs measured with OSS3 and OSS4 are
62° and 57° at 1500 and 1000 ppm concentrations of NCs, respectively.
Generally, the OSS2 consists of SO4

2− divalent ion and OSS3 solution
contains the divalent ions (Ca2+ and SO4

2−) together represented the
best performance in proving a good water-wet state.

Furthermore, the pictures of the oil droplets captured on the carbon-
ate surfaces during the contact angle measurement tests are shown in
Fig. 19. From each picture, both right and left sides angles of the crude
oil droplet with the pellet surface can be seen. The contact angle from

Fig. 17. IFTs measured between crude oil and smart nanofluids prepared from mixing TiO2/SiO2/PAM NCs with the optimal smart solutions (KCl-5000, K2SO4-5000, (CaSO4 + CaCl2) –
(2500 + 2500), and K2So4 + CaCl2) – (25,000 + 25,000) at 500, 1000 and 1500 ppm NCs concentration.
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both right and left sides of the droplet is varied somehow depending on
the interaction available between the immissible phases with the rock.

3.5. Oil recovery

Coreflooding is conducted for eight core plugs prepared from the
Asmari carbonate outcrop to evaluate the role of smart waters and
smart-nanofluids in improving oil recovery factor. For this purpose,
four optimal smart solutions (OSSs) are selected dependents on the
IFT and CA results, such as OSS1 (KCl-5000), OSS2 (K2SO4-5000), OSS3
((CaSO4 + CaCl2)-5000), and OSS4 ((K2SO4 + CaCL2)-2500). On the
other hand, among the smart-nanofluids prepared from mixing TiO2/
SiO2/PAMNCs within the selected optimal smart water solutions at dif-
ferent concentrations, nano-OSS1-1000, nano-OSS2-1500, nano-OSS3-
1500 and nano-OSS4-500 are chosen. Before injecting any smart water
and smart-nanofluid solutions, the synthesized seawater (brine) is
injected into each core plug with the rate of 0.5 cm3/min up to 1.5 pore
volumes (PVs). Then, the chemical EOR flooding is performed to displace
the remained hydrocarbons inside the core plugs. The optimal smart so-
lutions (OSSs) including OSS1 (KCl-5000), OSS2 (K2SO4-5000), OSS3
((CaSO4+CaCl2)-5000), andOSS4 ((K2SO4+CaCL2)-2500) are injected
into the core plugs 1, 3, 5 and 7, respectively. Meanwhile, the optimal
smart nano-fluids including nano-OSS1 1000, nano-OSS2 1500, nano-
OSS3 1500 and nano-OSS4 500 are injected into the core plugs 2, 4, 6
and 8, respectively. The porosity of the plugs is ranged between 7.75
and 9.65% and permeability is varied from 3.2 to 4.2 mD. The pore vol-
ume (PV) and the initial oil saturation (Soi) of the plugs are also varied
between 5.3 and 6.6 cm3 and 54.7–69%, respectively (Table 4).

Table 5 illustrates the status of the coreflooding tests during the sec-
ondary recovery process. Although, the used core plugs used in this
work have different values of permeability, pore volume, porosity and
initial water saturation, but the differences are too small. As can be
seen different values of recovery factors are obtained from the various
core plugs which basically ranged between 36 and 42.18% OOIP. The
highest oil recovery factor of 42.18% OOIP during this phase of injection
is achieved from the core Plug#4 that has the highest permeability value
comparedwith the other plug samples. This is could be due to the avail-
ability of the better-quality reservoir properties such as porosity of
8.04% and permeability of 4.10 mD [31,41,92]. Oil saturation in this
core plug is reduced by 42% from its initial value of 57.8 to 33.4%. How-
ever, the core plug#6 enabled the injected water to displace the mini-
mum percentage of crude oil compared with the other core samples
which is 36% OOIP, and it is oil saturation is reduced to 35%. Moreover,
the initial oil saturation of plug#5 is the maximum which is 69% and
its permeability is 3.8mDbut the oil recovery factor of 36.8% OOIP is ob-
tain from the waterflooding.

The tertiary recovery is started by injecting the selected optimal
smart solutions (OSSs) into four core plugs, known as plug#1, plug#3,
plug#5 and plug#7. While, the smart nanofluids are injected into
other four core plugs. Table 6 demonstrates the outcomes of the
coreflooding tests of used core plugs. During this phase of the flooding,
the maximum oil recovery factor of 10.5% OOIP is achieved from the
core plug#6 by injecting nano-OSS3–1500 solution prepared from
mixing 1500 ppm NCs with 5000 ppm of each CaSO4 and CaCl2 dis-
solved ions. Oil saturation of this core plug is reduced from the residual
saturation of 35% established by wateflooding to 29.2%. However, the
minimumoil recovery factor of 5.3%OOIP is obtained during the tertiary

Fig. 18. Contact angles measured between crude oil and smart nanofluids prepared from mixing TiO2/SiO2/PAM NCs with the optimal smart solutions (KCl-5000, K2SO4-5000,
(CaSO4 + CaCl2–2500 + 2500) and (K2SO4 + CaCl2–25,000 + 25,000) at 500, 1000 and 1500 ppm NCs concentration.
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phase when OSS3 smart water contains 5000 ppm of each CaSO4 and
CaCl2 ions is injected into plug#5.

Fig. 20 depicts the recovery factor of oil production from eight
used core plugs during the secondary and tertiary phases. In general,
the waterflooding showed better performance in displacing the

hydrocarbon through the core plugs#1–4 compared with the
plugs#5–8. While, smart nanofluids (see red color of plug 2,4,6 and 8
on Fig. 20) showed better performance compared with the smart
water solutions (see red color of plug 1,3,5 and 7 on Fig. 20) during
the tertiary recovery process. According to the results illustrated on

Fig. 19. Shapes of crude oil droplets on the carbonate surface under the influence of the optimal smart solutions (OSS1, OSS2, OSS3 and OSS4) and smart nanofluids (nano-OSS1, nano-
OSS2, nano-OSS3 and nano-OSS4) at different concentrations of TiO2/SiO2/PAM NCs.

Table 4
Petrophysical properties of core plugs used in coreflooding tests.

Core plug Plug#1 Plug#2 Plug#3 Plug#4 Plug#5 Plug#6 Plug#7 Plug#8

Porosity, ϕ (%) 8.00 9.65 7.75 8.04 8.63 7.75 8.92 8.04
Permeability, K (mD) 3.20 3.60 3.40 4.10 3.80 3.70 3.50 4.20
Pore volume, PV (cm3) 5.50 6.60 5.30 5.50 5.90 5.30 6.10 5.50
Initial oil saturation, Soi (%) 66.0 61.8 62.7 57.8 69.0 69.0 67.2 58.5
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Fig. 20, core plugs expressed various capabilities in permitting oil dis-
placement and extraction during the secondary and tertiary phases.
For example, plug#4 provided a favorable ability in permitting the
injected fluids to displace a high amount of hydrocarbon during both
phases of recovery; the maximum recovery factor of 42.18% OOOIP
by waterflooding, and extra 8.52% OOIP is extracted by injecting the
OSS2-1500. This is could be due the role of existing K2 and SO4 ions to-
gether and their influences on breaking a strong bond available be-
tween the rock surface and hydrocarbon. As is clear, these dissolved
ions are active in enhancing the disjoining pressure [19,38]. However,
the performance of both waterflooding and smart water is low in
displacing the hydrocarbon through the core plug#5. Meanwhile, the
porosity and permeability of the mentioned plug are in the average
range with others plugs. This is could be due to the strong interaction
presents between the rock and fluids inside the core plugs or the bad
performance of the injected smart water which contains 5000 ppm of
CaSO4 and 5000 ppm of CaCl2. However, the same smart water
showed the maximum performance in improving oil recovery when
1500 ppm of TiO2/SiO2/PAM NCs added into CaSO4-CaCl2 smart
water solution and injected into plug#6. This is happened when
plug#6 demonstrated the lowest recovery factor of 36% during the
secondary recovery stage. As can be seen, when the synthesized sea-
water is changed to the hybrid EOR solution by adding both CaSO4

and CaCl2 salt ions and the prepared nanocomposites, the recovery
factor of oil is highly increased from 36 to 46.5% OOIP. This amount
of enhancement in oil recovery factor is due to the improvement in
the main EOR mechanism, such IFT reduction, wettability alteration,
even flow of the fluid within the core plug [56]. By combining the
nanomaterials with the smart solutions, their functions and usages
can be emerged for example the engineered water has the role in
changing the wettability state of the rock [66,84] and nanomaterials
have impact on the IFT reduction [49]. In addition, nanocomposites
have role in improving the fluid flow behavior of the injected fluid
in the porous media [32].

Fig. 21 demonstrates the flooding profiles of plug#6 that provided
the highest oil recovery factor compared with the other core plugs
used in this study. The oil recovery factor and pressure distribution
through the core plug versus the pore volume injected are illustrated
on the figure. In this core plug, 1.6 PVs of water and 2.4 PVs of nano-
OSS3-1500 are injected into the core. Nano-OSS3-1500 solution as the
smart nanofluid contains 5000 ppm CaSO4, 5000 ppm CaCl2 and
1500 ppm TiO2/SiO2/PAM NCs. This enhancement of oil recovery is

could be due to the role of the synthesized NCs in a smart solution con-
tains CaSO4 and CaCl2 because the same core plug showed a low perfor-
mance during waterflooding, and nano-OSS3-1500 showed the low
recovery performancewhen injected into core plug#5without thepres-
ence of the NCs.

Furthermore, the relative permeability curves of the core plug#6 be-
fore and after the treatment with nano-OSS3-1500 smart nanofluid are
shown in Fig. 22. The curvesmentioned in thisfigure are estimated from
the coreflooding outcomes by applying the JBN method in CYDAR soft-
ware [45]. As can be on the figure, a clear comparison between both
curves in terms of saturation distribution and relative permeability
values is observed before and after the smart nanofluid flooding [16].
A considerable variation in the value of the irreducible water saturation
(Swir) can be seen from its initial value of 69% to 54%. According to An-
derson [17], this change in the value of the irreducible water saturation
indicates that the wettability of the displaced core plug is altered from
the oil-wet to a strongly water-wet. In addition, the crossover point
where the water and oil relative permeabilities are equal is shifted to-
wards the right side of the graph due to the effect of the smart nanofluid.
Themost suited description for this substantial variation in relative per-
meability curves is due to the increasing thedisjoining force in the inter-
face between the liquid phases and the surface of the rock under the
influences of the synthesized NCs and dissolved ions.

Fig. 20. A clustered column shows the recovery factors of crude oil obtained from the
water-flooding, smart-water flooding and smart-nanofluid flooding through 8 core plugs.

Table 5
Detailed summary of the waterflooding tests performed in eight core plugs.

Secondary recovery

Injected fluid Seawater
Core plug Plug#1 Plug#2 Plug#3 Plug#4 Plug#5 Plug#6 Plug#7 Plug#8
Oil recovery (% OOIP) 40.0 41.1 40.5 42.18 36.8 36.0 39.0 36.8
Oil saturation (%) Initial, Soi 66.0 61.8 62.7 57.8 69.0 69.0 67.2 58.5

Waterflooding, Sor2 39.6 36.4 37.3 33.4 53.6 54.3 41.0 37.0

Table 6
Detailed summary of the EOR flooding tests including smart water and smart-nanofluid injections performed in eight core plugs.

Tertiary recovery

Core plug Plug#1 Plug#2 Plug#3 Plug#4 Plug#5 Plug#6 Plug#7 Plug#8
Injected fluid OSS1 Nano-OSS1-1000 OSS2 Nano-OOS2-1500 OSS3 Nano-OSS3-1500 OSS4 Nano-OSS4-500
Oil recovery (% OOIP) 7.1 7.4 8.1 8.52 5.3 10.5 6.1 7.5
Oil saturation (%) Initial (Soi) 66.0 61.8 62.7 57.8 69.0 69.0 67.2 58.5

Waterflooding (Sor1) 39.6 36.4 37.3 33.4 53.6 54.3 41.0 37.0
EOR (Sor2) 34.9 31.8 32.2 24.8 39.9 40.2 36.8 32.5

Total oil recovery (%OOIP] 47.14 48.53 48.64 50.70 42.10 46.53 45.15 44.31
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4. Economic feasibility of TiO2/SiO2/poly(acrylamide) nanocomposites

Enhanced oil recovery is usually implemented to increase the cumu-
lative production rate of the oilfiled, and consequently, the total profit
and revenue must be increased. In order to utilize a successful chemical
EOR approach, all project steps including design, economic viability, im-
plementation way and material fabrication must be well studied. The
primary target of the chemical EOR flooding is providing and improving
the IFT reduction andwettability alteration. In this work, TiO2/SiO2/poly
(acrylamide) nanocomposites is fabricated in a green and economic
way from the pomegranate juice and usedwith the smartwater as a hy-
brid chemical EOR approach. The synthesized NCs is effectively de-
creased the IFT and CA from 30 mN/m and 95.7° to 6 mN/m and 48°,
respectively. This confirms the wettability alteration from oil-wet to
water-wet, which led to improve oil recovery factor by 10.5% OOIP. In
the initial phases of nanomaterial preparation including the design, in-
vestigation and evaluation, the cost is not considerable. However, the
cost of the nanomaterial fabrication has a significant impact in the
later steps of the field implementation. The most applicable advantage

of the nanomaterial is that a good improvement in oil recovery factor
can be achieved using very low concentrations. Thus, the total cost of
the nanomaterial implementation in the field scale would be reduced.

5. Conclusions

A novel nano-EOR agent named TiO2/SiO2/PAM nanocomposites
is synthesized from the extract of the pomegranate seeds in a
green and economical way, which consists of the titanium NPs, silica
NPs and polyacrylamide. The results of several analyses including
UV–Vis, XRD, FT-IR, TEM, EDS and SEM techniques confirmed the va-
lidity of the synthesized NCs. From the prepared single and binary
smart systems, KCl and K2SO4 ions at concentration of 5000 ppm
and CaSO4 + CaCl2 (5000 + 5000 ppm) and K2SO4 + CaCL2
(2500 + 2500 ppm) are selected as the optimal smart solution de-
pendent on the IFT and CA results. The minimum value of IFT be-
tween crude-oil/smart-water system is achieved when 5000 ppm
K2SO4 are used, which is 12.83 mN/m. At the same time, the contact
angle of 44.5° of the oil droplets on the surface of the carbonate rock
is obtained as the minimum value with the presence of 5000 ppm
K2SO4. However, the minimum values of IFT and CA of the crude-
oil/smart-nanofluid are obtained by nano-OSS1 (5000 ppm
KCl + 500 ppm NCs) and nano-OSS2-1500 (5000 ppm K2SO4)
which are 6.1 mN/m and 49°, respectively. In addition, nano-OSS3-
1500 provided the highest oil recovery factor of 10.5% OOIP com-
pared with all other smart-nanofuid solutions. Thus, oil and water
relative permeability curves are shifted to the right side under the
influence of the most effective smart-nanofluid solution.
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Fig. 22. Relative permeability curves of core plug#6whenwater and nano-OSS3-1500 are
injected; black color line expresses the pressure curve through the injection process, and
red color curve shows the oil recovery factor versus the pore volume injected.

Fig. 21. Recovery profile of core plug#6 when water and nano-OSS3-1500 are injected; black color line expresses the pressure curve through the injection process, and red color curve
shows the oil recovery factor versus the pore volume injected.
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A B S T R A C T   

Several chemical solutions have been used to improve oil recovery as enhanced oil recovery (EOR) effective 
agents. However, the conventional chemical EOR solutions face some difficulties and challenges in the mobi-
lizing and displacing the crude oil in the porous media. Nowadays, nanofluids (a mixture of nanoparticles and 
fluid) are used for EOR applications. In this study, a composite containing zinc and silica nanoparticles and 
bentonite, as a natural clay, is prepared using a simple, economic and green way from the extract of the Cordyline 
fruticosa plant. The validity of the synthesized nanocomposites (NCs) is analyzed using X-ray diffraction (XRD), 
Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). Since the salinity has 
an influence on the performance of the injected fluids in the porous media, we decided to evaluate the impact of 
the prepared NCs dispersed within water at different salinity levels, such as distilled water (DW), seawater (SW, 
HiSal), 10-times seawater dilution (MoSal) and 20-times seawater dilution (LoSal). The prepared nanofluids with 
250, 500, 1000 and 2000 ppm NCs passed through several experimental tests, such as pH, viscosity, density, 
conductivity, interfacial tension (IFT), contact angle (CA) and core flooding under different temperature con-
ditions. The obtained results show that the prepared nanofluids have a good stability, and the IFT and contact 
angle are decreased with increasing the NCs concentration, but they have an inverse relationship with the water 
salinity. The minimum IFT is achieved for the oil/nanofluid system prepared from mixing 2000 ppm NCs within 
the distilled water, meanwhile, the same nanofluid showed the best performance in reducing the contact angle, 
which is 65.5◦. Nanofluids prepared from 2000 ppm NCs and water at its four different levels of salinity are 
injected into core plugs as secondary and tertiary recovery phases. DW-based nanofluid enabled to extract 62.14 
% original oil in place (OOIP) during the secondary recovery, however, it is improved the oil recovery from 44 to 
65.41 %OOIP when it is used as the tertiary recovery process.   

1. Introduction 

Hydrocarbon is continuing and expected to remain as the dominant 
source of energy in the world for the daily live consumption of human 
and industry. Accordingly, with the growth of the renewable energy, the 
globe needs for hydrocarbon is expected to rise by 50% in the next 20 
years [1]. However, oil production from the conventional oil reservoirs 
is declining in a way that the era of “easy oil” is near end due to losing 
the internal supportive forces [6]. Thus, the future supply of 

hydrocarbons will come from unconventional and matured reservoirs. 
For instance, the cumulative proven of unconventional oil reserves in 
China is estimated at 14.1 billion tons (70% of national oil resources). 
With the current capacity, EOR methods enable to extract 20 to 40% 
OOIP (original oil in place) as the average oil recovery rate [31]. 
Currently, companies and researchers, with a huge effort, are trying to 
maximize oil recovery from the mature oilfields by implementing new 
techniques in the enhanced oil recovery (EOR). 

In the conventional EOR processes, some chemicals and materials are 
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injected to alter the physical interaction of the reservoir rock and fluids 
(injected and existing). Hence, this leads more hydrocarbon be extracted 
from the mature reservoirs. For example, waterflooding, as one of the 
oldest and most common method, is used to maintain and boost the 
pressure after the depletion of the internal driving forces of the reservoir 
[8,42]. Nevertheless, this process leads high amount of hydrocarbon be 
trapped and remained immobile due to its poor sweep efficiency, 
adverse mobility ratio, small capillary number (Nc) and decreased 

microscopic displacement efficiency. Chemical EOR methods involve 
the injection of surfactants, polymer and alkaline solutions into the 
reservoir to improve the viscosity and capillary number (IFT reduction), 
and minimize the residual oil saturation [43,14]. In the contrast, the 
performance of these EOR agents is limited in the reservoir under harsh 
conditions of temperature and salinity. In addition, the adsorption of 
these chemicals on the rock surfaces is another limitation of these 
chemicals [29]. Nowadays, more attention and focus are attracted 

Fig. 1. EOR mechanisms of nanofluid flooding in porous media; a) the red circle on the right shows the capability of NPs creating effective emulsions, while, the red 
circle in the left illustrates that how NPs enable to displace hydrocarbons [51], and b) development of disjoining pressure at the oil droplet-nanofluid interface [42]. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Images of the Cordyline fruticosa plant.  
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towards the application of nanotechnology in EOR applications. In nano- 
EOR technology, nanofluids (nanoparticle containing fluids) are used to 
provide the better performance in the normal and harsh conditions of 
the reservoir as shown in Fig. 1. Nanoparticles (NPs), with the size of 
100 nm or less, can be dispersed with various types of fluids including 
water, surfactant, alcohol and polymer to develop EOR nanofluids [24]. 
These NPs are added to the EOR chemical solution to improve the rock- 
fluid interaction that leads to wettability alteration and oil recovery 
enhancement due to their small particle size, thermally stable, highly 
reactive, high surface area, and dispersibility [37,7]. Moreover, the 
surfaces of NPs can be modified to form more complex stable 

nanomaterials including nanocomposites, polymer-coated NPs and 
functionalized NPs that performs well in the porous media. Fig. 1b il-
lustrates the distribution of nanoparticles in the porous media. As can be 
seen the oil droplet is in contact with the rock surface strongly with a 
strong oil-wet state. However, when nanofluids is injected into the 
porous media, the dispersed nanoparticles try to entire the interface 
exists between oil and water phases. Thus, the disjoining pressure would 
be increased and cause oil droplets be released. 

Several researchers confirmed the validity of NPs in the EOR appli-
cations by utilizing several flow mechanisms at optimum sizes, types and 
concentrations. Underlying EOR mechanisms for nanofluids reported in 

Fig. 3. Schematic diagram illustrates rock plugs and slices preparation.  

