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Abstract 

Hypothesis: Nanofluid flooding has been identified as a promising method for enhanced 

oil recovery (EOR) and improved Carbon geo-sequestration (CGS). However, it is unclear 

how nanoparticles (NPs) influence the CO2-brine interfacial tension (γ), which is a key 

parameter in pore-to reservoirs-scale fluid dynamics, and consequently project success. 

The effects of pressure, temperature, salinity, and NPs concentration on CO2-silica 

(hydrophilic or hydrophobic) nanofluid γ was thus systematically investigated to 

understand the influence of nanofluid flooding on CO2 geo-storage.  

Experiments: Pendant drop method was used to measure CO2/nanofluid γ at carbon 

storage conditions using high pressure-high temperature optical cell. 

Findings: CO2/nanofluid γ was increased with temperature and decreased with increased 

pressure which is consistent with CO2/water γ. The hydrophilicity of NPs was the major 

factor; hydrophobic silica NPs significantly reduced γ at all investigated pressures and 

temperatures while hydrophilic NPs showed only minor influence on γ. Further, increased 

salinity which increased γ can also eliminate the influence of NPs on CO2/nanofluid γ. 

Hence, CO2/brine γ has low, but, reasonable values (higher than 20 mN/m) at carbon 

storage conditions even with the presence of hydrophilic NPs, therefore, CO2 storage can 

be considered in oil reservoirs after flooding with hydrophilic nanofluid.      

The findings of this study provide new insights into nanofluids applications for enhanced 

oil recovery and carbon geosequestration projects.  
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1. Introduction 

The potential of nanofluids in the upstream oil and gas industry has been highlighted 

recently [1]; this includes the development of novel nanofluids for enhanced oil recovery 

(EOR) [2-5], gas recovery [6, 7], drilling [8], fines migration control [9, 10], and fluid 

flow behavior in the porous medium [11], and, more recently, carbon capture and storage 

(CCS) projects [12, 13]. 

In this context of CCS, on which we focus here, there is, however, a serious lack of data 

and fundamental understanding of CO2-brine interfacial tension (γ), which is a key 

parameter determining storage capacity and containment security. For instance, structural 

and residual trapping are controlled by the capillary pressure (  ) which is a function of 

CO2-water γ and contact angle (θ) between CO2, water, and the solid surface [14-21].  

For an ideal cylindrical capillary tube.  

                                                  
          

        

 
                               (1) 

where   is the average pore throat radius of the largest connected pore,     
 is the 

pressure in the CO2 phase, and        is the pressure in the water phase.  

Furthermore, it is well known that    determine the pore-scale fluid displacement (e.g. 

Soll, Celia and Wilson [22]; ØRen and Bakke [23]), which significantly influences the 

migration of CO2 plume through the reservoir [24-28], and reservoir-scale fluid dynamics 

generally [29-31].  

The CO2/water system, particularly at carbon storage conditions, is a complex system. 

Numerous studies have investigated the effect of pressure, temperature, and salinity on γ 

of the CO2/brine system, thus showing that γ decreases with pressure, and slightly 

increase with temperature and/or salinity [32-37]. However, no data is available for 

CO2/nanofluid system despite the fact that nanofluids can in principle enhance CO2 

storage capacities [12, 13].  

We, however, note that, Dickson, Binks and Johnston [38] characterized the influence of 

silica NPs on CO2 – in – DI-water emulsion stability at room temperature and 22 MPa via 



  

visual observation, turbidity measurements, and optical microscops. Their results revealed 

that silica NPs can stabilize CO2/water emulsions, while Roustaei and Bagherzadeh [39] 

showed that silica NPs slightly increased γ for brine/crude oil system with increasing NPs 

concentrations at ambient conditions ( reaching a plateau at around 0.15 wt% NPs). More 

recently, Al-Anssari, Wang, Barifcani and Iglauer [40] examined the effect of silica NPs 

on oil (decane)/brine, and air/brine interfacial tensions at ambient pressure and elevated 

temperature. Here, a limited effect of NPs on the air/water and oil/water γ was observed, 

although a combination of NPs with anionic surfactants led to a drastic reduction in γ. 