Fig. 4. Schematic diagram illustrates procedural steps of one-pot biosynthesis method used in work.  
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the literature include asphaltene inhibition [33], structural disjoining 
pressure [55], viscosity reduction [15], IFT reduction [25], wettability 
alteration [47,27]. In recent years, different types of hydrophilic NPs 
used in EOR applications including IFT reduction and wettability 
alteration by Hendraningrat and co-authors [20–23]. Their obtained 
results showed a high reduction in the value of IFT between water and 
oil using hydrophilic NPs. Roustaei et al. [45] performed an experi-
mental work on the effect of the hydrophobic, lipophilic and neutrally 
wet polysilicon NPs on the IFT reduction and wettability alteration, and 
reported that all used NPs are effective. This has been proved to be due 
to the formation a wedge-like structure of nanoparticles on the oil–water 
interface that releases oil droplets from the rock surface [54]. Chengara 
et al. [11] stated that NPs form a thin film in well-ordered layers on the 
solid surface under the influence of the injection pressure. Thus, the 
impact of the disjoining pressure would be higher in the interface be-
tween oil and water. The developed film of NPs on the surface of rocks 
has the ability to separate and release the reservoir hydrocarbon and 

change the wetting system towards the water wet [35]. Lim et al. [30] 
investigated the IFT reduction and wettability alteration under the 
impact of silica-based nanofluid at different concentration. They iden-
tified the simultaneous modification in the IFT and wettability behav-
iour with NPs concentration. The wettability state of ZrO2 based 
nanofluid has also been studied on the surface of limestone rocks in the 
porous media, where they expressed a great potential in oil recovery 
enhancement [41]. The role of silica NPs as significant EOR agents is 
verified in altering the wettability of carbonate rock towards the water- 
wet phase [46]. Ehtesabi et al. [15] demonstrated that titanium NPs has 
an effective role in improving the recovery of heavy oil from the sand-
stone cores due to altering the wettability from the strongly oil wet to-
wards water-wet. Therefore, the wettability alteration and IFT reduction 
are two dominant governor mechanisms of the nanofluid oil displace-
ment in the porous media. More recently, an attempt to modify the 
dispersibility and migration of nanoparticles in the porous media is 
made using surface modified NPs, thus, better and more EOR mecha-
nisms can be achieved [2–5,9,16,39,38,34,42,56]. In 2014, Shamsija-
zeyi et al. synthesized and used the polymer coated silica NPs to improve 
oil recovery [48]. Choi et al. [12] studied the impact of polymer-coated 
NPs in EOR and reported 5% OOIP increase in oil recovery due to the IFT 
reduction and wettability alteration. In their experimental study 
regrading rheology, IFT, adsorption and wettability behaviours of 
polymer flooding, Llanos et al. [32] reported that the functionalized 
silica NPs greatly improved oil recovery but have not shown any 
desirable change in viscosity. Additionally, Kazemzadeh et al. [28] re-
ported that TiO2/SiO2 and Fe3O4/SiO2 nanocomposites extracted addi-
tional 20–25% OOIP compared with the conventional recovery strategy 
due to the IFT reduction, wettability alteration and viscosity improve-
ment. A significant increase in the capillary number and an effective 
reduction in IFT were obtained under the influence of NiO/SiO2 Janus 
nanocomposites [18]. 

The ultimate goal of this study is the fabrication of a newly multi- 
functional nanocomposite for EOR applications. This nanomaterial 
was prepared from two most effective metallic nanoparticles in a com-
bination with the natural clay, as a substrate. Accordingly, ZnO2/SiO2/ 
bentonite nanocomposite is synthesized from the extract of Cordyline 
fruticosa plant in a green way. The prepared NCs is used to prepare EOR 
nanofluids at different salinity levels of seawater. The prepared smart 
nanofluids can have an influence on the crude oil displacement, rock/ 
oil/water interactions and oil recovery; low salinity water is effective in 
altering the wettability, nanoparticles can highly reduce the IFT and 
natural clay can carry the nanoparticles in chain and improve the 
displacement efficiency. Several EOR experiments are performed to 
measure viscosity, IFT, contact angle and oil recovery factor under the 
influence of the synthesized NCs. Moreover, the stability and 

Table 1 
Formulation of fluid solutions used in this study.  

Sample NC conc. 
[ppm] 

Density [gm/ 
cm3] 

Water salinity [dilution level] 

HiSal 0  1.0120 no dilution; seawater; high salinity 
water HiSal-250 250  1.0282 

HiSal-500 500  1.0283 
HiSal- 

1000 
1000  1.0283 

HiSal- 
2000 

2000  1.0286 

MoSal 0  1.0010 1:10 seawater dilution; moderate 
salinity water MoSal- 

250 
250  1.0020 

MoSal- 
500 

500  1.0030 

MoSal- 
1000 

1000  1.0060 

MoSal- 
2000 

2000  1.0100 

LoSal 0  0.9983 1:20 seawater dilution; low salinity 
water LoSal-250 250  0.9989 

LoSal-500 500  0.9993 
LoSal- 

1000 
1000  0.9998 

LoSal- 
2000 

2000  1.0010 

DW 0  0.9960 No salinity; distilled water 
DW-250 250  0.9961 
DW-500 500  0.9963 
DW-1000 1000  0.9981 
DW-2000 2000  0.9992  

Fig. 5. Schematic illustration of sessile drop method for contact angle measurements [55].  
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emulsification behaviors of the prepared nanofluids are investigated. 
The genus Cordyline distributed in Southern hemisphere is among the 
greatest diversity concentrated in Australia and New Zealand. Cordyline 
fruticosa from the family of Asparagaceae is a woody plant traditionally 
its different parts are used for various diseases such as treatment of 
haemostatic, toothache, laryngitis, bloody cough, dysentery, fever, 
headache, inflammation of the digestive tract, kidney diseases and 
bloody urine (Fig. 2). Reported researches about the plant demonstrated 
a rich phytochemical content mainly including flavonoids, glycosides, 
alkaloids, saponines, phenolics and tannins. The water extract of the 
plant is exclusively containing flavonoids and phenolic glycosides with a 
considerable antioxidant power [19,13,52]. Through this research the 
antioxidant extract of the plant was used as a bioreducing source for 
green synthesis of nanoparticles. 

2. Experimental setup 

2.1. Materials 

Seawater with the total dissolved solids of 33,194 TDS was collected 
from the Persian Gulf in the Southwest of Abadan (30.3473◦N latitudes 
and 48.2934◦E longitudes). Crude oil with the density of 0.878 gm/cm3 

(32.6◦ API) and viscosity 13.32 cP at 30 ◦C was collected from Ahwaz 
oilfield in Iran. All the other chemical reagents including salts and sol-
vents of high-purity (about 99.5 mol%) were purchased from Merck and 
Aldrich chemical companies. Different core samples for oil displacement 
tests and slices for contact angle measurements were prepared from the 
taken carbonate rocks as shown in Fig. 3. Seven carbonate core plugs 
were prepared and cleaned by toluene using the Soxhlet extraction at 80 

Fig. 6. Schematic illustration of the apparatus for oil displacement tests: (1) HPLC pump, (2) pressure gauges, (3) valves, (4) cylinder containing crude oil, (5) 
cylinder containing brine, (6) cylinder containing nanofluid, (7) core holder chamber, (8) fluid flow distributor, (9) core, (10) blocking rubber around the core, (11) 
oven, (12) manual hydraulic pump, and (13) outlet fluid collecting vessel [55]. 

Fig. 7. Schematic view of coating process of ZnO/SiO2 NPs with bentonite particle chains, which shows the structural mechanisms of the prepared ZnO/SiO2/ 
bentonite NCs. 
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◦C for 24 hrs. Additionally, other prepared core plugs were trimmed into 
the small pellets (rock slices) of 2 mm size. The surface of the pellets was 
smoothed well and cleaned by the distilled water and toluene to remove 
all the possible impurities available. The cleaned pellet samples were 
submerged into crude oil at 70 ◦C for twelve days to be aged well. Then, 
the aged carbonate slices were submerged in enclosed containers 
contain water and nanofluids solutions for three days in order to alter 
the wetting status of the slices under the static condition (see Fig. 3). 

2.2. Synthesis and characterization of ZnO/SiO2/bentonite 
nanocomposites 

Fig. 4 illustrates the procedural steps of synthesizing ZnO/SiO2/ 
bentonite nanocomposites schematically. To create the extract of the 
plant, 50 gm of the dried powder of Cordyline fruticosa leaves mixed with 
500 mL distilled water at 80 ◦C under continues stirring at 600 rpm for 
30 min. Later, in a 250 mL flask, 2 gm ZnCl2, 5 gm Na2SiO3 and 10 gm 

bentonite were mixed with 100 mL Cordyline fruticosa leaves extract 
under reflux condition at 9 pH (adjusted by 0.1 mg Na2CO3) and kept 
under the stirring at 60 ◦C for 24 hr until absolutely formation of NPs 
and their deposition on the surface of bentonite. The reason of adding 
clay is due to its cheap cost. In addition, it behaves as polymer chains in 
order to create a better distribution of nanoparticles rather than 
agglomeration. The mixture then filtered and obtained precipitate was 
dried and kept to identification and application processes. For con-
firming and identifying the purity, morphology and mineralogy of the 
synthesized nanocomposite, several analytical methods have been used, 
with the focus on X-ray diffraction (XRD), Fourier-transform infrared 
spectroscopy (FTIR) and scanning electron microscopy (SEM) in the 
current work. 

2.3. Preparation and characterization of nanofluids 

The collected seawater was used to prepare nanofluids using the 

Fig. 8. XRD pattern and ICDD card of ZnO/SiO2/bentonite NCs.  
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synthesized NCs at different concentrations (see Table 1). The dispersion 
media for the nanocomposites is prepared from seawater that is divided 
into four phases of salinity; seawater (high salinity), 10-times diluted 
seawater (moderate salinity), 20-times diluted seawater (low salinity), 
and distilled water (no salinity) ([50]; Abhishek et al., 2018). The syn-
thesized NCs at different concentrations of 250, 500, 1000 and 2000 
ppm are mixed with all designed water solutions. These nanofluids were 
prepared using the stirring (LABINCO L81 Stirrer) at 600 rpm for 6 h 
with keeping the operating temperature below 30 ◦C to avoid over-
heating of homogenizer. Afterwards, nanofluids were mixed for 2 h by 
ultrasonic waves emitted from a VIP 200HD ultrasonic mixer to obtain 
high stability. Thus, the stability the prepared nanofluids was monitored 
and investigated visually through transparent vessels during a certain 
time. Furthermore, the density, viscosity, conductivity and pH of 
nanofluids were measured at ambient temperature and pressure using 
PAAR density meter, Brookfield DV2T viscometer, Mettler Toledo S230, 
and WTW™ inoLab™ Cond 7310, respectively. 

2.4. Interfacial tension (IFT) and contact angle (CA) measurements 

The principle of a pendant drop that estimates the dimensions of the 
suspended droplet of the crude oil with the presence of an immiscible 
phase was used to measure the interfacial tension oil-aqueous phase 
systems using IFT-400 apparatus (see Fig. 5). Accordingly, the taken 
image of the crude oil droplet that transferred from the IFT-400 device 
to the computer was used for the IFT calculation using the following 
formula: 

γ = Δρ.g.D
H (1)  

where Δρ is the difference between the density of the drop and bulk 
fluids (gm/cm3), g is the gravitational acceleration of the earth (cm/ 
sec2), D is the large diameter of the droplet (cm), and H is the droplet 
shape factor. Initially, IFTs of oil-HiSal, oil-MoSal, oil-LowSal and oil- 
DW systems without the presence of the prepared NCs were measured 
at different temperatures. Afterwards, the same procedure was then 
applied to measure IFTs of all the mentioned systems under the influence 

Fig. 9. FTIR spectrum of ZnO/SiO2/bentonite NCs.  

Fig. 10. SEM morphology of ZnO/SiO2/bentonite NCs at a) 1 µm, and b) at 500 nm, and c) 200 nm.  
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of the prepared NCs at different concentrations (250, 500, 1000 and 
2000 ppm) under different temperature conditions of 20, 40 and 80 ◦C. 

In addition, the sessile drop technique was used to measure the 
contact angle of the crude oil drop on the surface of the prepared car-
bonate pellets using IFT-400 apparatus (see Fig. 5). Firstly, the contact 

angle of the oil drops on the surface of the prepared slices was measured 
with the presence of water solutions of various salinities without NCs. 
Later, the oil contact angle was measured with the presence of all pre-
pared solutions of HiSal, MoSal, LowSal and DW based nanofluids 
different temperature conditions of 20, 40 and 80 ◦C. 

Day#1 Day#2 Day#3 Day#4
Seawater-based nanofluids (HiSal)

LoSal-water-based nanofluids 

Distilled water-based nanofluids 

Fig. 11. Dispersion stability of HiSal, LowSal and DW nanofluids wat NCs concentrations of (a) 250 ppm, (b) 500 ppm, and (c) 1000 ppm after four days.  
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2.5. Oil displacement 

Oil displacement tests were carried out using a coreflooding setup 
shown schematically in Fig. 6, which consists of fluid chambers, a core 
holder, pumps, and output collector. Fluids stored inside chambers can 

be pumped into the core plug using the high-performance liquid chro-
matography (HPLC) pump. In this study, three main liquid including 
crude oil, brine and nanolfuids were stored in three cylinders that 
pumped into the prepared core plugs; crude oil was used for establishing 
the initial water saturation, brine used for secondary recovery and 

Fig. 12. Characteristics of nanofluids prepared from mixing 250, 500, 1000 and 2000 ppm ZnO/SiO2/bentonite NCs within HiSal, Mosal, LowSal and DW water.  

Zeta potential of HiSal-2000 nanofluid Zeta potential of MoSal-2000 nanofluid

Zeta potential of LoSal-2000 nanofluid Zeta potential of DW-2000 nanofluid

Fig. 13. Zeta potential of ZnO/SiO2/bentonite NCs within four selected dispersion medias including seawater (HiSal), 10-times diluted seawater (MoSal), 20-times 
diluted seawater (LoSal) and distilled water (DW) at 2000 ppm concentration. 
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nanofluids used for oil recovery in both secondary and tertiary phases. 
Oil was displaced in six prepared core plugs at 75 ◦C and 1400 psi with 
the injection rate of 0.5 cm3/min, as follows: firstly, 2.1 pore volumes 
(PVs) of brine, HiSal-2000 nanofluid, LoSal-2000 nanofluid and DW- 
2000 nanofluid were injected separately into four first core plugs as 
secondary recovery phase. While, two other core plugs were used for the 
tertiary recovery phase where 1.5 PVs of LoSal-2000 and DW-2000 
nanofluids were injected after injecting 2.1 PVs brine (waterflooding). 

3. Results and discussions 

3.1. Characterization of ZnO/SiO2/bentonite nanocomposites 

During the interactions of metal salts to plant extract, firstly, the 
metal salts are dissolved in the aqueous media of the extract to generate 
the Zn+2 and SiO2

-2 ions (see Fig. 7). Then after their temporary reaction 
to hydronium and hydroxyl ions of the water media activated to influ-
enced by Cordyline fruticosa plant bioreducing agents and then through 
an electron transfer it converted to correspondence NPs. Finally, ac-
cording the concentrations of the salts, the biosynthesized NPs coated on 
together and nanoclay as natural substrate which was used to increasing 
the synergistic effects, reducing the agglomeration side effect and also 

increasing the surface area of the nanocomposite to its more efficiency. 
According the XRD shown in Fig. 8, it clearly reveals the presence of 

SiO2, ZnO and some other peaks concerning the nanoclay minerals. Of 
course, it should be considered that the SiO2 in its nature is an amor-
phous system but in the mentioned nanocomposite, the ZnO NPs were 
coated on their surface thus we can see the silicon oxide nanoparticles as 
a crystalline system. In addition, the XRD diffractogram confidently 
demonstrates the fabrication of ZnO@SiO2@bentonite NCs in a crys-
tallinity pure and nanosized form. Moreover, the ICDD card of the 
synthesized nanocomposites is shown in Fig. 9. 

In addition, the FT-IR spectrum of ZnO@SiO2@bentonite NCs shown 
in Fig. 9 presents some main signals concerning the OH, C = O, C = C 
and C–C functional groups probably belonging to the antioxidant phe-
nolics of the plant extract and the natural clay used ([10]; Tapondjou 
et al., 2013). Additionally, the main peaks of Zn-O and Si-O are also 
shown according to Kang et al. [26] and Singh et al. [49]. These signals 
confirm the adsorption of plant phytochemicals on the surface of 
nanocomposite which beside showing the green synthesis of the system, 
they increase the stability of nano-surface against environmental 
decomposition and deformation side processes. Moreover, Fig. 10 shows 
the SEM micrographs of ZnO@SiO2@bentonite NCs at various magni-
fications. According the SEM images, nanocomposites was green 

Fig. 14. Captured droplets of crude oil with the presence of nanofluids prepared from dispersing ZnO/SiO2/bentonite NCs within water at different salinity levels at 
80 ◦C. 

A.K. Manshad et al.                                                                                                                                                                                                                            



Habilitation Thesis           Department of Physical Chemistry 

177 

 

Fuel 307 (2022) 121927

11

Fig. 15. IFTs of crude oil/nanofluid systems measured at ambient temperature and pressure including HiSal, MoSal, LoSal and DW based nanofluids at 250, 500, 
1000 and 2000 ppm, at; a) 20 ◦C (ambient) temperature, b) 40 ◦C temperature, and c) 80 ◦C temperature. 
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synthesized in a nanosized form ranging 35 to 55 nm and in a spherical 
shape and homogeneous morphology. This technique is also strongly 
confirming the fabrication of NCs. 

3.2. Nanofluid characterization 

The dispersion stability of the prepared NCs within the dispersion 

media is crucial to identify the role of NCs accurately. In this part, the 
dispersion stability of colloidal solid particles within the prepared 
nanofluids by measuring and observing pH, density, conductivity, zeta 
protentional and appearance features of nanofluids. After the prepara-
tion, nanofluids at different concentrations of NCs were well sonicated. 
Nanofluids were stored in the transparent vessels kept at the static 
condition to be monitored during four weeks as shown in Fig. 11. In the 

Fig. 16. Measured contact angles of oil drops on the surface of the carbonate slices with the presence of the HiSal, MoSal, LoSal and DW nanofluids at 250, 500, 1000 
and 2000 ppm ZnO/SiO2/bentonite NCs and different temperature conditions of; a) 20 ◦C, b) 40 ◦C, and 80 ◦C. 

A.K. Manshad et al.                                                                                                                                                                                                                            



Habilitation Thesis           Department of Physical Chemistry 

179 

 

Fuel 307 (2022) 121927

13

figure solutions of HiSal, LowSal and DW nanofluids at 250, 500 and 
1000 ppm of ZnO/SiO2/bentonite NCs are shown during four days. As 
can be seen, high stability of the dispersed nanoparticles within nano-
fluids were achieved with observing the concentration variation be-
tween solutions. 

Fig. 12 illustrates the measured physiochemical properties of nano-
fluids dependents on the NCs concentration and salinity of the disper-
sion media. As is obvious, pH has the direct influence on the aggregation 
and the suspension stability of nanoparticles within the colloidal solu-
tion [17,57]. The measured pH of all prepared nanofluids at different 
salinity level and NCs concentrations are shown in Fig. 12a. As can be 
seen, the value of pH is in the range of 6.9 to 8.1 where a stable aqueous 
phase can be obtained. The pH is changed with changing the salinity and 
increasing the concentration of NCs; when the salinity of the aqueous 
phase is high, pH is increased with increasing the NCs concentration, 
however, the pH of the nanofluids in decreased with increasing the NCs 
concentration when the salinity is too low. Meanwhile, more stable 
trends of the conductivity and density of nanofluids were achieved (see 
Fig. 12b,c). These two properties were more influenced by the effect of 
salinity compared with concentration of ZnO/SiO2/bentonite NCs. 
Generally, the density of the nanofluid was sightly increased from 0.995 
to 1.028 gm/cm3 which is belonged to the HiSal nanofluids. Neverthe-
less, the conductivity was highly changed from 30 mS/m to 284 mS/m 
under the impact of water salinity rather than NCs concentration. 

Moreover, the zeta potential curves of HiSal, MoSal, LoSal and DW 
nanofluids at 2000 ppm NCs concentration are shown in Fig. 13. 
Generally, the same trends of the zeta potential were achieved for all 
tests nanofluids with a little variation in the range −27 to 6 mV, which 
shows a high dispersion stability of ZnO/SiO2/bentonite NCs within all 
kinds of waters. However, the peaks of nanofluids were measured at 
different counts in two groups; the measured peaks of HiSal-2000 and 
MoSal-2000 nanofluids were counted at about 7000 total counts, and 
the peaks of LoSal-2000 and DW-2000 nanofluids are up to 10,000 total 
counts. 

3.3. Interfacial tension 

Interfacial tension of crude oil and prepared nanofluids was 
measured at different temperatures and ambient pressure. Figs. 14 and 
15 illustrate the results of the IFT measured for the selected liquid/liquid 
systems. The captured images of the crude oil droplet with the presence 
of the prepared nanofluids at different NCs concentrations and 80 ◦C are 
shown in Fig. 14, in which different sizes of droplets can be seen de-
pendents on the salinity with almost the same shape. As is obvious, the 
highest values of IFTs were achieved when the HiSal-based nanofluids 
were used, and reduced gradually with reducing the salinity of water 
from the base of the drawn triangle to the pyramid. Consequently, the 
minimum IFTs of 6.67, 5.28, 3.8 and 2.59 mN/m were obtained when 
250, 500, 1000 and 2000 synthesized NCs dispersed within the distilled 
water, respectively. 

The measured values of IFTs under the influences of the NCs 

concentration (250, 500, 1000 and 2000 ppm), salinity level (HiSal, 
MoSal, LoSal and DW) and experimental condition (20, 40 and 80 ◦C) 
are shown in Fig. 15. As can be seen, the maximum IFT of 21.18 mN/m 
was measured when HiSal-250 nanofluid used at ambient temperature; 
while, DW nanofluid-2000 established the minimum IFT of 2.59 mN/m 
at 80 ◦C. Generally, the IFT was reduced with increasing the concen-
tration of ZnO/SiO2/bentonite NCs, increasing the temperature and 
reducing water salinity. At ambient condition shown in Fig. 15a, IFT was 
reduced from 21.18 to 6.36 mN/m with increasing NCs concentration 
from 250 to 2000 ppm, when seawater (HiSal water) was the dispersion 
phase [12,44,40], and it was dropped to 5.26 mN/m when the salinity of 
water decreased to DW. Hence, the synthesized NCs was more effect 
with the low salinity water at the same experimental condition [40]. 
Additionally, the performance of ZnO/SiO2/bentonite NCs in reducing 
IFT was enhanced when the temperature of the experiment was 
increased to 40 and 80 ◦C (see Fig. 15b,c). The impact of the synthesized 
NCs on the IFT reduction was 62.7% in the high salinity environment 
and at ambient temperature. While, the NCs effect on the IFT reduction 
increased to 73.2% when the impact of water salinity was combined. 
Similarly, the performance of the NCs was significantly improved up to 
87.7% in the harsh condition of temperature. 

3.4. Wettability alteration 

Wettability behavior of the several aqueous systems was identified 
by measuring the contact angle of crude oil on the surface of carbonate 
slices before and after treatment with ZnO/SiO2/bentonite nano-
composites (see Fig. 16a-d). The performance of the synthesized NCs 
was investigated under the impact of waster salinity and experimental 
temperature. Basically, the strongest oil-wet state of 139.5◦ CA was 
identified with the presence of HiSal-250 nanofluid made from mixing 
250 ppm NCs within seawater at 20 ◦C (see Fig. 16a). However, a 
favorable wettability behavior on the carbonate rock was obtained with 
utilizing DW-2000 nanofluid at 80 ◦C, which was indicted by 65.5◦

contact angle (see Fig. 16d). 
Fig. 16a shows the contact angles measured using different nanofluid 

solutions considering different NCs concentrations and salinity levels, 
but under ambient temperature condition of 20 ◦C. As is clear, the 
synthesized NCs have not shown an effective favorable impact in 
decreasing the contact angle that made wettability to stay at oil-wet 
phase for all used experimental test trials. The minimum CA was ob-
tained with the presence of DW-2000 nanofluid which is 113◦ but is still 
above 90◦ and represents oil-wet system dependent on Teklu et al. [53] 
and Naik et al. [36]. When the temperature of the experiment was 
increased to 40 ◦C, different values of CAs were measured for the same 
used nanofluids. Fig. 16b demonstrates measured CAs of the four pre-
pared types of nanofluids at different salinities and NC concentrations. 
As can be seen the oil droplet CA measured with the presence of nano-
fluids was reduced up to 10% compared with the values measured at 
room temperature. Moreover, better performance of the prepared 
nanofluids with different salinities was obtained when the temperature 

Table 2 
Detailed test summary of secondary and tertiary flooding through six used core plugs of used carbonate rocks.  

Core name Porosity (%) K (md) PV (cc) Soi (%) Inj. fluid Oil recovery [%OOIP] 

Secondary Tertiary Secondary Tertiary Total 

Plug#1  14.32  7.36  11.32  59.03 Brine  44.2   
Plug#2  16.3  7.55  13.07  63.0 LoSal-2000  55   
Plug#3  15.2  6.93  11.61  55.2 HiSal-2000  49.6   
Plug#4  15.0  8.13  11.7  54.7 DW-2000  62.14   
Plug#5  16.0  7.7  14.0  57.5 Brine LoSal-2000 41.2  18.2  59.4 
Plug#6  15.52  7.93  12.5  58.4 Brine DW-2000 44  21.41  65.41 

* K is the permeability of the rock sample. 
** PV is the pore volume of the used core plugs. 
*** Soi is the initial oil saturation of the core plugs. 
**** OOIP is the original oil in place. 
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Fig. 17. Secondary recovery profiles of oil recovery factor and pressure curve obtained from core plugs 1 to 4 by injecting; a) brine (seawater), and b) LoSal-2000 
nanofluid, c) HiSal-2000 nanofluid, and d) DW-2000 nanofluid. 
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of tests doubled to 80 ◦C. Thus, nanofluids enabled to reduce the CA up 
to 38% and 42% compared with what achieved in both experiment 
conditions of 20 ◦C and 40◦, respectively. In this experimental condition, 
DW-2000 nanofluid prepared from mixing 2000 ppm NCs within the 
distilled water enabled to reduce the CA of oil droplet on the surface of 
the used carbonate rock by 53% from 139.5◦ to 65.5◦. Hence, it can be 
reported that the wettability of the carbonate rock was altered to a 
moderate water-wet system which is favorable for the extra oil pro-
duction as EOR recovery [18]. 

3.5. Oil displacement 

Oil displacement experiments were carried out in two phases; in the 
first phase, seawater, LoSal-2000 nanofluid, HiSal-2000 nanofluid and 
DW-2000 nanofluid were injected into core plugs 1 to 4, respectively. 
These displacements of crude oil were handled as a secondary recovery 
directly after the achieving the favourable aging of plugs. Additionally, 
in the second phase oil from core plugs 5 and 6 was displaced in two 
steps, (1) by water as secondary recovery method, and (2) by LoSal-2000 
and DW-2000 nanofluids as tertiary recovery. The oil displacement in all 
core plugs was carried out under the same experimental condition of 
temperature, pressure and injection rate. However, the petrophysical 
properties of the used core plugs are not exactly same but with little 
variation and from the same outcrop (see Table 2). The porosity of the 
used plugs varies from 14.32 to 16.3% and permeability is ranged be-
tween 6.93 and 8.13 mD. 

The recovery and pressure profiles of the oil displacement from core 
plugs 1 to4 are illustrated in Fig. 17. As a secondary recovery, the 
maximum oil recovery of 62.14% OOIP was achieved from displacing 
core plug 4 by DW-2000 nanofluid prepared from dispersing 2000 ppm 
of ZnO2/SiO2/bentonite NCs within the distilled water. The water 
saturation in this core plug was reduced from its initial value of 0.547 to 
0.245 (see Fig. 17d). The interaction of the pressure curve with the re-
covery curve can be seen after injecting 0.7–0.9 PVs of fluids into core 
plugs as shown in Fig. 17. Waterflooding was enabled to produce only 
44.2% OOIP, wherein, more hydrocarbon was produced from injecting 
the nanofluids. LoSal-2000 nanofluid produced 55% OOIP and HiSal- 
2000 nanofluid displaced 49.6% of oil. As is obvious, the recovery ef-
ficiency of the core plug was improved with reducing the salinity of 
water and adding the synthesized NCs. 

Furthermore, Fig. 18 illustrates the production profile of the oil 
displacement from core plugs 5 and 6. Waterflooding enabled to extract 
41.2% OOIP from plug#5, and was increased to 59.4% OOIP by 
injecting LoSal-2000 nanofluid. However, core plug 6 showed the better 
recovery efficiency in both phases of recovery. Sweater displaced 44% 
OOIP as secondary recovery, and 21.41% OOIP extra oil was extracted 
when DW-2000 nanofluid was injected into plug#6 after waterflooding. 
Generally, the highest recovery factor of oil was achieved from core plug 
6 when DW-2000 nanofluid was injected as a tertiary recovery method, 
which 65.41% OOIP. 

4. Conclusions 

This study reported the impact of the newly developed nano-
composites, called ZnO2/SiO2/bentonite, on the oil recovery, IFT 
reduction and wettability alteration during secondary and tertiary re-
covery methods at different experimental conditions. In this study, 
several points were raised as summarized below: 

• The minimum IFT of crude oil droplet was achieved with the pres-
ence of DW-2000 nanofluid prepared from mixing 2000 ppm ZnO2/ 
SiO2/bentonite NCs within the distilled water at 80 ◦C, which is 2.59 
mN/m.  

• Additionally, the same nanofluid enabled to alter the wettability 
from the strong oil-wet to a moderate water-wet.  

• The NC concentration and experiment temperature showed a strong 
impact on the reduction of both IFT and CA.  

• The salinity had an inverse influence on the IFT and CA. Thus, the 
minimum values of both EOR parameters were achieved when the 
salinity is near to zero and NC concentration and temperature were 
the highest.  

• The best recovery efficiency was obtained when the DW-2000 
nanofluid was injected into a core plug as the chemical EOR flood-
ing at 75 ◦C and 1400 psi with the injection rate of 0.5 cm3/min, 
which is 65.41% OOIP. 
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ABSTRACT: Oil production faces challenges such as limited oil production from
carbonate reservoirs, high oil production costs, and environmental issues. Chemical
flooding as an enhanced oil recovery (EOR) method (CEOR) can increase oil production
by the use of chemical additives such as surfactants into the reservoirs. Surfactants can
increase oil recovery by interfacial tension (IFT) reduction and alteration of the rock
wettability from oil-wet to water-wet. The synthesis of chemicals such as synthetic
surfactants is usually costly and harmful to the environment. To solve these problems,
many researchers have oriented on the use of natural surfactants instead of synthetic ones
within the CEOR process. A new approach to increase the e!ciency of CEOR is the
synergizing of the chemical additives with nanoparticles as a hybrid fluid, which is known
as the nanotechnology-assisted EOR method. In this research, a natural surfactant derived
from Cyclamen persicum (CP) plant was extracted, and its performance was optimized with
the zinc oxide/montmorillonite (ZnO/MMT) nanocomposite in a synergistic usage. At
the optimum concentration of the surfactant, the measurements of the IFT and the contact angle show 57.78 and 61.58%
optimizations, respectively. Also, in the presence of NaCl, the performance of CP is improved. IFT and contact angle measurements
were also conducted for ZnO/MMT nanofluids and CP-ZnO/MMT as hybrid nanofluids. Results indicate that ZnO/MMT
nanocomposites can alter the wettability of the carbonate rock to the water-wet state. Also, the CP-ZnO/MMT hybrid nanofluid
shows a good potential in both IFT reduction and altering wettability from oil-wet to water-wet. Finally, to investigate the e"ects of
solutions on increasing oil recovery factor (RF), the optimum concentrations of the surfactant, nanocomposite, and hybrid solutions
were selected for dynamic core flooding experiments, and improvements showed oil RF increases of 8.2, 6, and 13%, respectively.

1. INTRODUCTION
Due to declining oil reserves, oil extraction methods are
constantly being improved. One of the enhanced oil recovery
(EOR) methods is chemical injection defined as chemical
enhanced oil recovery (CEOR), which includes injecting
chemical additives such as surfactants, polymers, alkalis, and
the combination of them into the reservoir.
The main mechanism of surfactants to increase oil

production is interfacial tension (IFT) reduction.1 In some
cases, the surfactants have shown their ability to alter the
wettability of reservoir rock.2 In terms of surfactant types, they
are typically divided into two categories: synthetic and natural
surfactants.3
The use of synthetic surfactants in the petroleum industry

faces challenges. The high production cost of synthetic
surfactants can make the EOR process economically
impossible. On the other hand, environmental and human
hazards due to the use of chemical surfactants are unavoidable.
Corrosion of equipment and toxicity of the environment as a

result of the use of the ionic surfactants are examples of these
hazards.4 One of the solutions to overcome these challenges is
the use of natural surfactants, which has been considered by
many researchers in recent years. Due to the saponin content
of natural surfactants, they are known as nonionic surfactants.5
Table S1 shows examples of the natural surfactants and their
plant sources. Unfortunately, natural surfactants do not work
well compared to synthetics. One of the reasons for the poor
performances of natural surfactants could be mentioned as the
presence of impurities in elementary laboratory plant extracts.
Nanoparticles can be used in the CEOR methods as a hybrid

agent to improve the performances of the additives, which is
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known as the nanotechnology-assisted enhanced oil recovery
(NEOR) method.6 The target of using new additives in CEOR
is satisfaction with the mechanisms applied in enhancing the
recovery of oil that could mainly be mentioned as mobility
control improvement, IFT reduction, and wettability alteration.
Used chemicals in CEOR have to sustain the harsh conditions
of hydrocarbon reservoirs; therefore, the properties of certain
additives should not be altered by the changes in conditions.
Nanotechnology acts here as an intensifier in enhancing the
properties and will make a synergistic e!ect with used
additives. Recently, many studies have been conducted on
the use of nanotechnology as a synergy with surfactants to
improve their performances. The use of nanoparticles with
surfactants as a hybrid fluid improves the performances of
some surfactants for EOR applications.7 Nanoparticles, for
example, can overcome the weakness of surfactants in
wettability alteration and cause a higher oil recovery factor
(RF).8−10 However, the mechanisms of nanosurfactant hybrids
are not yet entirely understood, and complementary studies are
continuing.
Chhetri et al. introduced a natural surfactant prepared from

the Sapindus mukurossi fruit, and this surfactant can reduce
IFT.11 Pordel Shahri et al. investigated the e!ect of the
Ziziphus spina-christi (ZSC) leaf extract on IFT. This surfactant
decreases the IFT value from 48 to 9 mN/m.12 Deymeh et al.
investigated the e!ect of the Seidlitzia rosmarinus extract on
IFT reduction. The extract decreases the IFT from an initial
value of 32 to 9 mN/m at critical micelle concentration
(CMC).13 Ahmadi et al. investigated the e!ect of the mulberry
leaf extract on IFT reduction and oil recovery. The recorded
data indicate that the extract reduces the IFT from 44 to 17.9
mN/m. Based on the core flooding experiment results, the
natural surfactant can increase the oil recovery from 49 to
66.8%.14 Rahmati et al. compared the e!ect of the mulberry
leaf extract with a natural surfactant named henna on IFT and
wettability alteration. Based on the obtained results, the henna
extract shows a better performance to reduce the IFT and
contact angle of the oil with a sandstone rock.15 Emadi et al.
investigated the e!ects of ZSC and silica nanoparticles on the
IFT and RF. The results of IFT measurement show that the
ZSC can reduce the IFT, and adding silica nanoparticles to the
CMC of ZSC reduces the IFT more. Also, by adding nanosilica
to ZSC, the RF increases from 53 to 74% of the ordinary oil in
place (OOIP).16 Xu et al., Cheraghian et al., Haeri et al.,
Songolzadeh and Moghadasi, Zhao et al., and Zhong et al. have
shown that the combinations of silica nanoparticles with
di!erent surfactants have a good potential to alter wettability
from oil-wet to water-wet.17−22 Suleimanov et al. showed that
nonferrous metal NPs can reduce IFT/surface tension.23
Mohajeri et al., by combining ZrO2 NPs with sodium dodecyl
sulfate and CTAB, showed that the nanofluids optimize IFT/
surface tension and alter wettability.24 Table S2 summarizes
the studies on the synergistic e!ects of nanosurfactants.17−29

There is not enough information in the field of studying the
mechanisms of IFT reduction, wettability alteration, and oil
displacement of natural surfactants and their synergy e!ects in
the presence of nanoparticles. Therefore, in the present study,
after extracting a natural surfactant solution from a saponin-
containing plant, its synergistic e!ects were studied together
with a green nanocomposite. Both the natural surfactant and
synthesized nanocomposite are novel and have not yet been
studied in the field of EOR.

In this study, the researchers intended to investigate the
e!ect of the Cyclamen persicum (CP) plant extract as a natural
surfactant on the increasing oil recovery. Thermogravimetric
(TGA) and Fourier transform infrared spectroscopy (FT-IR)
analyses were applied to characterize the extracted solution. To
obtain the CMC of the extracted surfactant, electrical
conductivity, pH, IFT, and wettability alteration methods
were used. Pendant drop and contact angle methods were used
to investigate the IFT and wettability alteration, respectively.
The ZnO/montmorillonite (ZnO/MMT) nanocomposite that
was synthesized in a green manner was analyzed as an EOR
agent by the pendant drop and contact angle methods too.
FTIR, X-ray di!raction (XRD), and field emission scanning
electron microscopy (FE-SEM) analyzes were accomplished to
characterize the synthesized matter as a nanocomposite. Then,
the nanocomposite combined with the surfactant as a hybrid
agent. To study the synergistic e!ects of the nanocomposite
and surfactant, di!erent concentrations of the nanocomposite
were mixed with CMC of surfactant solution as the base fluid.
Finally, proper concentrations of the surfactant, nanocompo-
site, and hybrid solutions were selected to study the additional
oil recovery by core flooding experiment.

2. MATERIALS AND METHODS
2.1. Materials. 2.1.1. Aqueous Phase. Double-deionized

water (DDW) with ultralow electrical conductivity was used to
prepare aqueous solution for the natural surfactant and
nanofluid solutions with di!erent concentrations of CP and
ZnO/MMT, respectively. Seawater from the Persian Gulf with
a pH of 7.67 was used in this study as brine solution in the
dynamic fluid flooding process. The composition of prepared
seawater is illustrated in Table S3. The used salt of sodium
chloride for ion engineering analysis of aqueous solutions was
purchased from Merck with 99% purity.

2.1.2. Oil Phase. The crude oil used in this study was
prepared from Iranian oil fields and used in the aging process
of rock core plugs and rock pellets, IFT measurements,
wettability alteration tests, and dynamic oil injections into the
core plug. The oil density is 0.89 and 0.771 gr/cm3 under
ambient and reservoir conditions, respectively. Table S4
presents the composition of the used crude oil. The obtained
crude oil was filtered by a 5 μm mesh before applying
wettability alteration, IFT, and core flooding experiments for
the prevention of any undesirable plugging.

2.1.3. Natural Surfactant. CP is a rich saponin plant, in
which the tuber part contains saponin.30 Figure S1 shows the
structure of the CP extract.31 After preparing the CP plants,
their tubers were separated from the plants, cleaned and cut
into small pieces, and dried under ambient conditions. The
prepared tubers (100 g) with 350 ml of DDW were placed in
the Soxhlet extractor apparatus for 15 h until a saponin-rich
solution was obtained in the chamber of the Soxhlet extractor.
After that, to remove solids, the obtained solution was filtered
with a laboratory steel cone sieve. The vacuum rotary
evaporation method with the water bath set at 50 °C was
used to remove water from the filtrate blend. Vacuum
conditions cause evaporation to occur at much lower
temperatures than the boiling temperature under normal
conditions and prevent the degradation of the molecules of the
surfactant. The evaporation process continued until 80%
volumetric percent of the solution was produced. This
volumetric ratio was considered in the manufacture of natural
surfactant solutions with various concentrations of the extract.
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2.1.3.1. Characterization of the Natural Surfactant. Even
though the literature in medicinal subjects introduces the CP
plant extract as a saponin-rich mixture,32,33 there is no study on
the use of this extract in EOR. Therefore, further character-
izations were required to approve the presence of saponin and
to confirm the successful extraction. FTIR spectroscopy
(Bruker Tensor II), in the 400−4000 cm−1 wavenumber
range, was used to identify the functional group of the extract.
TGA was conducted to show the thermal degradation of the
natural used extract for a temperature range of 25 to 300 °C.
The thermal degradation durability and value of degradation of
the extracted material within 25 to 90 °C could also be
considered as the thermal stability of the surfactant under
general reservoir conditions.
2.1.4. Nanocomposite. In this study, the ZnO/MMT

nanocomposite was synthesized as the nanofluid and hybrid
agent. From the literature, ZnO nanoparticles can increase the
adsorption of MMT on interfaces, and the performance of the

MMT is improved in altering the wettability in comparison to
MMT individually at solid/liquid/liquid interfaces. The
improvement in adsorption can be related to additional active
sites that are created by ZnO nanoparticles between the MMT
layers. Another reason for improving MMT adsorption
phenomena is the increase in the surface area by sited ZnO
nanoparticles.34 Due to the economics and cheapness of
MMT, it was decided to use this substance in large quantities
and the amount of ZnO by less than half of the whole material.

2.1.4.1. Preparation of the Plant Extract as the Eco-
friendly Reducing−Stabilizing Agent. Ageratum conyzoides L,
a plant of Asteraceae plant family, was used as the eco-friendly
agent to provide the reducing media and stabilize the
synthesized environment. The potent antioxidant content of
the plant strongly confirms the application of its extract as a
stabilizing and bioreducing agent for the green synthesis of
ZnO/MMT nanostructures.35,36

Figure 1. Biosynthesis process of ZnO/MMT nanocomposites (a−d show the steps of the procedure).