Despite these efforts, there is a serious lack of data for of CO2-aqueous nanofluid γ at 

carbon storage conditions, which are however key parameters and significantly increase 

project risk [21] 

We thus measured γ of the CO2-nanofluid system at various pressures, salinities, 

temperatures, NP concentration and NP hydrophilicity. The results are subsequently 

discussed in the context of how nanofluid-CO2 γ impacts on CCS storage capacities and 

containment security.  

 

2. Experimental Methodology 

2.1 Material 

Hydrophilic silicon dioxide (SiO2) NPs, purchased from Sigma Aldrich, (particle size: 

5-10 nm, and surface area: 140 m
2
.g

-1
) were used directly (bare) or after surface 

modification as hydrophobic (hybrid) NPs. 3-aminopropyl triethoxysilane 

(H2N(CH2)3Si(OC2H5)3 from Sigma Aldrich; mol wt = 221.37 g/mol, Fig.1) was used as a 

surface modification agent to render the hydrophilicity of NPs (see section 2.2 below), 

[41, 42]. CO2 (99.9 mol% from BOC, gas code-082) was used as a supercritical fluid. 

Deionised (DI)-water (from David Gray; electrical conductivity = 0.02 mS.cm
-1

) and 

sodium chloride (NaCl; ≥ 99.5 mol% purity, from Scharlan) based brine were used as 

base-fluids to formulate different nanofluids. Potassium chloride (KCl; ≥ 99.0 mol% 

purity) and calcium chloride (CaCl2; ≥ 97% purity) purchased from Sigma Aldrich were 

also used to formulate different brines. 



  

 

Fig. 1. Chemical structure of (3-aminopropyl) triethoxysilane 

 

2.2 Surface chemistry modification silica NPs 

Hydrophilicity of NPs is a key factor for the distribution of nanostructures onto fluid/fluid 

and solid/fluid interfaces. Thus, the effect of NPs hydrophilicity was investigated. To 

achieve this, the surface of the original silica NP was modified with 3-aminopropyl 

triethoxysilane, [41, 42]). 

 

 

Scheme 1. Attachment of (3-aminopropyl) triethoxysilane to silica nanoparticle 

surfaces. 

 

Experimentally, 1 g of bare silica NPs were sonicated in 50 mL ethanol using an 

ultrasonic homogenizer (300 VT Ultrasonic Homogenizer/ BIOLOGICS) for 5 min to 

prepare a nanoparticle dispersion. In addition, a pre-hydrolyzed solution was prepared by 

adding 0.7336 g (3-aminopropyl) triethoxysilane into a mixture of 14.82 mL ethanol and 

0.18 g water. Note that the amounts of silane, ethanol, and water used depend on the mole 

number of hydroxyl group existing in 1 g of SiO2 NPs [43, 44]; thus three molecules of 



  

water are needed for a total hydrolysis of each (3-aminopropyl) triethoxysilane molecule 

[45]. The pH of the modification solution was kept below the isoelectric point of silica 

NPs at around 1 – 2 [46] by adding a small amount of concentrated aqueous hydrochloric 

acid [42]. The modification solution was stirred magnetically for 20 min and then pipetted 

to the NP dispersion, and the whole mixture was rigorously agitated with a magnetic 

stirrer for another 24 h, all preparation was done at room conditions. Eventually, silanized 

NPs were centrifuged and impregnated with ethanol for 24 h to remove the excess silane, 

then dried at 70°C for 24 h.  

 

2.3 Nanofluids formulation 

Nanofluids were formulated via sonication of the insoluble silica NPs in the base fluid 

using an ultrasonic homogenizer [39, 40]. Different weights of dry hydrophilic or 

hydrophobic SiO2 NPs (0.2, 0.4, 1.0, 1.4, 2.0 g) were mixed with 20 ml of different brines 

(0 – 5 wt% NaCl, KCl, or CaCl2) to formulate nanofluids with different NP 

concentrations (0.01, 0.02, 0.05, 0.07, 0.10 wt% SiO2). Each formulation was rigorously 

dispersed with a 240 W sonication power for 2 min to achieve adequate homogeneity. 