Figure 2. General road map of the present study with details of each step.
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Dried powder (50 g) of the plant leaves was mixed with 500
mL of DDW at 80 °C for 30 min under reflux conditions. The
gained extract was monitored using a UV−vis spectropho-
tometer during the di!erent time intervals to study its
stabilization and resistance against decomposition and
deformation processes.
2.1.4.2. Synthesis of ZnO/MMT Nanocomposites When

Applied in an Environmentally Friendly Manner. The
prepared A. conyzoides L plant extract (100 mL) was placed
within a beaker of 250 cm3 volume to provide the stabilized
reducing medium of synthesis. Chemical powders of zinc
chloride and microscopic crystals of MMT phyllosilicates were
then added to the reducing environment for 2 and 8 g, in turn.
To increase the chemical reaction role-in surfaces, the solution
was continuously stirred; also, to increase the reaction rate, the
temperature increased to 80 °C and was kept constant. The
used synthesized method was the precipitation method;
therefore, the stirring process continued until a white
precipitate was formed within the system. The precipitated
materials were then screened from the synthesized environ-
ment through the filtration process. The product went under a
100 °C heating process and washing with DDW for any
elimination of purity inclusions. Figure 1 illustrates the
biosynthesis process of ZnO/MMT nanocomposites.
2.1.5. Carbonate Core Sample. The carbonate rock

sections were obtained from an Asmari outcrop located in
the south of Iran. The sections were cut into both the
cylindrical core plug and circular pellet state of use for dynamic
fluid displacement in porous media and wettability alteration
experiments, respectively. Circular pellets were polished and
divided into four sections to be applicable in the wettability
experimental device because of the limitation of visual cell
dimensions and use of the contact angle measurement method.
Obtained core plugs and circular pellets were then rinsed
through a cyclic hydrophilic−lipophilic washing procedure of
DDW−acetone−toluene−acetone−DDW to eliminate any
probability of dust, precipitated salts, available oleic matters,
and other impurities. These unwanted inclusions (if the
washing procedure was not applied to the samples) could
a!ect the process as new materials when liquid/liquid and
solid/liquid interfacial phenomena were happening and induce
errors in measurements.
Induced wettability alterations caused by the presence of

di!erent solvents in the samples were not a!ected during the
experiments because the aging processes for gaining a strong
oil wetting state were conducted on all the samples.
XRD was conducted on the used sample to determine the

composition of the rock. Results of the XRD analysis shows
that the used rock type is approximately pure carbonate and
contains a high percentage of calcite. Figure S2 shows the
result of the XRD test for the prepared rock.
2.2. Methods. Figure 2 illustrates all the steps of the

present study. In the first step, it is necessary to characterize
the prepared materials to ensure the correct saponin extraction.
To evaluate the thermal stability and also to determine
functional groups of the natural surfactant, TGA and FT-IR
tests were applied on the extracted material, respectively.
Surfactant solutions were prepared with 500 to 7000 ppm
concentrations of the extract. Electrical conductivity, pH, IFT,
and contact angle measurements were used to obtain the CMC
of the surfactant. After determining the CMC, the performance
of the surfactant at CMC was evaluated in the presence of
NaCl. At the end of the first step, the core flooding experiment

was applied with the most appropriate concentration of the
surfactant and salinity. In the second step, the synthesized
nanocomposite is characterized by FT-IR, XRD, and FE-SEM
tests to determine functional groups, nanocomposite compo-
nents, and morphology, respectively. Then, solutions with
concentrations of 100, 250, 500, 1000, 1500, and 2000 ppm of
the nanocomposite were prepared. After measuring the
physical and chemical properties of the prepared solutions,
IFT and wettability alteration tests were performed. Finally,
the core flooding experiment was conducted at the optimal
concentration of nanocomposites, which was obtained from
the IFT and wettability alteration tests. In the third step,
surfactant solution at CMC was used as the base solution and
di!erent concentrations of the nanocomposite were added to
it. As in the previous two steps, after measuring the solution
properties, the IFT and wettability alteration tests were
performed. Finally, the optimal concentrations of hybrid
solutions, which were obtained from the IFT and wettability
alteration tests, were used as the selected EOR solution in the
core flooding experiments.

2.2.1. IFT Measurements. In this study, the pendant drop
method was used to calculate the IFT between oil and
investigated solutions. The reason for using this method is its
accuracy and simplicity.36,37 In this method, a camera takes
pictures from pendant oil droplets and calculates the IFT/
surface tension using the below-mentioned equation36,37

= g D

H

. .

where γ is the IFT (mN/m2), Δρ is the di!erence between the
density of the drop and bulk phase (g/cm3), g is the earth
gravitational acceleration (cm/s2), D is the largest diameter of
the droplet (cm), and H is the shape factor of the droplet. The
VIT 6000 apparatus designed by Fars EOR technologies was
used for both IFT and contact angle measurements. The
schematic of the apparatus used in this study is shown in
Figure S3. All measurements of IFT were performed under
ambient conditions and di!erent concentrations of CP (500 to
7000 ppm) as the basis of hybrid solution and di!erent
concentrations of nanocomposites (100, 250, 1000, 1500, and
2000 ppm) used as the hybrid agent.

2.2.2. Wettability Tests. The sessile drop method was
utilized to study the wettability alteration of the carbonate
rock. Yang’s relation for an oil droplet in equilibrium with the
rock surface is given below38

= +sw cosso ow ow

where σso is the tension between the oil and solid rock
surface, σsw is the tension between the water and solid rock
surface, σow is the tension between oil and water surfaces, and
θow represents the contact angle of the droplet that is attached
to the rock surface. Given this relation, if the contact angle is
less than 90°, the tension between the rock and the oil is low,
so the rock is water-wet. If the contact angle is 90°, the water
and oil stresses are equal, and the wettability is mediate. Also, if
the contact angle is above 90°, the tension between the rock
and oil is high and it is an oil-wetted state.39
The VIT6000 was also used to calculate the contact angle

between the oil droplets and carbonate surface by the sessile
drop method in the presence of CP and hybrid solutions as the
medium. Figure S3 shows the schematic of the utilized
apparatus. The carbonate rocks are not oil-wet generally;
therefore, to achieve the oil-wet system and study the e!ects of
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CP and hybrid solutions on wettability alteration, the smooth
pellet was immersed in crude oil at 70 °C for 15 days to be
aged with oil-wetting agents of the crude oil. During this aging
time, the polar components of crude oil adhere onto the
surface of the carbonate rock, and they designate a lipophilic or
hydrophobic layer on the surface. This prepared lipophilic
layer causes a strong oil-wetting state for the surface of the
carbonate rock and mimics the original condition of a reservoir
oil-wet rock.
In the sessile drop method, the sessile drop is released and

placed on the surface, and causes a competition between the
oil phase and aqueous phase to adhere on the solid surface.
Therefore, the equilibrium of this system requires a minimum
time to reach this. Regarding the literature, di!erent times are
reported as the equilibrium time which ranged from minutes to
hours; therefore, we choose the maximum time of the reported
equilibrium to reach it. Consequently, then, each oil-wet pellet
was immersed in the selected concentrations of CP and hybrid
solutions for 24 h to observe their e!ects on the wettability
alteration in an equilibrium reached state with the sessile drop
method of measurement.
2.2.3. Core Flooding Procedure. The core flooding

experiments were applied to measure the increase in oil RF
by the CP and ZnO/MMT-CP as hybrid solutions at
nominated optimal concentrations. A core-flood device made
by Fars EOR Technologies Company located in the Abadan
Faculty of Petroleum was used to perform the dynamic core
flooding tests. In addition to calculating the increase in oil
recovery, the porosity and pore volume (PV) of the cores are

measured by this device. All the flooding experiments were
performed with a flow rate of 0.2 cm3/min. First, the core was
saturated with seawater. Then, by subtraction the dry weight of
the cores from the weight of saturated cores, the PV is
obtained using the below equation

=pore volume (CC)
saturated weight dry weight

fluid density

After obtaining the amount of PV, the oil was then injected
into the core to obtain irreducible water saturation (Swirr). To
achieve Swirr, the oil injection continued until water
production from the core was stopped. The cumulative
amount of extracted water from the core was considered as
the OOIP, and the below equation was used to calculate
irreducible water saturation

=Swirr (%) PV total extracted water
PV

After reaching the Swirr, the first recovery phase begins with
the injection of seawater to the core. This recovery phase is
designed to be conducted on the oil-saturated rock plug with
including irreducible water saturation and resembles the
situation of real secondary oil flooding and acts as a basis for
comparison of proposed EOR methods. During the injection
of seawater into the core, the di!erential pressure and
accumulative PV injection information were recorded through
a di!erential-pressure transmitter and a hydraulic pump, in
turn. The injection of seawater was continued until there was

Figure 3. Characterizations of the CP: (a) TGA analysis and (b) FT-IR analysis.
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no more oil production. Finally, the following equation was
used to calculate the oil recovery of the first recovery phase

=

RF seawater injection (% OOIP)

oil production in seawater injection

original oil in place

To investigate the e!ectiveness and impacts of both IFT
reduction and wettability alteration toward water wetness by
surfactant and hybrid solutions and the ion engineering
process, two dynamic displacement experiments were designed
to be applied under the same conditions. The first flooding
scenario is to observe the e!ectiveness of ion engineering to

the optimum state of the surfactant (CMC), and the second
flooding scenario is to investigate the e!ect of the hybrid state
of use of ZnO/MMT with the optimum state of the surfactant
(CMC). It should be noted that two designed scenarios were
conducted on two similar rock plugs with the same saturation
and primary productions.
Just like the first recovery phase, in the second recovery

phase, the injections were applied and the pressures and PV
injections were recorded. Finally, the increase in oil RF was
calculated using the following equation

Figure 4. Characterizations of the nanocomposite: (a) FT-IR analysis, (b) XRD test, and (c) FE-SEM analysis.
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=

RF surfactant/hybrid injection (% OOIP)

oil production in surfactant/hybrid injection injection

original oil in place

Figure S4 shows the scheme of the dynamic core flooding
device made by Fars EOR Technologies. The required force
for precise injection of fluids into the porous medium is
governed by a hydraulic pump with high accuracy in injection
rates. Accumulators are based on the accumulation and
injection of di!erent fluids with di!erent scenarios at di!erent
times; also, they act as transfer vessels to inject fluids into the
core holder to be injected to the porous medium.
A core holder of the Hassler type is applied with a system of

the overburden pressure simulator to mimic a semirealized
condition. During the conduction of the dynamic displacement
test, the di!erential pressure transmitter records the di!erence
of injection and production pressures to govern the break-
through and other information. Simultaneous measurement of
e"uent fluid volumes, displaced volumes, and di!erential
pressures shows the e#ciency of each scenario, and the
comparison between di!erent scenarios and injection steps is
available.

3. RESULTS AND DISCUSSION
3.1. Characterization of the CP Extract. Figure 3a

illustrates the TGA test results for CP. In this test, the weight
loss of the material was calculated versus temperature. In the
presented results, three weight loss zones are observed. The
first zone that occurred at ambient to 96.5 °C is related to
water evaporation with an 18.22% weight loss. The second
degradation zone from 96.5 to 139 °C illustrates 66.6% weight
loss which is related to the decomposition of chemical
compounds. Increasing temperature from 139 to 300 °C
caused an 8% weight loss which can be attributed to the
decomposition of more stable chemical components. Accord-
ing to the results obtained from the TGA test, it is concluded
that the extracted natural surfactant is stable under the thermal
conditions of the reservoir.
The FTIR transmittance spectrum of the CP was obtained

in the range of 400−4000 cm−1. Figure 3b illustrates the FTIR
test results for CP. The hydroxyl group (O−H) and carbon-
hydrogen (-CH2) absorbance are observed at 3416.39 cm−1

and 2084.89 cm−1, respectively. A sharp peak at 1639.36 cm−1

indicates the existence of the amide group (CO). Another
peak at 1064.2 cm−1 is attributed to glycosidic linkage (C−O−
C), and the CC is observed at 712.92 cm−1. According to
the compounds approved in this FTIR test and compared to

Figure 5. Properties of the solutions: (a) natural surfactant solution and (b) hybrid and nanocomposite solutions.
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the pure saponin spectrum, it is confirmed that the extracted
solution contains saponin.40−42

3.2. Characterization of ZnO/MMT Nanocomposites.
The FT-IR spectra of ZnO/MMT nanocomposites are shown
in Figure 4a. The 3627.61 and 3698.09 cm−1 peaks correspond
to the hydroxyl group (O−H). The bands at 3401.91 and
1639.66 cm−1 represent stretching and bending vibration of
water, respectively. The sharp peak at 1036.39 cm−1 has been
resulted in Si−O−Si groups of the tetrahedral sheets of MMT.
The peaks at 793.46, 536, and 467.73 cm−1 represent the
bending and stretching vibration of the Zn−O−Zn.43−45 Based
on the results obtained from the FTIR test applied to the
synthesized nanocomposite, the correctness of the synthesis
and the presence of ZnO and MMT compounds are
confirmed.
Figure 4b presents the XRD spectra of the synthesized ZnO/

MMT nanocomposite. Xpert High Score Plus software was
used to analyze the results of the XRD test. Figure S5 shows
the identified compounds of the synthesized nanocomposite.
The XRD di!raction patterns show that the synthesized
nanocomposite contains SiO2, Fe3O4, ZnO, and MMT
nanoparticles by peaks at 2θ values of 20.143, 21.13, 23.85,
25.32, 26.91, 27.983, 29.9, 35.34, 36.75, 42.7, 46, 50.392,
55.26, 60.223, 61.18, 68.3, and 73.65.
The morphology of the ZnO/MMT nanocomposite by the

FE-SEM technique is illustrated in Figure 4c. Figure 4c shows
the size, shape, homogeneity, and morphology of the
synthesized nanocomposite at 500 nm-100kx and 200 nm-
200kx magnification. According to the FE-SEM pictures, the
size range of the synthesized nanocomposite is between 25 and
50. Therefore, the nanoscaled sizes of the synthesized green
nanocomposite are confirmed.
3.3. Solution Properties. Figure 5 illustrates the electrical

conductivity, pH, and density values of solutions at di!erent
concentrations. Column a corresponds to the CP solution, and
column b corresponds to the nanofluid and hybrid solutions.
Measurements of electrical conductivity and pH are common
methods of obtaining the CMC point.46,47 From Figure 5a, it
can be seen that with increasing CP concentration, the
electrical conductivity of the solution increases. It should be

noted that from the concentration of 5000 ppm onward, the
slope of the graph decreases and is not as sharp as the lower
concentrations. Due to the change in the slope of the graph at
5000 ppm, this concentration is considered as the CMC point.
Another method for obtaining the CMC is calculating the pH
at di!erent concentrations. In this research, by calculating the
pH of di!erent concentrations of the CP solutions, the CMC
was obtained, and the result is presented in Figure 5a. From
500 to 5000 ppm, the pH value has a downward trend, but at
concentrations above 5000 ppm, an upward trend is observed.
According to the pH values and trend change at this point, like
the electrical conductivity results, it is concluded that the CMC
point is 5000 ppm. Figure 5 also shows the density values of
the surfactant at di!erent concentrations. It is clear that the
density increases with increasing the CP concentration. Figure
5b illustrates the fluid properties of nanocomposites and
hybrid solutions. From the electrical conductivity data of the
nanocomposite shown in Figure 5b, it is clear that the
conductivity has increased from 250 ppm, which is due to the
release of ZnO electrons. It is also known that the conductivity
of a hybrid solution is higher than that of a solution without a
surfactant. In justification of the increase in electrical
conductivity by the use of the CP extract, it could be
mentioned that the CP extract includes di!erent saponins that
are categorized as nonionic surface-active agents, and also, an
electric field of su"cient strength can generate electric
conductivity. This phenomenon as explained by Onsager
could be described by the break-up of ‘‘ion pairs’’ into separate
free ions at high field strength.48
From the pH values of the nanocomposite and hybrid

solutions in Figure 5b, it can be seen that the pH increases
with increasing the concentration of the nanocomposite. The
presence of di!erent acidic components in the CP extracted
reduces the pH in the hybrid solution compared to the
nanofluid without the CP. The pH of the aqueous solution of
the CP extract could be placed within 5.55 to 5.85 ranges that
could act as a pH-reducing material. In hybrid solutions, the
available materials within the extract could induce this property
to the hybrid colloidal nanofluid and to the nanosized particles
and decrease the total pH to a lower value if compared with

Figure 6. Dynamic measured IFT values of CP at di!erent concentrations in DDW (di!erent surfactant solutions) with crude oil under ambient
temperature and pressure conditions.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07182
ACS Omega 2022, 7, 24951−24972

24958



Habilitation Thesis           Department of Physical Chemistry 

193 

 

approximate pH neutral colloidal nanofluids. The density data
in Figure 5b show that the increase in ZnO/MMT
concentration of the hybrid and nanocomposite solution
increases the density.
3.4. IFT and Wettability Tests. 3.4.1. Natural Surfac-

tant. Various concentrations of the surfactant were applied to

calculate the IFT between crude oil and DDW. CP
concentrations of 500 to 7000 ppm were used to measure
the IFT under ambient conditions. Figure 6 illustrates the
dynamic IFT between the various concentrations of CP and
crude oil. The vertical axis is the instantaneous measured IFT
value reported through the applied software, and the dotted-

Figure 7. IFT values between water and oil in the presence of di!erent concentrations of CP.

Figure 8. Mechanism of IFT alteration at various concentrations of the surfactant: (A) Below CMC. (B) At CMC. (C) Above CMC.

Figure 9. IFT values between water and oil in the presence of CP at CMC and di!erent concentrations of NaCl.
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colored series are the 15 pointed moving averaged governed
trend lines of the oscillating real IFT curves. Figure 7 shows
the equilibrium values of the IFTs. The initial IFT value of
DDW/crude oil was 27 mN/m, which decreased to 18.5, 14.3,
13.59, 13, 12.3, 11.4, 12.1, and 12.3 mN/m at 500, 1000, 2000,
3000, 4000, 5000, 6000, and 7000 ppm, respectively. As can be
seen in Figure 7, the IFT decreases with increasing CP
concentration up to 5000 ppm. The CMC point was detected
at 5000 ppm, which indicates an 87.5% decrease. The CMC
obtained from IFT measurements is consistent with the CMC
obtained from the electrical conductivity and pH results. At
concentrations above 5000 ppm, the IFT did not decrease.
CP as a surfactant tends to occupy the interface between two

immiscible fluids, which alters the physical and chemical
properties of the interface. The arrangement of the surfactant
in a solution is such that the hydrophilic head is in the lipid
part and the hydrophobic tail is in the water phase. Such a
placement of surfactants reduces the IFT between the two
immiscible fluids. The optimal concentration of the surfactant
to reduce IFT is the micelle formation concentration. At higher
concentrations of CMC, the IFT increases because more
surfactants participate in the formation of micelles, and their
numbers decrease at the oil−water interface (Figure 8).49
After identifying the CMC point of the CP, IFT values at

2000, 5000, 10 000, 15 000, 20 000, 25 000, and 30 000 ppm
concentrations of NaCl were investigated at the CMC point of
CP. As can be seen in Figure 9, the CP surfactant shows better

performance in the presence of NaCl. The NaCl reduces the
IFT value of crude oil/DDW from 11.4 to 9.1 mN/m at the
20 000 ppm concentration of NaCl as the optimum
concentration.
When the ions of salts are joined into reactions, the variation

of IFT values could be a!ected by the positioning of ions at the
interface and adsorption of ions on this intermediate phase
boundary: The origination of positioning of ions from aqueous
solution at the interface in the positioning of oil polar
components such as available asphaltenes at the interface from
the other phase. At low concentrations, the salt-in e!ect occurs
and causes a decrease in IFT at this interface. In this state, the
organic particles tend to be dissolved in the aqueous solution,
while in pure water, the aquatic molecules create a strong
structure on one side of the water−organic matter interface
and do not allow any disorder in their interfacial arranged
structure and any entrance of organic molecules to the water
phase. Therefore, any interface disturbance is low, and
reduction of the IFT value is not achieved. In a low saline
solution, positively charged sodium ions surround the oil
droplet due to negative charges and adhere to it. This
phenomenon causes the water molecules to adhere to the oil
droplet. This behavior causes an IFT reduction between water
and oil up to a certain salt concentration, and after that, the
IFT increases. The reason for this increase is that with the
increase in salt concentration, sodium ions in the environment

Figure 10. Contact angle values of the oil droplets on the surface of the carbonate pellets in the presence of di!erent concentrations of CP.

Figure 11. Mechanism of wettability alteration of an oil-wet carbonate rock in the presence of a nonionic surfactant. (A) Attach the oil droplet to
oil-wet carbonate rock. (B) Wettability alteration of carbonate rock by the natural surfactant.
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increase and water molecules become involved in sodium ions
in the environment and fewer water molecules attach to oil.50
In this study, the contact angle method was used to study

the wettability alteration of carbonate rock. Figure 10 shows
the changes in the contact angle of oil droplets on the
carbonate rock surface versus di!erent concentrations of CP
under ambient conditions. The initial value of the contact
angle of the oil drop on the oil-wet carbonate surface was 134°,
which decreased to 82.5, 67.4, 57.6, 55.7, 54, 51.5, 52, and 53°
at 500, 1000, 2000, 3000, 4000, 5000, 6000, and 7000 ppm of
CP, respectively. The trend of contact angles has been
decreased from 0 to 5000 ppm and then increased, and the
lowest value of the contact angle was obtained at a
concentration of 5000 ppm, which was identified as the
CMC point.
The reason for the oil droplets sticking to the surface of the

carbonate rock is the negative charge of oil composition such
as stearic acid (R-COO−), which is adsorbed by the positive

charge (−Ca+) of the carbonate rock, and this is an
electrostatic interaction.51 CP as a nonionic surfactant contains
benzene rings in its hydrophobic tail, which are the source of
electrons. The tail of the saponin adheres onto the positive
surface of the carbonate rock and forms a thin layer that alters
the wettability from oil-wet to water-wet.52 Figure 11 shows
the wettability alteration mechanism by a nonionic surfactant.
After determining the CMC point of CP from the contact

angle measurements, the wettability alteration of carbonate
rock was performed in the presence of di!erent concentrations
of NaCl and CMC of the surfactant as the base solution. 2000,
5000, 10000, 15 000, 20 000, 25 000, and 30 000 ppm of NaCl
were added to the CMC solution of CP, and the wettability
alteration of carbonate rock at these concentrations was
investigated. As can be seen in Figure 12, NaCl shows a
synergy e!ect with CP to reduce the contact angle. From 2000
to 20 000 ppm of NaCl, the contact angle trend was
decreasing, but at concentrations above 20000 ppm, the

Figure 12. Contact angle values of the oil droplets on the surface of the carbonate pellets in the presence of CP at CMC and di!erent
concentrations of NaCl.

Figure 13. Measured dynamic IFT values at di!erent concentrations of the synthesized nanocomposite in DDW (di!erent nanofluid
concentrations) with crude oil under ambient conditions.
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contact angle trend was increasing. As a result, 20 000 ppm of
NaCl was identified as the optimal concentration, which
represents 60% optimization compared to the initial value. The
same procedure of the salting-in e!ect like its impact on IFT
change applies here in alteration of the wettability state. This
salinity e!ect causes a reduction release of active polar
components adhered previously to the rock surface. Sodium
ions allow oil droplets to easily separate from the rock surface.
For this reason, the surface wettability of carbonate rock in the
surfactant and salt solution is more hydrophilic than surfactant
solution and DDW solution.
3.4.2. Nanocomposite Solution (ZnO/MMT). IFT experi-

ments were conducted at di!erent concentrations of the
synthesized ZnO/MMT nanocomposite under the ambient
condition. Figure 13 shows the dynamic IFT values of di!erent
concentrations of nanocomposite solutions during the time.

The vertical axis is the instantaneous measured IFT value
reported through the applied software, and the dotted-colored
series are the 15 pointed moving averaged governed trend lines
of the oscillating real IFT curves. Figure 14 illustrates the IFT
values of the nanocomposite solutions as the equilibrium IFT
values, which were obtained from the dynamic IFT measure-
ments. As shown in this figure, ZnO/MMT nanocomposites
initially increases the IFT at a concentration of 100 to 250, but
after increasing the concentration, the IFT decreases. There
was an abnormality for the nanofluid at a concentration of 250
ppm of nanocomposites for both electrical conductivity and
IFT measurements. At concentrations of 100 and 250 ppm of
the nanocomposite, MMT reduces the electrical conductivity
of the solution. At higher concentrations than 250 ppm, the
concentration of ZnO increases, and the conductivity of

Figure 14. IFT value between water and oil in the presence of nanocomposite solutions.

Figure 15. Contact angle of oil droplets to the carbonate pellets in the presence of nanocomposite solutions.
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nanocomposites also increases due to the generation of free
electrons.53
At the selected concentration of 1500 ppm, the lowest IFT

19 mN/m was obtained and considered as the optimum
concentration. Although this nanocomposite was not very
successful in reducing the IFT, the main purpose of the
nanocomposites is not to reduce IFT. Therefore, other
mechanisms such as wettability alteration should be inves-
tigated.
Wettability alteration is one of the most important e!ective

parameters of nanofluids in increasing the oil recovery from the
reservoirs. Hence, the contact angle measurements were
conducted in the presence of di!erent concentrations of
ZnO/MMT under ambient conditions.
Figure 15 shows the contact angle values of the oil droplets

with carbonate pellets at di!erent concentrations of the
nanofluid. According to the contact angle measurement results,
the ZnO/MMT nanocomposite was able to alter the
wettability of the carbonate rock from oil-wet to water-wet.
As can be seen from Figure 15, until 1500 ppm, with increasing
concentration of NC, the contact angles have decreased. The

concentrations of 100, 250, 500, 1000, 1500, and 2000 ppm
result in contact angles of 63.94, 45, 32, 30, 26, and 26°,
respectively. Although higher concentrations of nanofluids are
usually more e!ective in altering wettability, they may reduce
the permeability of the reservoir rock.54
The concepts of nanofluids and resulting wettability

alteration should be discussed in a procedure that causes
nanofluids to a!ect the surface wettability of rocks. Nanofluids
are fluids that include dispersed nanoparticles with a diameter
of 1−100 nm.55,56 Nanofluids generate a thin film on the
surface of the solid, according to Chengara, Nikolov, Wasan,
Trokhymchuk, and Henderson (2004), and the consequent
restrictions of the positioning of the nanomaterials inside of
this film force the nanomaterials to emerge in regular layers.57
The entropy of the whole system grows as a result of the
increased space available for the nanomaterials’ twisted
movement, and as a result, a tremendous pressure value is
induced on the system’s restricted volume. The configuration
and size of nanoparticles can a!ect the generated pressure
profile.58 According to McElfresh, Olguin, Ector, and others
(2012), a thin film di!used over the rock’s surface can separate

Figure 16. Measured dynamic IFT values of di!erent concentrations of the synthesized nanocomposite in CMC solutions of the surfactant
(di!erent hybrid concentrations).

Figure 17. IFT values between water and oil in the presence of the CP−ZnO/MMT hybrid solutions vs di!erent concentrations of ZnO/MMT
nanocomposites.
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adherent oil, para!n, and gas from the rock surface.59 The
separation of these components, which causes the rock to be
oil-wetting, ends in a water-wetting situation. When compared
to the fluid and reservoir rock, the intensity of this
phenomenon is mostly determined by the characteristics of
the nanofluid and dispersed nanoparticles. The e"ects of
altering the wettability of nanosized materials lead the film to
form. The development of pressure in the system also results in
the formation of a wedge-like film, which is referred to as
structural disjoint pressure.59 It is caused by Brownian motion
(random movements of suspended nanoparticles in a fluid)
and repulsive electrostatic interactions between nanopar-
ticles.60,61 According to Aveyard, Binks, and Clint, the
properties of the rock surface, the temperature of the base
fluid, salt content, and, in particular, the quantity and size of
nanoparticles all impact the nanofilm’s progression. An
elevated level of nanoparticle particle numbers leads to an
amplification of disjoint overpressure in the system and a
consequent decrease in the contact angle if no other
mechanismsuch as the attraction of nanocomposites on
the surface of solid rockdisputes with the nanofilm.
Increasing concentrations leads to larger disjointed pressure
values, resulting in a reduction of contact angle values.62
3.4.3. Hybrid Solution (CP−ZnO/MMT). In this step, the

IFT between oil and di"erent concentrations of ZnO/MMT as
a solute in the hybrid solution was measured. To make the

hybrid solution, the CP at the CMC which was obtained earlier
from electrical conductivity, pH, IFT, and contact angle
methods was used as the dispersing agent, and the ZnO/MMT
nanocomposite with di"erent concentrations was used as the
dispersed agent. 100, 250, 500, 1000, 1500, and 2000 ppm of
ZnO/MMT nanocomposites were used to make hybrid
solutions and then used in the IFT and contact angle
measurements. Figure 16 illustrates the dynamic IFTs in the
presence of di"erent concentrations of nanocomposites in the
hybrid solution. The vertical axis is the instantaneous measured
IFT value reported through the applied software, and the
dotted-colored series are the 15 pointed moving averaged
governed trend lines of the oscillating real IFT curves. Figure
17 presents the equilibrium values of the IFTs in the presence
of di"erent concentrations of the nanocomposite. 2.6, 2.4, 5,
5.8, 7.7, and 9.8 mN/m were obtained at concentrations of
100, 250, 500, 1000, 1500, and 2000 ppm of nanocomposites
in the hybrid solution, respectively. Compared to the CP, the
hybrid solution significantly reduces the IFT. The optimal
concentration of the nanocomposite at the hybrid solution was
observed at 250 ppm which shows an 80% reduction in IFT.
The reason for this significant reduction in IFT is due to the
stability created in the new solution (Figure 18B). At
concentrations higher than 250 ppm, the IFT increases
because the surfactants become more involved with the

Figure 18. Mechanism of a hybrid solution to change IFT: (A) surfactant solution at CMC concentration. (B) Hybrid solution at the optimum
concentration of nanocomposites. (C) Decreasing nanosurfactants at the interface of oil−water by increasing the nanocomposite concentration.

Figure 19. Contact angle values of the oil droplets on the surface of the carbonate pellets in the presence of hybrid solutions versus di"erent
concentrations of the nanocomposite.
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nanocomposite, and their amount at the oil−water interface
decreases (Figure 18C).
Figure 19 illustrates the results of contact angle measure-

ments of CP-ZnO/MMT solutions which were measured at
concentrations of 100 to 2000 ppm of ZnO/MMT nano-
composites. As the results show, 32, 17.82, 18.8, 19, 19.3, and

20° were obtained at concentrations of 100, 250, 500, 1000,
1500, and 2000 ppm of the nanocomposite, respectively. The
lowest contact angle was obtained at 250 ppm which reduced
the contact angle from the initial value of 134 to 17.82° which
shows 86.7% optimization. This hybrid fluid has altered the
wettability from oil-wet to strong water-wet.

Table 1. Results of IFT and Contact Angle Measurements in the Presence of Di!erent Solutions

material concentration (ppm) IFT (mN/m) contact angle (θ) base solution
CP (surfactant) 0 27 134 DDW

500 18.5 82.5
1000 14.3 67.4
2000 13.59 57.6
3000 13 55.7
4000 12.3 54
5000 11.4 51.5
6000 12.1 52
7000 12.3 53

CP + NaCl CMC+ 0 11.4 51.5 CMC of surfactant (5000 ppm of CP)
CMC+2000 11 48.8
CMC+5000 10.5 47.5
CMC+10 000 10.5 47
CMC+15 000 9.8 46.4
CMC + 20 000 9.1 45.8
CMC + 25 000 10.4 50
CMC + 30 000 11.3 52

ZnO/MMT (nanocomposite) 0 27 134 DDW
100 37 63.94
250 38 45
500 37 32
1000 31 30
1500 19 26
2000 27 26

CP + ZnO/MMT (hybrid) CMC + 0 11.4 51.5 CMC of surfactant (5000 ppm of CP)
CMC + 100 2.6 32
CMC + 250 2.4 17.8
CMC + 500 5 18.8
CMC + 1000 5.8 19
CMC + 1500 7.7 19.3
CMC + 2000 9.8 20

Figure 20. Optimization percentages of IFT measurements in the presence of di!erent solutions.
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3.5. Comparison of IFT and Wettability Alteration
Test Results. All the results of the IFT and wettability
alteration tests in the presence of CP, CP + NaCl, ZnO/MMT,
and CP + ZnO/MMT as hybrid solutions are reported in
Table 1. As mentioned in the previous sections, all of the tests
were performed under ambient conditions. According to the
results obtained from IFT measurements in di!erent solutions,
it has been observed that the CP is able to reduce the IFT from
the initial value of 27 to 11.4 mN/m at 5000 ppm as CMC.
Also, by adding NaCl to the CMC of CP, its performance is
improved and the IFT is reduced to 9.1 mN/m at 20 000 ppm
of NaCl. The nanofluid increases the IFT between oil and
water at low concentrations. At 1500 ppm of the nano-
composite as the optimum concentration of the ZnO/MMT
nanofluid, the IFT decreases from an initial value of 27 to 19
mN/m, which indicates 29% optimization. By measuring the
IFT of oil−water in the presence of the hybrid solution of CP
and ZnO/MMT, 2.4 mN/m is obtained as the optimum value
at 250 ppm of the ZnO/MMT nanocomposite. In other words,
the obtained optimization percentages for CP, CP + NaCl, and
the CP + ZnO/MMT nanofluid are 57.78, 66.3, and 91.1%,
respectively (Figure 20).
The wettability alteration of carbonate rocks in the presence

of di!erent solutions was investigated, and the results at the
optimal concentration for each solution are presented in Figure
21. At the CMC of CP, the contact angle decreases from 134
to 51.5°. In other words, this surfactant alters the wettability
from oil-wet to water-wet. By adding NaCl to the surfactant,
the contact angle is reduced more until a contact angle value of
45.8° is obtained at 20000 ppm of NaCl and the CMC of the
surfactant. Then, the wettability alteration of carbonate rock in
the presence of the ZnO/MMT nanocomposite was studied.
The ZnO/MMT nanocomposite is able to alter the wettability

from oil-wet to water-wet. At an optimum concentration of
1500 ppm of ZnO/MMT, the contact angle decreases from the
initial value of 134° to 26°. The best results of wettability
alteration tests were obtained in the presence of the
nanocomposite-surfactant hybrid solution. In other words,
the hybrid solution is able to reduce the contact angle of the oil
droplet to 17.82°, which indicates strong water-wet wettability.
As can be seen in Figure 21, the optimization percentages for
CP, CP + NaCl, ZnO/MMT nanofluid, and hybrid solutions
to wettability alteration are 61.57, 65.82, 80.59, and 86.70%,
respectively.

3.6. Core Flooding and Reservoir Properties. To
evaluate the potential of the natural surfactant, nanocomposite,
and hybrid solutions, three flooding experiments at the
optimum concentrations of CP + NaCl (CMC + 20 000
ppm of NaCl), nanocomposite (1500 ppm), and hybrid (CMC
+ 250 ppm of nanocomposite) solutions under ambient
conditions were performed. In this study, three carbonate cores
were used to perform core flooding tests. The specifications of
each core can be seen in Table 2. First, the cores were
saturated with seawater, and the saturated core weight was
measured. By subtracting the saturated weight from the dry
weight of the core, the PV of each core was obtained. Also, by
dividing the obtained PVs by the density of seawater, the
volume of water in the cores was obtained. In the next step, oil
was injected into the cores until no more water was produced
from the cores. By reducing the volume of produced water
from the total amount of water in the pores, the irreducible
water of each core was obtained. As can be seen in tale 4, the
irreducible water was 36.54, 38.4, and 38.46% for cores
number 1, 2, and 3, respectively.
After saturating the cores with crude oil and achieving

irreducible water saturation, seawater was injected into the

Figure 21. Optimization percentages of wettability alteration tests in the presence of di!erent solutions.

Table 2. Specifications of Carbonate Cores

core
number

diameter
(cm)

length
(cm)

bulk volume
(cm3)

dry core weight
(gr)

saturated core weight
(gr)

PV
(cm3)

porosity
(%)

permeability
(MD)

Swirr
(%)

OOIP
(%)

no. 1 3.74 6.5 71.37 164.35 178 8.4 11.76 3.5 36.54 63.46
no. 2 3.74 6.79 74.55 178.038 187.038 9.612 12.89 3.6 38.4 61.6
no. 3 3.74 5.65 62.04 148.8 155.3 6.5 10.48 3.9 38.46 61.54
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cores at 0.2 cm3/min rates to produce oil from the cores as
secondary production. The oil recovery, pressure, and PV of
injection into cores 1, 2, and 3 are illustrated in Figures 22, 23,
and 24, respectively. The secondary production is 41.12, 43.16,
and 42.5% for core nos. 1, 2, and 3, respectively. Also,
according to the pressure diagram, the breakthrough points for
core nos. 1, 2, and 3 occur at 0.28, 0.27, and 0.24 PV,
respectively.
CMC of CP solution (5000 ppm) at the optimum

concentration of NaCl (20000 ppm) was injected into the
core no. 1 to investigate the e!ect of the natural surfactant on
increasing oil recovery. Figure 22 illustrates the results of water
and surfactant flooding. After 3.4 PV water flooding, the CP
solution was injected into the core no. 1. As can be seen in
Figure 22a, the flooding process at this step continued until 4.8

PV, in which the oil production was not increased more. By
injecting surfactant solution after water flooding, the RF
increased from 41.12 to 49.3%, which indicates an 8.2%
additional oil recovery. Figure 22b shows the relative
permeability curve of water and surfactant flooding by the
JBN method.
To investigate the e!ect of nanocomposites on increasing oil

recovery, a solution with a concentration of 1500 ppm of the
ZnO/MMT nanocomposite was injected into core no. 2 as the
secondary recovery step. As shown in the Figure 23a, the
nanofluid has increased oil production from 43.16 to 49.2%.
The nanocomposite has the ability of 6% additional oil
recovery. Figure 23b presents the relative permeability curve of
nanocomposite flooding obtained from the JBN method.

Figure 22. Dynamic core flooding results: (a) oil recovery by water and CP flooding and (b) relative permeability curve of water and the surfactant
by the JBN method.
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Adding nanocomposites to the surfactant as a hybrid agent
can improve the performance of the surfactant, and the results
obtained from the pendant drop and contact angle tests
confirm this statement. According to the results obtained from
the previous tests, the optimum concentration of the CP-ZnO/
MMT nanocomposite solutions was identified at concen-
trations of 5000 ppm of CP as CMC and 250 ppm of the
ZnO/MMT nanocomposite. Like the surfactant flooding, the
nanofluid was injected into the core after the water flooding.
The oil recovery was fixed after 4.6 PV injection. The oil
recovery of water flooding of core no. 3 was 42.5% which
increased to 55.5% after nanofluid flooding. In other words,
13% additional oil recovery was obtained by nanofluid flooding
(Figure 24a). Figure 24b shows the relative permeability curve
of water and nanocomposite-surfactant flooding by the JBN
method.
The optimized values for contact angle modifications in CP

+ NaCl, ZnO/MMT, and CP + ZnO/MMT systems are 65.82,

80.6, and 86.7% in turn, while analysis of relative permeability
curves shows di!erent values for the same systems. By
governing optimized values for analysis of the wettability
alteration in carbonate and sandstone systems, intersection
points could be analyzed and their shifts to higher water
saturations are inferred as a more water-wet state. Therefore,
by measurement of these intersection points, optimized values
of 15.7, 19.64, and 4.6% are gained for CP + NaCl, ZnO/
MMT, and CP + ZnO/MMT systems, respectively. These
optimized values are di!erent from each other for even the
same systems because of the e!ects of di!erent parameters in
each system. In contact angle measurement experiments, all
rock pellets were polished to eliminate the surface roughness
e!ect, while in the porous medium, the parameter of surface
roughness is included within the wettability shifting system.
Another reason could be the lithological heterogeneities that
are included in the porous medium, while their impacts were
eliminated in contact angle measurement experiments. The

Figure 23. Dynamic core flooding results: (a) oil recovery by water and nanofluid flooding and (b) relative permeability curve of water and the
nanofluid by the JBN method.
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time of fluid/solid contact is also di!erent in contact angle
measurement experiments and dynamic core flooding experi-
ments that gain di!erent results in this comparison. The
observation of wettability alteration in each dynamic core
flooding system is a di!erence of the wettability state induced
by both seawater and EOR fluid, while in contact angle
measurement experiments, EOR fluids were analyzed with the
initial oil-wetted state.
The following equations were used to calculate the mobility

ratio and capillary number63,64

=M
k
k

( / )
( / )oil

water

where M, k, and μ are the mobility ratio, relative permeability,
velocity, and viscosity, respectively.

= VCa

where Ca is the capillary number, μ represents the viscosity, V
stands for the velocity, and γ shows water−oil IFT.

Figure 24. Dynamic core flooding results: (a) oil recovery by water and hybrid solution flooding and (b) relative permeability curve of water and
hybrid solution by the JBN method.
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According to the calculated relative permeability of oil and
water for secondary water injection and viscosity values,
mobility ratios of 27.64, 28.2, and 29.4 were obtained for core
nos. 1, 2, and 3, respectively. Based on the IFT values of IFT of
27 mN/m during water flooding as secondary flooding,
capillary numbers of 3.7 × 10−7, 2.5 × 10−7, and 2.8 × 10−7

were obtained for core nos. 1, 2, and 3, respectively. Like the
secondary flooding step, the mobility ratio was calculated for
tertiary steps, and the 10.65, 8.3, and 10.15 values were
obtained for the surfactant, nanocomposite, and hybrid
flooding, respectively. The capillary numbers 7.3 × 10−6, 9.1
× 10−6, and 6.7 × 10−6 were obtained for the surfactant,
nanocomposite, and hybrid flooding, respectively.