Note that once dry NPs come into contact with water, the high surface energy NPs tend to 

aggregate with each other. Efficient sonication is the only way to break down these 

aggregates and disperse individual NPs in the base fluid. Further, to mimic real CO2 

storage conditions, CO2 and nanofluid were mixed in a mixing reactor. In this context, 

nanofluid was stirred with CO2 in the mixer at the prescribed pressure and temperature for 

each experiment for 1 h. This is sufficient for equilibrationg water and CO2 [47]. In all 

experiments in this work, the fluids were left in the equilibrator for the same period of 1 h 

to ensure the consistency in all experiments.  

 

2.4 CO2-nanofluid interfacial tension (γ) measurements 

The pendant drop method [48] was used to measure CO2-nanofluid γ. To achieve this, a 

high-pressure high-temperature goniometer was used (Fig.2). Initially, the pressure cell 

was heated to the prescribed temperature, and CO2 gas was continuously flushed through 

the cell at ambient pressure for 15 min. Then the outlet valve was closed and further CO2 



  

was injected into the cell with a high precision syringe pump (ISCO pump model 500D) 

to raise the pressure to the prescribed value. Once the pressure was stabilized, using a 

second syringe pump (ISCO pump model 260D), the nanofluid was injected into the cell 

through a dispensing needle. The second pump was set to a relatively low flow rate (0.4 

ml/min) and a drop of nanofluid was produced at the end of the dispensing needle which 

gradually increased in volume to the point when it fell down due to gravity. A 

microscopic video camera (Basler scA 640–70 fm, pixel size = 7.4 μm; frame rate = 71 

fps; Fujinon CCTV lens: HF35HA-1B; 1:1.6/35 mm) was used to monitor and record the 

entire process. For γ measurements, images were extracted from the movies files at the 

instant just before the droplet fell down. 

The axisymmetric drop shape analysis (ADSA) was used to digitally measure γ [48-50]. 

The average standard deviation of γ measurements was ± 2 mN based on replicated 

measurements (each test was repeated four times). 

  

 

Fig.2. Schematic diagram for interfacial tension (γ) measurement at CO2 storage 

condition.  

 

3. Results and Discussion 

Despite many studies which have reported the interfacial tension of CO2-water systems 

[32-34, 36, 37, 51, 52], no data is available for CO2/nanofluid systems. Thus here γ of the 

CO2/nanofluid system was measured as a function of pressure, temperature, salinity, and 



  

NP load and initial hydrophilicity, to build up the database and to understand the 

interaction properties of CO2/ nanofluid systems. The results are discussed in the 

subsequent sections and related to their potential impact on CCS projects. 

 

3.1 Effect of pressure and temperature on IFT  

Initially, to benchmark the measurements against literature data and to gain a baseline for 

assessment of NP effects, γ of the CO2/DI-water system was measured at different 

temperatures (296 K, 313 K, 323 K and 343 K) and pressures (0.1 MPa, 1 MPa, 5 MPa, 

15 MPa, and 20 MPa), Fig. 3.  

 

Fig.3. CO2/DI-water γ as a function of pressure and temperature. 

Clearly, at a constant temperature, CO2-water γ strongly decreased with increasing 

pressure before reaching almost a pseudo-plateau at around 12 MPa. This is consistent 

with the reported data in the literature [32-37]. Mechanistically, increased CO2-pressure 

increases the anisotropic time-averaged van der Waals attraction for water molecules 

towards the CO2 interface [53, 54], thus increasing temperature - which lowers this 

attraction - increased γ (mN/m), which is consistent with the experimental and published 

data [34, 36, 51, 55].  
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3.2 Effect NP’s concentration on γ   

 

Fig.4. γ of CO2-nanofluid as a function of NP concentration (0 – 0.1 wt% bare silica NPs 

in DI-water) at a different pressure (0 – 20 MPa) and constant temperature (343 K). 