4. CONCLUSIONS
CP plant was introduced as a new natural surfactant source,
and the performance of the natural surfactant was investigated
in the presence of the ZnO/MMT nanocomposite as a hybrid
solution on the EOR. The following results were obtained:
(1) The IFT measurements show that the CP at CMC has

the potential to reduce IFT of the oil−water from 27 to
11.4 mN/m. Also, by adding NaCl to the CMC of CP,
this amount is reduced to 9.1 mN/m.

(2) Although the ZnO/MMT nanocomposite solution does
not perform well in reducing the IFT between oil and
water, in combination with the extracted surfactant as a
hybrid agent, it is able to reduce the IFT well and reduce
its value from 27 to 2.5 mN/m.

(3) The results of wettability alteration tests demonstrate
that the CP surfactant alters the surface of carbonate
rock to the weakly water-wet. When the various
concentrations of NaCl are combined with the CP
surfactant at CMC, the wettability becomes more water-
wet.

(4) Nanofluids have a better performance than the extracted
surfactant in altering the wettability, which alters the
wettability from oil-wet to strong water-wet.

(5) Core flooding experiment results show 8.2, 6, and 13%
additional oil recovery for the surfactant at optimum
salinity, nanocomposite, and hybrid solution at the
optimum concentrations of the nanocomposite, respec-
tively.
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Abstract
Nanoparticles as novel EOR agents are used to enhance the production of crude oil. This improvement is due to the improved
surface activity at the crude oil–brine–rock interface and disjoining pressure. The aim of this study was to examine the
role of the greenly synthesized nanocomposites (NCs) in EOR applications. For this purpose, Fe3O4/mineral–soil NCs were
synthesized from the extract of Euodia hortensis plant and characterized using several analytical techniques. Nanofluids were
prepared from dispersing the synthesized NCs in distilled water at different ranges of concentrations from 250 to 1000 ppm.
The role of the developed nanofluids on the IFT reduction,wettability alteration and oil recoverywas experimentally examined.
Different IFT values of crude oil with the presence of nanofluids were estimated, and the minimum IFT of 3.69 mN/m was
obtained with NF1000 solution formulated from mixing 1000 ppm within the distilled water, while the wettability was highly
altered toward the strong water-wet system from 99.15 to 22° contact angle when dispersing 1000 ppm of NCs in water. In
addition, NF1000 solution was enabled to improve oil recovery by 11.28% original oil recovery (OOIP) under the spontaneous
imbibition process.

Keywords Green synthesis · Nanocomposites · Nanofluid · Interfacial tension ·Wettability · Spontaneous imbibition

1 Introduction

Water injection is commonly used worldwide to maintain the
reservoir pressure and increase oil recovery, which is able to
produce around 40% of crude oil [1, 2]. The remaining 60%
of the original oil in place (OOIP) in the reservoir is bypassed
and/or trapped because of the poor sweep and displacement
efficiencies of the injected water [3, 4]. The trapped hydro-
carbons are usually extracted from the reservoirs due to the
change in rock/fluid/fluid interactions using several chemi-
cal EOR methods, such as surfactant, polymer, low salinity
water and alkaline [5, 6]. Chemical methods are dominant in
some mechanisms; surfactants are active the IFT reduction
[7, 8], low salinity can alter the wettability of rock surfaces,
and the mobility ratio is controlled by polymers [9].
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1 Department of Petroleum Engineering, Faculty of
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Nowadays, nanoscale materials are dispersed in water or
other solvents to prepare nanofluids with improved physio-
chemical properties, which are used in different applications
in the oil and gas industry [10–13]. In 2012, Roustaei
et al. used hydrophobic and lipophilic polysilicon (HLP) and
neutrally wet polysilicon (NWP) NPs to improve the IFT
reduction and oil recovery [14]. Authors reported that three
used types of NPs had a positive impact on oil recovery, but
HLP reduced IFT more greatly compared with others. The
influences of Fe2O3,Al2O3 andSiO2 NPs on theEORperfor-
mance were studied by Joonaki and Ghanaatian [15]. Since
the high reduction in the value of IFT and strong alteration
in the wettability are obtained, Al2O3 and SiO2 enabled to
improve oil recovery more efficiently compared with Fe2O3.
Bayat et al. [16] developed deionized water nanofluids using
Al2O3 and TiO2 NPs and demonstrated improved recov-
ery in a carbonate system at different temperatures. Their
experimental results showed that the impact of TiO2 in IFT
reduction and recovery improvement is less compared with
Al2O3. Furthermore, improving the surface of the NPs can
improve their activity and role in improving oil recovery
due to providing more EOR mechanisms. In this way, Ju
and Fan [17] reported improved oil recovery up to 21% by
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preparing and applying the polymer-coated SiO2 nanomate-
rial in IFT reduction and wettability alteration. Synthesizing
Fe3O4/chitosan nanocomposites was successful in extract-
ing 10.8%OOIP additional crude oil due to reducing the IFT
forces between oil and aqueous phases, altering the wetta-
bility behavior of carbonate rock [18]. In addition, Qi et al.
[19] coated the surface of SiO2 NPs with polymer and stud-
ied its effect on the IFT and wettability behaviors. They are
successful in improving oil recovery by extra 10% OOIP,
while Lim and Wasan [20] were not successful in producing
an extra crude oil from carbonate rocks by dispersing cop-
per NPs within the polyethylene glycol. Meanwhile, Zhang
et al. [21] produced additional 17% OOIP by mixing the
silica NPs in polyethylene glycol. In addition, Nowrouzi
et al. [22] studied the impact of titanium oxide nanoparti-
cles on oil recovery factor by spontaneous imbibition. They
reported that TiO2 at 1000 ppm concentration enabled to pro-
duce 70%OOIP by spontaneous imbibition process. The role
of TiO2 induced by xanthan gum in EOR was investigated
by Keykhosravi et al. [23]. Their obtained results showed
that extra 25% OOIP was extracted by injecting the polymer
nanofluid solution. Nourinia et al. [24] investigated the role
of the ZnO/Montmorillonite nanocomposites in EOR appli-
cations. The used NCs was capable in reducing IFT by 46%,
alter the wettability toward the water-wet and improve oil
recovery by 7.8% OOIP.

The ultimate goal of this study was to synthesize the
objective-oriented nanocomposites in eco-friendly and green
way from the extract of the Euodia hortensis plant to be used
in EOR applications. The validity of the synthesized NCs
was confirmed using different analytical techniques includ-
ing SEM, XRD and FTIR. The change in the values of IFT
and contact angle was investigated under the influence of the
synthesized NCs.

2 Materials andMethods

2.1 Materials

In this study, several chemicals with the high purity of 99%
were purchased from Merck Company for the synthesis of
nanomaterials (sodium carbonate, Na2CO3; iron(III) chlo-
ride hexahydrate, FeCl3·6H2O; n-hexane) and cleaning the
rock samples (methanol and ethanol). For aging rock pellets,
saturation of core plugs and performing the experimental
measurements of IFT, CA and coreflooding, a sample of
the crude oil with the density of 0.879 gm/cc (29.5° API)
and viscosity of 1.37 cP was used. In addition, the rock
samples were taken from the carbonate outcrops for core-
flooding and contact angle measurements. For synthesizing
the nanocomposites in a green way, Euodia hortensis leaves
were used. Euodia hortensis is from the family of Rutaceae

that is a shrub to small tree and mostly distributed in the
South Pacific. The plant has some medicinal effects such
as treating yellow eyes and urine and neurological diseases.
The phytochemical content of the plant is mainly included in
essential oils, menthofuran, evodone, hortensol, berberine,
furoquinoline, alkaloids, phenolics and flavonoids in which
the last three constituents are major components of the plant
extract. Meanwhile, the presence of the considerable amount
antioxidantswithin theEuodia hortensis plantwas confirmed
[25–29].

2.2 Synthesis and Characterization
of Fe3O4/Mineral–Soil Nanocomposites

The synthesis of Fe3O4/mineral–soil NCs was carried out in
several steps; (1) Preparation of the plant extract, (2) Synthe-
sis of Fe3O4 nanoparticles, (3) Development of nanocom-
posites, and (4) Characterization of the synthesized NCs as
shown in Fig. 1. TheEuodia hortensis leaf was dried at ambi-
ent temperature and powdered. In 500-mL flask, 50 gm of the
dried powderwasmixedwithin the distilledwater usingmag-
netic hot plat stirrer at 70 °C for 2 h. The achieved extract
was then filtered using the centrifugation at 7000 rpm. After-
ward, 5 gm of FeCl3·6H2O and a certain amount of Na2CO3
to keep pH above 10 were mixed with 100 mL of the fil-
tered extract in 250-mL flask. The mixture was well mixed
until the dark color was obtained and filtered using the cen-
trifuge to separate the precipitate. The collected precipitate
was burned in an oven and then washed using ethanol to
achieve the green iron oxide NPs. Lastly, the synthesized
NPs were mixed with 12 gm of natural mineral soil using
a refluxing system at 70 °C and 700 rpm for 12 h to obtain
Fe3O4/mineral–soil NCs. The validity of synthesized NCs
was confirmed by conducting several analytical techniques
of scanning electron microscope (SEM), X-ray diffraction
(XRD and Fourier transform infrared spectroscopy (FTIR).

2.3 Preparation and Characterization of Nanofluids

Nanofluid, as EOR injection solutions, was formulated from
mixing the nanomaterials within the aqueous phase; water
was selected in this study. Nanofluids are those fluids that
carry the nanomaterials in the porous media [30]. In this
study, the synthesized green NCs were mixed with water at
different concentrations of 250, 500, 750 and 1000 ppm to
formulate NF250, NF500, NF750 and NF1000 EOR injec-
tion solutions using the magnetic stirrer hot plat for 2–3 h
at ambient temperature and 600 rpm. In order to obtain the
better dispersion stability of the nanofluids, they were mixed
using the ultrasonic homogenizer for 30 min. Afterward, the
main characteristics (pH and conductivity) of the formulated
nanofluids were measured.
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Fig. 1 Schematic illustration of the green synthesize of Fe3O4/mineral–soil NCs from the extract of Euodia hortensis plant

2.4 IFT and Contact Angle Measurements

The schematic illustration of the setup used in measuring
the IFT and contact angle of the oil droplet with the pres-
ence of the nanofluids is shown in Fig. 2. As can be seen,
the used setup consists of the HD camera, pumps, projection
light, chambers and computer. To measure the IFT, the high-
resolution camera was used to take the image of the crude
oil droplet and transferred to the computer to measure its
dimensions (see Fig. 2i). In addition, the wettability of the
used carbonate rock was determined using the contact angle
measured for the crude oil droplet on the surface of the pre-
pared rock slices using the theory shown in Fig. 2. As can be
seen, the state can be defined as the oil-wet when the contact
angle is higher 90° (seeFig. 2iv), neutralwetwhen the contact
angle equals to 90° (see Fig. 2iii) or water-wet at the contact
angle less than 90° (see Fig. 2ii) [31, 32]. The contact angle
of the crude oil droplet was measured using the setup shown
in Fig. 2v with the presence of Fe3O4/mineral–soil NCs at
different concentrations. From the collected rock samples,
the smooth slices about 2 mm were prepared. The prepared
thin slices were carefully polished and cleaned by distilled
water and toluene. The cleaned and dried rock pellets were
then immersed and left within the crude oil for 1 week to
obtain the aging. Then, the aged thin slices were put into the
formulated nanofluids for 2 days to evaluate the performance
of the synthesized NCs at different concentrations.

2.5 Spontaneous Imbibition

The experimental setup of the spontaneous imbibition (SI)
test used in this study to evaluate the performance of the syn-
thesized NCs in improving oil recovery is shown in Fig. 3.
The setup consists of anAmott cell installed in an oven, a pis-
ton, a manual pump, CO2 cylinder, gauges and valves [22].
Two core plugs shown in Table 1 were used for the sponta-
neous imbibition tests. The porosity and permeability of the
core plugs are ranged between 17 and 18%and about 7.5mD,
respectively. The initial water saturation of core plugs 1 and
2 is 21 and 23.4%, respectively. After conducting the rock
properties measurements, the prepared core plugs were sat-
urated with the crude oil for two weeks. The saturated plugs
were placedwithin theAmott cells andfilledwithwater using
the burette to the specific level (see Fig. 3). The experimen-
tal test was monitored to determine the amount of the oil
expelled form the core plugs and recorded as % of original
oil in place (%OOIP) versus for 28 days at 50 °C. In this
study, the aqueous phase of water and nanofluid is prepared
from mixing 1000 ppm of the prepared Fe3O4/mineral–soil
NCs within water.
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Fig. 2 Schematic illustration of
IFT and CA measurement setup
for fluid/fluid and fluid/fluid/rock
systems exist in this study: i) IFT
measurement, and v) contact
angle measurement (CA)

Fig. 3 Schematic illustration of
the spontaneous imbibition setup

Table 1 Main features of the
carbonate core plugs used in the
study

Core plug L (cm) D (cm) Porosity
(%)

K (mD) PV (cc) OOIP
(cc)

Swi
(%)

Sor
(%)

Plug#1 8.5 3.7 17.23 7.36 9.31 7.35 21.0 79.0

Plug#2 8.4 3.7 18.41 7.55 10.17 7.79 23.4 76.6
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Fig. 4 XRD pattern of green synthesized Fe3O4/mineral–soil NCs

Fig. 5 FTIR spectra of green
synthesized Fe3O4/mineral–soil
nanocomposites

3 Results and Discussions

3.1 Characterization of Fe3O4/Mineral–Soil NCs

XRD spectrum of the synthesized NCs is shown in Fig. 4. As
can be seen, the XRD spectrum of Fe3O4/mineral–soil NCs
contains all the peaks associatedwith the crystalline planes of
magnetite NPs along with the mineral soil. The peak with the
highest intensity at the diffraction angle of 27° is related to the
magnetite nanoparticles. Other existing peaks in the diffrac-
togram suggest the availability of the polymer chain which is
the mineral soil. In addition, Fig. 5 presents the FTIR analy-
sis of the Fe3O4/mineral–soil NCs at thewavenumber ranged

from 450 to 4000 cm−1 and ambient temperature. The exist-
ing main peaks at 462.94, 1018.34, 1084.11, 3431.82 cm−1

confirm the deposition if the phytochemicals on the surface of
the nanostructure available in the synthesized of Fe3O4 and
mineral soil. The bending peak of S–O group can be seen at
the wavenumber of 462 cm−1, and the stretching vibration
of S=O group is observed at 1018 cm−1. However, a very
broad trough of O–H stretch is recognized at the wavenum-
ber of 3431 cm−1. Figure 6 illustrates the SEM images of
Fe3O4/mineral–soil NCs. The size, shape, morphology and
the distribution of the particles within the synthesized NCs
are verified. As can be seen, the nanoparticles on the surface
of the mineral–soil have the quasi-spherical shape with a size
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Fig. 6 SEM morphologies of the Fe3O4/mineral–soil NCs; a 1 um, b 500 nm, and c 200 nm

Fig. 7 Properties of the formulated nanofluids at different concentrations; a pH, and b conductivity

ranged between 10 and 50 nm [33]. These analyses confirmed
the synthesis of the green Fe3O4/mineral–soil NCs.

3.2 Characterization of Nanofluids

The prepared nanofluids from Fe3O4/mineral–soil NCs at
different concentrations were characterized using pH and
conductivity. The particle aggregation and the suspension
stability of the nanomaterials are significantly influenced by
pH as stated by Fovet and Gal [34] and Wen et al. [35]. They
reported that a solution with the pH value ranged between 6
and 7 could have a high suspension stability. The pH values
measured of the developed nanofluids are shown in Fig. 7a.
As can be seen, a minimum pH of 6.7 was measured from the
nanofluid containing 250 ppm of Fe3O4/mineral–soil NCs.
The pH was gradually increased by increasing the concen-
tration of the synthesized NCs from 250 to 1000 ppm. Even

though the variation is not high and a weak impact of the
NCs concentration was identified, the change happened in
the value of pH was favorable as gives a high stability [34,
35]. The maximum pH value obtained at 1000 ppm of NCs
is 7, while Fig. 7b shows the conductivity of the prepared
nanofluids. As is obvious, the value of conductivity is var-
ied between 20 and 55 µS/cm. The minimum conductivity
of 20 µS/cm was measured at nanofluid prepared from con-
centration of 250 ppm, and the maximum conductivity of 55
µS/cm was recorded at the concentration of 1000 ppm of
Fe3O4/mineral–soil NCs.

3.3 IFT Reduction

The reduction in the IFT value is crucial in improv-
ing oil recovery that was achieved with the influence of
Fe3O4/mineral–soil NCs. The maximum value of IFT was
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Fig. 8 IFTs of crude oil/nanofluid systems at different concentration
from 250 to 1000 ppm

recorded for the crude–oil/water system when no nanoma-
terials were existed which is 28.3 mN/m. The IFT started
to be reduced directly after adding a small percentage of
the synthesized NCs of 250 ppm into water. At this stage,
the decline was 5% from 28.3 to 27 mN/m as demonstrated
schematically by the shape of the crude oil in Fig. 8. The IFT
was continuously reduced by 19% when the concentration
of the Fe3O4/mineral–soil NCs was doubled to 500 ppm.
In addition, a better reduction in the value of IFT can be
seen when the concentration of the synthesized NCs was
increased to 750 ppm. With increasing the concentration of
the Fe3O4/mineral–soil NCs within water, a higher percent-
age of the reduction in the value of IFT was noticed. Thus,
with having a nanofluid prepared from dispersing 750 ppm
withinwater a reduction of 23%was achieved. The IFT of the
oil droplet was continued in reduction to its minimum value
of 14 mN/m with the presence of NF1000. Overall, the IFT
was dropped by 50.5% under the influence of the prepared
nanocomposites from 28.3 to 14 mN/m (see Fig. 8).

3.4 Wettability Alteration

The wettability alteration has a significant role in improv-
ing oil recovery when the oil-wet alters to water-wet in the
porous media. This happens by reducing the disjoining pres-
sure exists in the interference between the aqueous phases
exit on the surface of the rock. In this study, the wettability
alteration was estimated based on the values of the contact
angles (CAs) measured for the crude oil droplets on the sur-
face of the rock slices with and without the presence of the
nanofluids, as shown in Fig. 9. As can be seen, a strong oil-
wet state with the contact angle of 134° was recorded before
adding the synthesized NCs into water. Meanwhile, the wet-
tability was changed to oil-wet by reducing the contact angle
to 99.15° with the presence of NF250 solution at 250 ppm of
Fe3O4/mineral–soil NCs. The value of the contact angle is

Fig. 9 Contact angles the crude oil droplets on carbonate slices under
the impact of Fe3O4/mineral–soil NCs

then decreased with increase in the concentration of the syn-
thesized NCs. A sharp decline ranged of 77.5% in the value
of the contact angle was observed when the concentration
of the green NCs was doubled to 500 ppm. The reduction
in the value of the contact was continued to 24.8° and 22°
by adding 750 and 1000 ppm of Fe3O4/mineral–soil NCs. In
addition, the mechanism of the wettability alteration along
with the distribution of the crude oil on the carbonate slices
with existing the nanofluids (NF250, NF500 and NF1000) is
shown in Fig. 10. As is obvious, the minimum contact angle
was achieved with NF1000 solution which is 22° when the
crude oil is almost free. This proves a significant alteration
of the wettability from the oil-wet to the strong water-wet
system which leads the hydrocarbon to move easily toward
the production well.

3.5 Spontaneous Imbibition

The spontaneous imbibition test was carried out to evaluate
the role of the synthesized NCs on oil recovery. Two core
samples from the carbonate rock were used to conduct this
test (plugs#1 and #2). Both used core plugs have the porosity
around 17–18% and permeability around 7.5 mD. The used
core plugswere saturated by crude oil (Sor)when the connate
water saturation (Swi) exists as shown in Table 1. Figure 11
illustrates the oil recovery performance of the used core plugs
versus time for 28 days. From imbibing water into the core
plug#1, the oil recovery of 47.7% OOIP was obtained after
28 days of the experiment, while the NF1000 solution pre-
pared from mixing 1000 ppm of Fe3O4/mineral–soil NCs
within water was imbibed into the core plug#2; the total
accumulated oil recovery factor from was 58.98% OOIP.
Thus, the NF1000 solution enabled to displace extra 11.28%
OOIP compared with water imbibition. The results obtained
from spontaneous imbibition are consistent with what are
presented by Nowrouzi et al. [22].
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Fig. 10 Mechanism of altering the wettability of the carbonate rock
under the influence of Fe3O4/mineral–soil NCs dependents on the
contact angle measurements at different stages: a early stage of the

wettability alteration, b late stage of wettability alteration toward the
strong water-wet, and c the strong oil-wet exists in the porous media
without any alteration
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Fig. 11 Oil recovery profile of water and nanofluid imbibition test dur-
ing 28 days

4 Conclusions

Green Fe3O4/mineral–soil nanocomposites were synthe-
sized for an objective-oriented purpose which is enhance-
ment of oil recovery from the carbonate reservoirs under the

spontaneous imbibition process. The greenNCswere synthe-
sized from the extract of Euodia hortensis plant in a green
and economical way that combines the magnetite and min-
eral soil. The analytical results from the XRD pattern, FTIR
spectrum and SEM size and shape confirmed the validity of
the synthesized NCs. 1000 ppm of Fe3O4/mineral–soil NCs
was capable of reducing the IFT from 28.3 to 3.69 mN/m.
The wettability of the carbonate rock was strongly altered
from strong oil-wet of 134° contact angle to water-wet of
22° contact angle using NF1000 solution. The NF1000 solu-
tion prepared from mixing 1000 ppm Fe3O4/mineral–soil
NCs within water enabled in displacing extra 11.28% OOIP
compared with water imbibition.
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A B S T R A C T   

In order to maximize oil recovery, combined enhanced oil recovery (EOR) methods can be used, which benefit 
from several mechanisms simultaneously. The application of nanotechnology and mutual solvents were studied 
separately in recent years. Mutual solvents have the ability to dissolve in both aqueous and oil phases and can 
show similar performance to surfactants in the water–oil interface. In this study, the effect of ethanol and methyl 
ethyl ketone solvents with and without a new nanocomposite on the reduction of interfacial tension (IFT) as a 
mechanism of the main EOR has been examined. The addition of these solvents to nanofluids is a new strategy 
that enhances the reactions at the interface of the two phases and improves the performance of the IFT mech-
anism. Also, diluted formation water samples were used as the simplest and most accessible smart water and 
synergistic effects on the system were investigated. Mutual solvents were tested at 5, 10, and 15 % by volume 
with and without nanocomposite at 25, 50 and 75 ◦C. In this way, different parameters of salinity, temperature, 
different concentrations of solvents and nanocomposite on IFT reduction were investigated. According to the 
results, each of these processes separately has positive effects in reducing IFT. But the combination of smart 
water - mutual solvent - nanocomposite showed the best effect in reducing IFT. The addition of solvents to water 
and nanofluids has a good potential to reduce IFT in reservoirs with high temperature and high salinity con-
ditions. The optimum concentration of nanocomposite in the presence and absence of solvent was 1000 ppm, 
which shows that the optimum concentration NCs for IFT reduction is not affected by the presence of the solvent. 
But adding solvent to different concentrations of nanofluid has positive effects in reducing IFT. In general, methyl 
ethyl ketone has a stronger effect on reducing IFT than ethanol. Finally, the minimum IFT was observed for a 
mixture of 1000 ppm nanocomposite and 15 % methyl ethyl ketone with 50 % formation water as the base fluid 
at the temperature of 75 ◦C.   

1. Introduction 

According to projections of the International Energy Agency (IEA), 
by 2035, the global demand for fossil fuels would have increased by 
about one-third [1]. Also, many oil fields have reached their half-life and 
due to exploration problems, the discovery of new oil reservoirs has 
decreased [2,3]. Additionally, primary and secondary recovery methods 

can produce about one-third of the original oil (OOIP) [3]. Thus, the 
development of new EOR methods is vital in oil industry to commer-
cially recover more oil and to delay the abandonment of oil fields [3,4]. 
Combined EOR is a common method that can lead to the ideal EOR 
process by promoting and modifying one or more EOR methods and 
causes further loss of remaining saturated oil content [5]. 

One of the most important and efficient mechanisms for EOR is the 
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IFT reduction between the oil and the injected fluid. The indicator of 
energy at the interface of two immiscible fluids is known as interfacial 
tension (IFT) [6]. The IFT value is a measure that shows the miscibility 
of fluids in the reservoir; the lower the IFT value, the closer the fluids are 
to miscibility. An IFT value of 10-3 mN/m is considered ultra-low and 
indicative of a fully miscible fluid state, while the average IFT value 
between oil and water under standard conditions is 10–30 nM/m. A high 
IFT value between oil and water causes immiscible behavior between 
fluids and prevents the displacement of oil from the reservoir. By 
reducing the IFT, the capillary pressure decreases,and the extraction of 
the oil trapped in the reservoir’s pore network is made easier [7]. 
Nanofluids, surfactants, polymers, and low-salinity water tend to reduce 
IFT and are successful agents in EOR processes [6]. 

Changing ion concentrations to increase beneficial ions and decrease 
harmful ions, as well as diluting or purifying saline samples to reduce 
total salinity, and generally changing water chemistry are known as 
smart water, engineered water, advanced ion management, and low 
salinity water [8–10]. The main mechanism of smart water is wettability 
alteration [11], and the effect of salinity on reducing or increasing IFT 
has not been well established. The results and trends vary based on the 
systems studied and the test conditions, which may depend on the 
composition of the crude oil and the thermodynamic conditions. 
Increasing or decreasing IFT can also be influenced by different brine 
formulations [12]. The utilization of water extracted from reservoir 
formation can be assessed when access to water is challenging or un-
available. Cost estimation may show that treating and controlling ion 
concentration will be less expensive than transferring water with lower 
salinity to the field [11]. 

Moreover, the use of nanotechnology as modern knowledge in EOR 
shows that it can be effective in reducing IFT. The use of nanofluids is 
also known as smart nanofluids [5,13,14]. Nanoparticles are small 
particles (1–100 nm) and are significant in EOR due to their chemical 
and physical properties [15]. The ability of these particles to provide a 
powerful driving force for diffusion due to their large surface area, 
especially at high temperatures, is one of their most interesting and 
important characteristics [16,17]. Also, due to the small size of nano-
particles, they can easily pass through the pore throat in a porous me-
dium [18]. Some favorable results of the use of nanoparticles in EOR, 
such as IFT reduction [4,19,20], wettability alteration [21,22], asphal-
tene inhibition [23], reducing the viscosity of oil [24,25], increasing the 
viscosity of injecting fluid [26–28], disjoining pressure [29–31], pore 
channel plugging [32,33], and nano-emulsion creation [34]. Many 
research studies have reported that nanoparticles play important roles in 
chemical enhanced oil recovery (CEOR) processes [4,35]. smart water 
[36,37], surfactants [2,38–41], polymers [42,43], gas [44], and injec-
tion as carbonated [8,45] are chemical methods commonly used with 
nano enhanced oil recovery (NEOR) method [5]. In other words, hybrid 
nanocomposites can improve the performance of the CEOR process to 
increase the potential for wettability alteration and reduce the IFT by 
CEOR techniques [46–48]. Various liquids such as surfactant, alcohol, 
polymer, distilled water and brine with different salinities are used to 
disperse the nanoparticles and prepare the nanofluid for EOR [49,50]. 
Solvents with different mechanisms increase oil recovery compared to 
conventional water flooding [51] and are used as an independent or 
combined method with other methods [52]. Mutual solvents are soluble 
in both water and oil phases and include ethyl alcohol, isopropyl 
alcohol, tertiary butyl alcohol secondary butyl alcohol, n-amyl alcohol, 
methyl ethyl ketone, acetone [53], dimethyl ether [54], and others. In 
the first study, Holm et al. showed that by injecting a slug of mutual 
solvent, the oil in the porous medium is displaced. They found that the 
relative solubility of the solvent in oil and water, and the distance 
traveled by the flood are two factors influencing oil recovery efficiency 
[53]. Chernetsky et al. introduced Dimethyl Ether Enhanced Waterflood 
(DEW) as a novel EOR technology and they reported that the residual oil 
saturation by the solvent was significantly lower than the conventional 
waterflood [54,55]. Chahardowli et al. demonstrated that continuous 

dimethyl ether/polymer (DMEP) flooding has a higher recovery than 
continuous dimethyl ether/brine (DMEB) flooding and shortens oil 
production time. Their results also show that combining polymer and 
dimethyl ether can the reduce viscosifying effect of the polymer [51]. 
Dehaghani and Badizad investigated the viscosity reduction by heptane, 
methanol, toluene, and gas condensate. The viscosity of heavy oil 
decreased with toluene, heptane and gas condensate, but methanol 
increased the viscosity due to the formation of hydrogen bonds [56]. 
Ratnakar et al. reported similar results for decreasing oil viscosity and 
increasing oil recovery by simulating the phase behavior of dimethyl 
ether, using experiments and the PVT model [57–59]. AlZayer et al. 
studied the behavior of two mutual solvents, diethyl ether and carbon 
dioxide (CO2) as carbonated water, and showed that oil recovery in-
creases in carbonate plugs. The mass transfer of mutual solvents from 
the water phase (injection phase) to the oil phase, oil swelling and vis-
cosity reduction mobilized the oil [60]. Javanmard et al. observed sig-
nificant oil production by dimethyl ether in a fractured chalk reservoir 
core plug. The dimethyl ether is rapidly transferred from the brine so-
lution to the oil, and partitions into the oil in the low permeability, 
eventually increasing oil production [61]. Nowrouzi et al. used meth-
anol and acetone as mutual solvents in different volume ratios to 
investigate IFT and wettability alteration. Acetone was more effective 
than methanol in reducing IFT and contact angle. Decreased IFT was 
directly related to increased pressure and solvent concentrations of 
methanol and acetone and inversely related to increased salinity. Also, 
more hydrophilicity with increasing solvent concentration, increasing 
pressure, and increasing seawater salinity were directly related, but the 
presence of CO2 showed an inverse relationship with increasing salinity 
[52,62]. Nowrouzi et al. evaluated the dynamic and equilibrium oil 
swelling under the influence of injected fluid containing soluble CO2 and 
acetone at 75 ◦C and various pressures. They found that oil swelling 
increases over time to reach a near-constant value at equilibrium time 
and the presence of acetone could increase oil swelling. Acetone volume 
ratio, pressure and salinity were directly related to oil swelling [63]. 
Table 1 depicts a summary of literature findings on the effects of brine, 
nanocomposite materials, and solvents on IFT. 

Regarding related literature, the effect of adding different percent-
ages of mutual solvents to nanofluids to reduce the IFT of oil has not 
been investigated. In other words, the combined method of smart water - 
mutual solvent - nanocomposite has not been done so far and the NEOR 
and CEOR methods are performed separately and in combination to 
investigate the reduction of IFT. Moreover, in most studies of CEOR by 
solvents, the mechanisms of oil swelling and viscosity reduction have 
been tested and the ability of solvents to reduce IFT has not been fully 
investigated. Current work focuses on the reduction of IFT by ethanol 
and methyl ethyl ketone solvents with and without smart water and 
nanofluids. In order to evaluate the effect of nanocomposites on IFT 
reduction, three concentrations of 500, 1000 and 1500 ppm nano-
composite were dispersed with distilled water, formation water with 
initial concentration and diluted formation water. After measuring IFT 
and determining the optimum concentration of nanocomposite, the ef-
fect of adding different volume ratios of both solvents on reducing IFT 
was investigated to maximize the benefits of these nanocomposite. 
Various parameters such as salinity, temperature, and different con-
centrations of solvents and nanocomposite on IFT were evaluated based 
on pendant drop experiments. 

2. Materials and equipment 

2.1. Brine and crude oil 

Asmari formation water was used to prepare the solution, the anal-
ysis of which is shown in Table 2, and we used distilled water to dilute 
the formation water. The dead crude oil used in the Iranian Gachsaran 
reservoir was supplied and its properties are presented in Table 3. 
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2.2. Ethanol and methyl ethyl ketone solvents 

Ethanol and methyl ethyl ketone with ≥99 % purity were purchased 
from Merck Company. Ethanol with the chemical formula C2H6O has 
densities of 0.790–0.793 and methyl ethyl ketone with the chemical 
formula C4H8O has densities of 0.804–0.805 g/cm3, at 20 ◦C. 

2.3. Synthesis of SiO2/KCl/Xanthan nanocomposites 

In this study, a new nanocomposite called SiO2/KCl/Xanthan was 
used to prepare nano-suspensions. The composition of this nano-
composite includes KCl (as a common salt), SiO2 (as nanoparticles) and 
xanthan gum (as a natural stabilizing polymer). Na2SiO3, euphorbia 
condylocarpa plant extract, xanthan gum, KCl and ethanol are needed to 
synthesis this nanocomposites, and NaOH was added during this pro-
cess, to adjust pH. Sodium silicate (Na2SiO3) was purchased from Sigma- 
Aldrich Company and other chemical additives for nanocomposite 
synthesis were provided from Petrochem Company. 

In order to synthesize the nanocomposite, 100 mL of euphorbia 
condylocarpa plant extract was first mixed with 5 gm of Na2SiO3 while 
stirring at 80 ◦C for 10 hr at 10 pH as shown in Fig. 1. After the com-
ponents were mixed together thoroughly, precipitation was obtained. 
Then the obtained precipitation was separated and added to an etha-
nolic suspension of 10 gm of the xanthan substrate at 80 ◦C for 5 hr 
under reflex conditions. Further, after drying and milling of the pre-
cipitate, the milled SiO2-xanthan nanocomposite was mixed with 100 
mL KCl-hydroalcoholic solution at 100 ◦C and stirred for 4 hr. Finally, 
the SiO2/KCl/Xanthan nanocomposite was produced by drying and 
milling of the final precipitate [74]. 

2.3.1. Characterization of SiO2/KCl/Xanthan nanocomposites 
X-ray Diffraction (XRD), Fourier-Transform Infrared Spectroscopy 

characterization test (FTIR), and scanning electron microscope (SEM) 
analytical approaches have been performed to determine the crystalline 
phases, functional groups, and surface morphology of NCs. The XRD 
spectrum of Fig. 2 includes all peaks with crystalline planes of all three 
components Xanthan, SiO2, and KCl, and is related to their crystallinity 
and phase limpidness of silica NPs and KCl on the xanthan surface. The 
three main peaks indicate the presence of SiO2 and KCl in the synthe-
sized NCs. The nanocomposite has a high phase purity because the XRD 
pattern shows no diffraction peak caused by other impurities. In general, 
there is a typical broad peak in the XRD pattern, which is related to the 
amorphous phase SiO2 and shows the associated small particles and 
their inner structure, and thus high purity. According to Fig. 3 the NCs 
FTIR spectrum is in the wavelength range of 400 to 4000 cm−1 which 
contain several main peaks [a-e] and shows existing compound bond 
systems. The main peaks around 600 (a), 1050 (b), 1450 (c), 1600 (d), 
2800 (e), and 3420 (f) cm−1 are related to C–C, stretching C–O, 
sp2-stretching C––C, stretching C––O, sp3-stretching C–H, and stretch-
ing O–H bonds, respectively. Based on the above spectrum, the pres-
ence of organic functional groups of phytochemicals adsorbed on the 
surface of NCs, and indicates the proper synthesis and good performance 
of the nanocomposite. SEM analysis has been used to the study surface 
morphology of the nanocomposite images taken by Scanning Electron 
Microscopy. According to Fig. 4, the SiO2 nanoparticles and KCl were 
continuously distributed on the surface of the xanthan substrate. SEM 
micrographs show that the particle size of the nanocomposite is in the 
range of nanometers and has a homogeneous and spherical structure, 
which indicates the successful synthesis of green NCs [74]. 

2.4. Density, conductivity and pH measurements 

Density measuring device model DA-640 made by KEM company is 
used to measure density at different temperatures (in the range of 
0–90 ◦C). Its measurement range is 0 to 3 g/cm3 with an accuracy of 
0.0001 g/cm3. This apparatus measures the density of fluid based on the 

Table 1 
Summary of literature findings on the effects of brine, nanocomposite materials, 
and solvents on IFT.  

EOR 
technique 

Type of materials Outcome References 

Smartwater Formation-brine/[NaCl 
& CaCl2] 

IFT decreases with 
increasing salinity. 

[64] 

Complex reservoir brine IFT increased with 
increasing salinity, 
pressure and 
temperature 

[65] 

Formation-brine +
seawater/[NaCl & CaCl2] 

IFT decreased with 
increasing salinity. 

[12] 

Seawater IFT increased with 
increasing salinity. 

[52] 

Yates reservoir brine IFT decreased with 
increasing salinity. 

[66] 

Deionized-water +
sweater/[NaCl] 

There is no clear 
relationship between IFT 
and crude oil properties. 

[67] 

Different complex brine 
systems 

IFT reduced with no 
clear prediction of the 
correlation for pure 
hydrocarbons. 

[68] 

Nanofluids TiO2, MgO & γ-Al2o+
smartwater 

IFT reduction from 
25.677 to 12.818, 
12.785 and 9.332 mN/ 
m, respectively. IFT 
increased with 
increasing salinity. 

[5] 

ZnO/ SiO2/bentonite +
smartwater 

IFT reduced from 21.18 
to 2.59 mN/m. IFT 
increased with 
increasing salinity. 

[49] 

TiO2/Quartz +
smartwater 

IFT reduced from 36.4 to 
3.5 mN/m. 

[48] 

ZnO@ PAM NCs + DTAB 
surfactant 

IFT reduced from 29.16 
to 1.354 mN/m. 

[3] 

SiO2/Montmorilant/ 
Xanthan + deionized 
water 

IFT reduced from 36 to 
15.42 mN/m. 

[15] 

NiO/SiO2 + distilled 
water & seawater 

IFT reduced from 28 to 
1.84 mN/m. 

[69] 

SiO2 + SDS surfactant IFT reduced from 20 to 
1.87 mN/m. 

[70] 

SiO2 + surfactant IFT reduced from 35 to 
10.9 mN/m. 

[19] 

SiO2, TiO2& Al2O3 + 3 
wt% NaCl brine 

IFT reduced from 19.2 to 
17.5, 15.2 and 12.8 mN/ 
m, respectively. 

[71] 

Al2O3, Fe2O3 & SiO2 +
propanol 

IFT reduced from 38.5 to 
2.25, 2.75 and 1.45 mN/ 
m, respectively. 

[34] 

SiO2 + 5 wt% NaCl water IFT reduced from 26.5 to 
1.95 mN/m. 

[72] 

SiO2& FSPNs + ethanol IFT reduced from 37.5 to 
22.1 and 13 mN/m, 
respectively. 

[73] 

HLP & NWP + ethanol IFT reduced from 26.3 to 
1.75 and 2.55 mN/m, 
respectively. 

[20]  

Table 2 
Composition of formation water used in the study.  

Na+ K+ Mg2+ Ca2+ Fe2+ Cl− HCO−
3 SO2−

4 TDS [mg/L] 

57,031 57,031 1701 9000 0 108,275 220 768 176,995  
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resonant frequency oscillation method. Before each use of the device, it 
is washed with water and acetone and then dried. Also, Mettler Toledo 
S230, and WTW™ inoLab™ Cond 7310 were used to measure conduc-
tivity and pH, respectively. 

2.5. IFT measurement 

IFT measurement between oil and different types of solutions was 
performed using the pendant drop method. A VIT-6000 device (manu-
factured by Fars, accuracy 99 %) includes ISCO pumps, a chamber with 
glass windows, a metal needle (needle is closed in the bottom of the 
chamber), a light projection, a camera and a computer with an image 

Table 3 
The composition and main roperties of crude oil used in the study.  

Component C1 C2 C3 iC4 nC4 iC5 nC5 C6 C7 C8 C9 C10 C11 C12
+ Total 

Molar percent  0.00  0.08  0.73  0.72  2.22  1.10  1.10  8.66  9.32  6.60  7.14  5.36  5.01  51.96  100.0 
Molecular weight(MW) = 247 

Molecular weight of C12
þ = 380 

Specific gravity of C12þ @15.55 ◦C = 0.9369 
Saturation pressure of reservoir fluid @60.6 ◦C = 14.04 MPa  

Fig. 1. Schematic illustrates the procedural steps of developing NCs [74,75].  

Fig. 2. XRD spectrum pattern of the nanocomposite [74,75].  
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processing software, which is used to measure the value of IFT in both 
static and dynamic conditions. In this method, for measuring IFT be-
tween two liquids, after pouring the solution into the experimental 
chamber, a drop of crude oil is suspended from the needle in the pres-
ence of the solution (filled in the main chamber). Crude oil drop is 
controlled by ISCO pump (Teledyne ISCO, Model D − 500, pressure 
accuracy 0.1 %) and whit a digital camera, images of oil droplets are 
recorded at various time stages. Software according to Eq. (1) calculates 
the IFT between oil droplets and aqueous solution, and IFT is measured 
at three different temperatures, which are regulated by a temperature 
regulator. Fig. 5 shows the illustration of this device [15,76]. 

γ = gDe2Δρ
H (1)  

Where “γ” is the interfacial tension (mN/m), “g” is the gravity force, 
“De” is the equatorial diameter of the drop (cm), “Δρ” is the density 
difference between two immiscible liquids (g/cm3) and “H” is the co-
efficient of the drop shape [15]. 

2.6. Ultrasonic agitation system 

The Hielscher Ultrasonic Mixer (UP200) was used to disperse 
nanoparticles in base fluids and has a power of 200 W and a frequency of 
24 kHz and its amplitude can vary between 20 and 100 %. Ultrasonic 
agitation device creates a homogeneous solution by converting electric 
current into mechanical vibration and creating waves of intense pressure 
in a liquid medium. The applications for this device are extremely var-
ied. The important applications of this type of agitator include the 
uniform mixing of fluids used in nanotechnology, as well as the blending 
of various types of nanomaterials with basic fluids. 