γ decreased significantly with increasing NP concentrations, Figure 4. For instance, an 

increase, in NP load from 0 to 0.05 wt% reduced γ by 10% at ambient pressure, and by 

12% at 20 MPa (at 343 K). However, further increase in NP concentration (i.e. ≥ 0.05 

wt%) showed no more γ reduction. Mechanistically, NPs are adsorbed at the CO2/water 

interface, resulting in γ reduction. Thus increased NPs concentration reduced γ until 

interfacial adsorption capacity was reached [2, 7, 40]. Reaching the adsorption capacity at 

the fluid/fluid interface prevents further adsorption of NPs onto the interface. 

Consequently, there is a maximum NP concentration above which γ is no further affected. 

Note that γ was again influenced by pressure due to above-stated reason. 

 

3.3 Effect of salt type and concentration on γ  

The effect of salinity on CO2/nanofluid γ is due to both CO2 solubility [25] and NPs 

stability [56]. Considering the fact that salinity and brine chemistry vary widely in 

subsurface formations [57], the influence of salt type and concentration on CO2/nanofluid 

γ was systematically investigated at carbon storage conditions (e.g. 20 MPa and 343 K).  
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 Fig. 5. CO2/nanofluid (0.01 wt% NPs) γ as a function of the salt type and concentration 

at high pressure (20 MPa) and Temperature (343 K). 

Interfacial tension (γ) increased with salinity following a linear trend. The divalent ion 

       increased γ significantly which reflects the decreasing in CO2 solubility in the 

aqueous phase, consistent with literature data [35]. Monovalent ions       and     

showed less effect on CO2/nanofluid γ, consistent with the reported data concerning 

CO2/brine systems [26]. Typically, ion interaction with the uppermost layer of water 

dominates the effect of salinity on γ. This interaction depends, strongly, on the 

polarization properties of ions [58]. Mechanistically, ions that being barred from CO2 

phase have an adverse affinity for the interface and are tightly constrained into the bulk of 

the aqueous phase. Consequently, a significant gradient in ionic strength around the 

interface is established leading to an amplified attraction of the water molecules into the 

bulk of the aqueous phase. This leads to increase the required energy for expanding the 

interfacial area and thus increasing IFT. This phenomenon is expected to be more 

extensive at both higher ion concentration and ion charge.   

  

3.4 Mutual effect of salts and NPs on IFT at high pressure and temperature  

It is well-established that salts have a dramatic impact on NP behavior in the liquid phase 

[59]. This is due to the screening effect of electrolytes on NP’s surface charge and thus 
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the repulsive forces between NPs [56]. We therefore systematically investigated the 

mutual effect of salt and NPs on γ (Fig. 6). 

 

 
Fig. 6. Mutual effect of various concentrations of NPs and different salts on the IFT of 

CO2/brine system at high pressure (20 MPa) and temperature (343 K). 

Our results show that salts, particularly at higher concentrations (5wt %), can eliminate 

the influence of NP on γ. This was true for all ions types, but more significant for the 

divalent salt (CaCl2). Electrostatic interactions between NPs themselves and the bulk fluid 

phases determine the NP’s effect on the interfacial properties. Furthermore, NPs’ surface 

charges can dramatically change if electrolytes are present, even at very low 

concentrations [56, 59] which impacts on the adsorption properties of the NPs onto the 

CO2/brine interface. In DI-water, the repulsive forces between NPs are sufficient to keep 

these NPs separated, and they freely move to the CO2/water interface due to the Brownian 

motion. However, in brine, the screening effect of the electrolytes on NPs’ surface 

charges can increase the electrostatic van der Waals attraction between NPs leading to 

accelerated adhesion between the NPs [6]. Further, the resultant larger aggregates will be 

trapped in the bulk fluid, away from the interface [7]. Thus, less NP influence is noticed 

in the presence of electrolytes, particularly at higher concentrations.       
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3.5 Effect NP’s hydrophilicity on γ 

The impact of hydrophilic versus hydrophobic silica NPs on γ was probed, also as a 

function of their concentration at carbon storage condition, i.e. 20 MPa, and 343 K.  