3. Experimental methods 

Fig. 6 shows the experimental procedure of this study. First, forma-
tion water in different ratios (50 % of formation water + 50 % distilled 
water), (25 % formation water + 75 % distilled water), (10 % formation 
water + 90 % distilled water), and (3 % formation water + 97 % water 
Distilled) was diluted and were tested as smart water. Then methyl ethyl 
ketone and ethanol were added to the base fluids separately at three 

Fig. 3. FTIR spectrum pattern of the nanocomposite [74,75].  

Fig. 4. SEM photographic of nanocomposites at 200Kx magnify [74,75].  
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concentrations of 5, 10 and 15 % by volume and mixed. Density and IFT 
tests were performed at three temperatures of 25, 50, and 75 ◦C. The pH 
and conductivity of the prepared chemical solutions (15 % of solvent 
within water at different salinity levels) were reported. In the next step, 
concentrations of 500, 1000, and 1500 KCl-SiO2-xanthan nano-
composites were selected for the preparation of the nanofluid. After 

adding the nanocomposite to the base fluids (formation water with 
initial concentration, diluted formation water and distilled water), it 
dispersed by an ultrasonic device for half an hour. After the optimum 
concentration of the nanocomposite was determined, different per-
centages of solvents were added separately to the nanofluids (optimum 
concentration) and mixed. Finally, the density and IFT of nanofluids 

Fig. 5. Illustration of IFT setup, (1) Illustration of digital drop of liquid shape (crude oil in this case), (2) ISCO pump for controlling crude oil droplet, (3) Main 
chamber for the IFT measurement, front view, (4) ISCO pump for filling the main chamber with fluid, (5) Light projection, (6) Main chamber, side view, (7) Video 
camera for recording, (8) computer software for interpretation [15]. 

Fig. 6. The flowchart of the experiment steps in the study. Step 1: (a) formation water in different ratios was diluted, (b) MEK and ethanol were added to the base 
fluids, (c) Density and IFT tests were performed (at three temperatures of 25, 50, and 75 ◦C). Step 2: (a) preparation of the nanofluid, (b) solvents were added to the 
nanofluids (c) Density and IFT tests were performed. 
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Fig. 7. Density graphs for binary solutions of formation water at different salinities/distilled water and ethanol/ methyl ethyl ketone (MEK) solvents at temperatures 
of 25, 50 and 75 ◦C; a) formation water, b) formation water 50 %, c) formation water (25 %), d) formation water (10 %), e) formation water (3 %), and f) 
distilled water. 
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Fig. 7. (continued). 
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with and without solvent were measured at three temperatures of 25, 50 
and 75 ◦C. Also, IFTs of various concentrations (500, 1000 and 1500 
ppm) nanofluids with various concentrations (5, 10 and 15 %) solvents 
at optimal salinity were measured. 

4. Results and discussion 

4.1. Mutual solvents 

4.1.1. Density of the mutual solvents 
Fig. 7 shows the density changes due to the increase in solvent per-

centage, salinity and temperature, and density data are used to measure 
IFT. As the concentration of ethanol and methyl ethyl ketone increases, 
the density of the solvents decreases because the density of the solvents 
is lower than that of the base fluid. As the system temperature increases, 
the density decreases. 

4.1.2. Effect of the mutual solvents on water–oil IFT 
Fig. 9 shows the equilibrium IFT values of binary solutions including 

formation water with initial concentration, ratios of 50, 25, 10, 3 % of 
formation water, and distilled water with and without 5, 10 and 15 % 
ethanol and methyl ethyl ketone solvents at different temperature. By 
increasing the concentration of ethanol and methyl ethyl ketone solvents 
in the binary mixture of water + solvent, the reduction of IFT increases. 
This decrease in IFT can be due to the structure of these two solvents. 
The structure of ethanol is a polar hydrophilic (OH) and a non-polar 
hydrophobic (C2H5). Ethanol dissolves in water because ethanol and 
water have hydrogen bonds, the ethanol–water hydrogen bond is placed 
between the water and weakens the water hydrogen bond, thus reducing 
surface tension. Methyl ethyl ketone also has a polar and non-polar 
sections and can act as a co-surfactant in aqueous solutions and be 
absorbed in the liquid–liquid interface so that this structure can explain 
the reduction of IFT by methyl ethyl ketone. By increasing the concen-
tration of solvents, the thin layer formed on the interface is strengthened 
as shown in Fig. 8. In addition, ethanol and methyl ethyl ketone have 

lower densities than water and as shown in Fig. 7, the addition of sol-
vents to water causes a smaller density difference between the solution 
and the oil. According to Eq. (1), IFT is affected by the difference in 
density of solutions and oils [52,62]. 

4.1.3. Effect of the salinity on water–oil IFT 
Examining different levels of formation water salinity to reduce IFT 

showed that the change in formation water salinity has little effect on 
IFT reduction. The lowest IFT was obtained for the mixture of 50 % 
formation water and 50 % distilled water as shown in Fig. 10. In general, 
less IFT was observed in higher formation water salinities. The IFT 
values for the initial concentration of 50, 25, 10, 3 % of formation water 
and distilled water were obtained 18.11, 17.38, 18.32, 20.32, 22.06 and 
25.65 mN/m, respectively. By diluting the formation water, the low 
concentration of divalent cations (i.e., Ca2+, Mg2+, and SO4

2-) decreases 
and in this situation, the effect of the salting-out mechanism of high 
salinity FW has a greater effect on reducing IFT than the salting-in of low 
salinity FW [77]. The mechanism of salting-out in high salinity water is 
the phenomenon that organic components are more likely to move in the 
oil phase because the solubility of polar organic components decreases 
in the aqueous phase, but the mechanism of salting-in is a phenomenon 
that is the tendency of organic particles to dissolve in water [5,77]. In 
pure water, the water molecules form a strong structure on one side of 
the aqueous phase interface, so that any interface disturbance is low 
[78]. IFT increase with the decrease of formation water salinity is 
consistent with the results of Rao et al. [66], and Xu et al. [64]. 

There is a synergistic effect on IFT reduction when both solvent and 
soluble ions are present in the solution. As shown in Fig. 8, adsorption of 
solvents at the water–oil interface creates a layer that can adsorb ions 
and increase the layer, so the oil–solvent-ion layer is thicker than the oil- 
ion layer. With increasing salinity, the solubility of solvents in aqueous 
solution decreases, which leads to an increase in solvent mass transfer 
from the aqueous phase to the oil phase [52,63]. At high salinity, the 
activity coefficient of alcohols increases, and the solubility in the 
aqueous phase decreases, thus increasing the effect of solvents [79]. We 

Fig. 8. Schematic of the mechanism reduction of IFT between oil and aqueous phase by mutual solvents.  
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Fig. 9. IFT values of crude-oil/aqeous phase under different conditions of temperature (25, 50 and 75 ◦C), solvents (ethanol and methyl ethyl ketone (MEK) and 
water salinity; a) formation water, b) formation water 50 %, c) formation water (25 %), d) formation water (10 %), e) formation water (3 %), and f) distilled water. 
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observed that when 15 % methyl ethyl ketone is added to formation 
water with initial concentration, a heterogeneous layer is formed on the 
surface of the solution (in the presence and absence of NCs). Of course, it 
should be noted that the minimum amount of IFT in the presence and 
absence of solvents was obtained for 50 % formation water, so IFT in the 
presence of solvent can depend on the IFT of the base fluid (see Fig. 10). 
Fig. 11 shows the dynamic graph of IFT for the binary solution of 50 % 
formation water and 15 % methyl ethyl ketone, which the IFT decreases 
with increasing test time until reaches a constant equilibrium value. This 
decrease in IFT over time can be due to the solvent mass transfer from 
the aqueous phase to the oil phase. According to laboratory observa-
tions, methyl ethyl ketone dissolves faster in oil than ethanol, but to 
some extent, it dissolves in formation water. In other words, the further 
reduction of IFT by methyl ethyl ketone compared to ethanol could be 
due to their partitioning coefficient. 

Fig. 10 shows a comparison of IFT results for different levels of 

salinity in the absence and presence of 15 % of solvents. Various pa-
rameters such as brine salinity, type and concentration of ions affect the 
IFT value between crude oil and brine. Measurements of pH and elec-
trical conductivity were used to evaluate the effects of salinity (Fig. 12a 
and b). It is clear from the comparison of Figs. 12 and 10, formation 
water with higher pH reduces IFT to a greater extent and 50 % formation 
water shows the highest pH and the lowest IFT compared to others in the 
presence and absence of solvent. 

4.1.4. Effect of temperature on water–oil IFT 
Comparing the equilibrium IFT graphs at temperature increased 

from 25 to 75 ◦C in Fig. 13, shows that with increasing temperature from 
25 to 75 ◦C, IFT decreases in the presence and absence of solvents. In 
fact, increasing temperature is effective in reducing IFT. This phenom-
enon can be explained by the fact that increasing temperature, decreases 
the number of hydrogen bonds formed among water molecules and, the 

Fig. 10. IFT of crude-oil/solvents systems under the effect of water salinity (formation water, HiSal (formation water 50%), MoSal (formation water 10%), LoSal 
(formation water 3%) and distilled water). 

Fig. 11. Dynamic IFT change for binary solution of 50% formation water and 15% methyl ethyl ketone.  
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energy required to create a unit area of free water is reduced. Therefore, 
leading to a decreased IFT. Moreover, at higher temperatures, the 
miscibility of water and solvent is increased, which helps to further 
reduce the IFT [80]. It should also be noted that when the temperature is 
low, the reduction of IFT is not as high as the temperature because the 
thermal motion of the solvent molecules is much weaker [81]. 

4.2. SiO2/KCl/Xanthan nanocomposites 

4.2.1. Density of the nanofluids 
As seen in Fig. 14, that when ethanol and methyl ethyl ketone are 

added to nanofluids, the density decreases as they have a lower density 
than nanofluids. As the system temperature increases, the density de-
creases and at all three temperatures of 25, 50 and 75 ◦C, the density of 
the solutions decreases with increasing concentration of solvents. It 
should be noted that by adding nanocomposite to the base fluids, the 
density increases slightly. 

4.2.2. Effect of the synthesized NCs on water–oil IFT 
To understand the behavior of IFT reduction by nanofluid and also to 

determine the optimum nanofluid concentration, IFT test between crude 
oil and nanofluid at different concentrations of KCl-SiO2-xanthan 
nanocomposite with formation water, 50 % formation water and 
distilled water were measured. Fig. 15 illustrates the equilibrium IFT 
graph for the crude oil in the presence of the KCl-SiO2-xanthan nano-
composite in the different base fluids at 25 ◦C. By adding concentrations 
of 500, 1000 and 1500 ppm nanocomposite, IFT formation water 
decreased from 18.11 mN/m to 17.14, 15.40 and 16.93 mN/m. The 50 
% formation water IFT value decreased from 17.38 mN/m to 16.44, 
14.59 and 16.10 mN/m. Finally, the distilled water IFT value decreased 
from 25.65 mN/m to 23.52, 19.51 and 21.61 mN/m. Therefore, the 
concentration of 1000 ppm nanocomposite showed optimum effective-
ness for maximum reduction of IFT in base fluids. Li et al. [82] and Dahle 
et al. [83], explained the general mechanism of IFT reduction by 
nanomaterials forming a layer at the interface between nano-fluid and 
crude oil (see Fig. 16). This layer-like structure acts as a mediator be-
tween immiscible fluids and, like surfactants, can reduce IFT in the 
interface between crude oil and fluid [46]. In other words, since the 
nanoparticles are confined to one surface, they form a thin layer around 
the crude oil. Therefore, the decrease in IFT between the two liquids is 

Fig. 12. (a) pH and (b) electrical conductivity graphs for binary solutions of formation water at different salinities/ distilled water and ethanol/ methyl ethyl ketone.  
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due to the increase in entropy, mobility and adsorption of nanoparticles 
on the surface of crude oil, which leads to an increase in pressure relative 
to volume (disjoining pressure) [15]. Brownian motion and electrostatic 
repulsion between nanoparticles lead to this pressure. Factors affecting 
the strength of this profile include pressure, temperature, particle size 
and salinity of the base fluid [5,84]. Generally, the lowest IFT value was 
obtained when 1000 ppm NC was dispersed in 50 % formation water 
(simultaneous presence of ions and NCs). Although the percentage of 
reduction of IFT in distilled water is higher than in formation water. 
With dispersing 1000 ppm KCl-SiO2-xanthan NC in formation water, 50 
% formation water and distilled water, their IFT decreased by 14.96 %, 
16.05 % and 23.94 %, respectively. When both ions and NPs are present 
in the solution (regardless of the synergistic effect between ions and 
NPs), repulsive-repulsive interactions between ions and NPs occur. In 

the competition between ions and NPs to occupy the interface, eventu-
ally, particles with kinetic energy and higher concentrations can be 
absorbed in the interface [85]. Consequently, ions can reduce the areas 
that are absorbed by nanoparticles on the interface, and increasing the 
concentration of ions decreases the absorption of nanoparticles [5]. In 
another different mechanism that considers interactions between active 
ions and NPs, ions are absorbed by the NPs as charged particles and are 
coupled with polar components of crude oil. As a result, ions and 
nanoparticles form more active particles that reinforce the layer at the 
interface thus IFT reduction increases (see Fig. 16) [85]. 

4.2.3. Effect of the synthesized NCs on water–oil IFT with the presence of 
the mutual solvents 

After determining the concentration of 1000 ppm as the optimum 

Fig. 13. IFT graphs for binary solutions of formation water at different salinities/distilled water and ethanol/ methyl ethyl ketone at; a) 25 ◦C, and b) 75 ◦C.  

Fig. 14. Density graph for ternary solutions of formation water at different salinities/ distilled water and concentration of 1000 ppm nanocomposite with different 
concentrations of ethanol/ methyl ethyl ketone at 25, 50 and 75 ◦C. 

F. Motraghi et al.                                                                                                                                                                                                                               



Application of green nanocomposites in enhanced oil recovery 

 232 

 

Fuel 340 (2023) 127464

14

concentration of the synthesized NCs in the base fluids, 5, 10 and 15 % 
ethanol and methyl ethyl ketone were added to the nanofluids and the 
effect of solvents on reducing IFT at three temperatures of 25, 50 and 
75 ◦C was investigated. Fig. 17 shows the IFT of the nanofluids prepared 
from mixing 1000 ppm SiO2/KCl/Xanthan NCs within the formation 
water, 50 % formation water and distilled water in the presence and 
absence of ethanol and methyl ethyl ketone (MEK) solvents. When sol-
vents are added to the nanofluid, the IFT decreases with increasing 
solvent concentration. The minimum IFT is 1.51 mN/m obtained for a 
nanofluid composed of 50 % formation water (MoSal) and 1000 ppm 
NCs with 15 % methyl ethyl ketone under 75 ◦C (see Fig. 17c). The 
reduction in IFT of nanofluids by methyl ethyl ketone is greater than that 
of ethanol. In previous sections of the study, IFT reduction by solvents 
and nanocomposite was observed separately. 

As is clear, with increasing temperature, IFT decreases which shows 
that nanocomposites are more effective at higher temperatures (see 
Fig. 17). This is also in agreement with Manshad et al. [49], who 
observed a further decrease in IFT by nanocomposites with increasing 
temperature. The mechanism of IFT reduction by nanocomposite and 

solvents has better performance at higher temperatures. In all three NCs 
concentrations, with increasing solvent concentration, IFT decreased, 
but the best NCs performance was obtained at 1000 ppm (see Fig. 18). It 
is noteworthy that with the addition of solvents, the concentration of 
1000 ppm has a better performance in reducing IFT and the optimal 
concentration of nanocomposite in the presence of solvent does not shift 
to a concentration of 500 or 1500 ppm NCs. Although solvents alone 
lead to IFT reduction at the interface between phases, the presence of 
NPs at the interface between oil and solvent/water causes a further 
decrease. As indicated, IFT decreases with increasing concentration of 
solvents and nanocomposites (up to 1000 ppm). 

Nanocomposites reduce IFT by forming a layer at the interface be-
tween water and crude oil [82]. SiO2 NPs are placed in the interface 
between two phases and lead to a decrease in IFT (like surfactants) [7]. 
On the other hand, mutual solvents can act as surfactants in the oil–-
water interface [52]. Surfactants and nanoparticles exhibit more com-
plex behaviors when they are at the oil–water interface in comparison 
with when they are alone at the interface. Furthermore, the extra in-
teractions between them can change the IFT [86]. Various studies on the 

Fig. 15. IFT values measured for the crude oil in the presence of the SiO2/KCl/Xanthan NCs in the different base fluids at 25 ◦C. Schematic of the effect mechanism of 
synthesized NCs on oil–water IFT. 

Fig. 16. Schematic of the effect mechanism of ions and NCs on oil–water IFT.  
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Fig. 17. IFT graph for concentration 1000 ppm of the synthesized NCs with formation water (HiSal), 50 % formation water (MoSal), and distilled water (LoSal) in the 
presence and absence of different concentrations of ethanol/ methyl ethyl ketone under different temperature ranges of; a) 25 ◦C, b) 50 ◦C and c) 75 ◦C. 
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combination of surfactants and NPs have reported different effects of 
increasing or decreasing IFT [3,78,87]. Even in some cases, adding the 
combination of surfactants and NPs has not changed the IFT value [88]. 
In other words, the localization of NPs at the interface, which is influ-
enced by the nature of NPs and the interaction between NPs and sur-
factant molecules, can reduce IFT [86]. Since nanoparticles can reduce 
the contact area and surfactants can reduce IFT, sufficient adsorption of 
surface-active agents at the interface causes further reduce IFT [89]. 

The combination of solvents with nanofluids shows a synergistic 
effect in reducing IFT, which is superior to when tested separately and 
activates an extra cooperative. Dispersion of nanoparticles in ethanol 
was done by Ogolo et al. [90] and Onyekonwu and Ogolo. [91]. 
Simultaneous use of nanoparticles and ethanol can be an additional 
advantage for EOR because nanoparticles change the properties of the 
solvent to a very good surfactant and the IFT is further reduced [91]. 
Ethanol is more prone to strong covalent bonds with hydrocarbons than 
nanoparticles in the solution state, which leads to the transforming of 
the viscous and dense hydrocarbon compound to a lighter form domi-
nated by single hydrogen bonds. As a result, the addition of solvent to 
the nanofluid due to the molecular chemistry of the solvent can cause 
covalent bonding and make it possible to mix with the oil. Finally, IFT is 
reduced to a greater extent, and the oil changes from dead to mobile oil 
with lower density (see Fig. 19) [92]. 

In general, the findings showed that each factor (ions, NCs, and 

solvents) has a complementary effect in reducing IFT. As mentioned 
earlier, the mechanism of nanoparticles and mutual solvents in reducing 
IFT is similar to surfactant molecules, they accumulate on the liquid 
surface and form a film at the interface [49,62]. Also, ions absorbed in 
the interface (due to polar components in crude oil) reduce IFT by 
forming a thin film at the interface [85]. In fact, the synergistic role of 
ions and NCs with mutual solvents in the aqueous phase has an impor-
tant effect in reducing IFT due to the evolution of active agents at the 
interface resulting from the chemical reaction [52,92]. In this case, the 
further IFT reduction is due to activating an extra cooperative by ions/ 
NCs/solvents interaction at the water–oil interface [52,91]. 

5. Conclusions 

In this study, a series of IFT tests were performed to improve oil 
recovery by smart water, mutual solvent, and nanocomposite in 
different ranges of salinity and temperature were investigated. In gen-
eral, ethanol, methyl ethyl ketone and KCl-SiO2-xanthan nanocomposite 
separately showed the ability to reduce IFT, but the combination of these 
two methods increases IFT reduction. Based on the results:  

• The mixture of 50 % formation water and 50 % distilled water 
showed the lowest IFT and with the increasing dilution of formation 
water, the relationship was reversed and the IFT increased. 

Fig. 18. IFT values of the used solvents (ethanol and methyl ethyl ketone) different concentrations of 5, 10 and 15% within the MoSal water with/withought the 
presnce of the synthesized NCs. 

Fig. 19. Schematic of IFT reduction in the presence of nanocomposites and the used solvents.  
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• IFT decreases with increasing concentration of solvents in the base 
fluid and methyl ethyl ketone further reduces IFT than ethanol.  

• The mutual solvent reduces the IFT at different salinity levels. But in 
general, in high salinity brine, less IFT was observed by solvents.  

• The lowest IFT for the binary solution is 50 % formation water and 
15 % methyl ethyl ketone value 6.02 mN/m is obtained as well as 
temperature increase from 25 ◦C to 50 and 75 ◦C, reduced IFT to 4.97 
and 3.88 mN/m. 

• Optimum NCs concentrations with and without solvents were ob-
tained at a concentration of 1000 ppm.  

• The addition of solvents to the nanofluid improves performance. The 
lowest IFT was obtained for nanofluid in the presence of 15 % by 
volume of methyl ethyl ketone with 50 % formation water as the base 
fluid at 75 ◦C.  

• Ethanol, methyl ethyl ketone and the KCl-SiO2-xanthan NCs can be 
suitable candidates for high salinity and high temperature reservoirs 
where chemical agents in CEOR such as surfactants may not be 
compatible. 
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