 

Fig. 7. Effect of NP’s concentration and hydrophilicity on CO2/nanofluids γ 20 at 20 MPa 

and 343 K. 

Clearly, for all NP’s concentrations, hydrophobic (hybrid) NPs reduced γ more 

significantly than the corresponding hydrophilic NPs. Furthermore, γ decreased with 

increasing NP concentration reaching a pseudo-plateau at around 0.03 wt% for bare NPs, 

while increasing concentration of hydrophobic NPs continuously reduced γ over the tested 

concentration range (0 – 0.1wt %). Typically, IFT of pure liquids and fluids is certainly 

influenced by impurities including all surface active materials such as surfactants and 

NPs. Mechanistically, when NPs are dispersed in the water phase, they either orientate in 

the bulk of fluid or travel to the interface depending on the surface properties of the NPs. 

This is due to the fact that hydrophilic NPs are tightly packed in the bulk water phase [7], 

while hydrophobic NPs instantaneously move towards CO2/water interface (Fig. 8), 

leading to a more significant γ reduction.  
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Fig. 8. Interfacial behavior of hydrophilic and hydrophobic nanoparticles in the 

CO2/water system. 

    

3.6 NPs adsorption mechanism at the CO2/water interface 

The adsorption/ desorption of NPs at the interface is a complicated phenomenon which 

mainly attributes to the Brownian motion and the van der Waals energy of the NPs. 

Typically, mobilization of NPs in the bulk fluid in all directions (i.e. to or away from the 

interface) is entirely related to the NP’s Brownian motion which is resulted from the high 

surface to volume ratio of nano-sized materials. While the attachment of NPs on the 

interface and interactions between adjusted particles are controlled by the van der Waals 

energy. Further, the irreversibility of NPs adsorption is related to the large hydrodynamic 

forces (weak attraction forces) and the high diffusion coefficient (dispersibility in the 

solution). Consequently, attachment of NPs on the interface is limited by either the energy 

barrier which has to be overcome by the particles to attach or detach at the surface or the 

ability of NPs to diffuse across dispersion media. Thus, the unique feature of the NPs 

adsorption and desorption phenomena is due to the presence of weak attractive energies 

which can be overcome by diffusion to facilitate the migration of NPs across different 

phases.    

 

4. Conclusions 



  

Nanoparticles (NPs) can dramatically influence the interfacial properties of fluid/fluid 

systems [2, 40].  Such interfacial properties play an important role in fluid flow in porous 

media [4]. This includes the CO2-brine interfacial tension (γ) on which we focus here – 

and which determines CO2 storage capacity, CO2 migration in subsurface formations and 

CO2 containment security [15, 16, 21, 24, 25, 27, 28, 34, 54]. This study has thus 

systematically examined the effect of different silica nanoparticles (NPs), inclusion 

hydrophilic (bare) and hydrophobic (hybrid) NPs on γ at carbon geo-storage conditions 

(i.e. high pressure and high temperature). The measured data for CO2-water system 

(without NPs) were consistent with the reported data in the literature [32-37] in terms of 

the effect of pressure, temperature, and salinity. The addition of NPs, however, 

significantly reduced γ. A key factor here is the hydrophilicity of the NPs. Thus an 

increase in hydrophilic NP concentration (from 0 to 0.05 wt%) reduced γ by 10% at 

ambient pressure and 12% at 20 MPs, and γ pseudo-plateaued out at ≈ 0.03 wt% NP 

concentration, consistent with data for oil/nanofluid systems [39, 40]. However, 

hydrophobic (hybrid) NPs continuously decreased γ with increased hybrid NPs load for 

all tested concentrations (0 – 0.1 wt% hybrid NPs), by 41 % from 29 to 17 mN/m ±2 at 20 

MPs and 343 K, thus hybrid NPs are generally more effective in reducing γ. Furthermore, 

salts and particularly divalent salts (CaCl2) compensated the effect of NPs on γ. This work 

thus provides the first insight into the effect of NPs on CO2-brine interfacial tension (γ) 

and their potential effects on underground carbon storage projects.  
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