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Abstract

Nanoparticles (NPs) have recently gained great attention as effective agents for enhanced oil recovery 

(EOR) applications. Herein, we are synthesizing, characterizing, and designing naturally-derived sili-

cate-based nanopyroxene, and evaluating their potential as nanofluids for EOR. The proposed in-house 

NPs offer opportunities for scalability for field applications with no environmental footprints at a low cost. 

Techniques, such as SEM, FTIR, XRD, TGA, DLS, and Z-potential were conducted for the produced NPs to 

confirm their surface identity, functionality, stability, and morphology. In comparison with brine, nanofluids 

were generated from the synthesized NPs to test their performance toward EOR using sandstone cores. 

The EOR performance was investigated by interfacial tension (IFT), contact angle, spontaneous imbibition 

and displacement tests. The results showed that the nanofluids have the ability to improve oil recovery 

after water flooding. Contact angle in the presence of brine and nanofluids were measured as 74 ± 2° and 

40.5 ± 2° respectively, confirming wettability alteration from oil-wet to water-wet. Interfacial tension was 

also noticeably reduced with the produced nanofluids at all temperatures, showing their great potential for 

oil displacement. To prove that,  core flooding experiments were performed, confirming the capability of 

nanofluids as effective EOR agents in hydrocarbon reservoirs by recovering an additional 11 % after brine 

flooding.



Enhanced Oil Recovery using Nanoparticles 3

Introduction
Conventional oil recovery methods (i.e., 

primary and secondary) typically extract 

approximately one-third of the original 

oil-in-place in the reservoir. [1] Estimated 

reserves worldwide range up to 1.5 trillion 

barrels. Using the figure of one-third of 

1.5 trillion barrels, it is estimated that the 

remaining oil after conventional recovery 

would be approximately 1.0 trillion barrels. 

[2,3] Several enhanced oil recovery (EOR) 

techniques, generally grouped together 

as tertiary production schemes such as 

thermal recovery, chemical flooding or gas 

flooding, have targeted these huge unex-

ploited reserves. [2,4] However, finding an 

economical, environmentally friendly and 

efficient method to extract the remaining 

residual oil after primary and secondary 

recovery still remains a challenge. Besides 

that, current tertiary practices depend 

on crude oil prices. [5,6] Hence, further 

studies are needed to introduce sustain-

able, affordable, cost-effective, efficient, 

and environmentally friendly techniques. 

Moreover, oil companies are relentlessly 

under pressure, continuously looking for 

novel techniques to recover the trapped oil 

which has taken up a huge portion of the 

total cost during oil recovery.  

In recent years, nanotechnology as an 

alternative in the form of nanoparticles 

(NPs) alone or integrated with the already 

mentioned conventional enhanced recov-

ery processes have shown promising 

performance in improving oil recovery. 

[7-9] Nanoparticles (diameter size between 

1 and 100 nm) can drastically improve oil 

recovery by changing the geomechanics 

of the reservoir and modifying the reser-

voir properties, like altering the reservoir 

wettability and reducing the interfacial 

tension between oil and flooding fluid. [10] 

Based on their adsorption capability, they 

can be used in overcoming production 

problems such as inhibiting asphaltene 

and wax deposition. [11-13] The proposed 

nano-EOR mechanism includes interfacial 

tension reduction, wettability alteration, 

oil viscosity reduction, enhancing thermal 

recovery, improving the fluid rheology, 

and structural disjoining pressure. [14-16] 

However, most of these studies have been 

conducted under ambient conditions and 

using costly prepared precious nanomate-

rials. Moreover, the recovery mechanism 

using NPs still requires further investigation 

especially by using environmentally friendly 

and cost-effective NPs at reservoir condi-

tions. 

Purpose of the Study
The objective of this study was to synthe-

size, characterize, and design naturally-de-

rived silicate-based nanopyroxene, and 

evaluating their potential application as 

nanofluids for EOR. The formulated nano-

fluids were evaluated for their potential to 

recover residual oil by performing interfa-

cial tension, contact angle measurements, 

and spontaneous imbibition in comparison 

with commonly used brine. The optimum 

nanofluids from the imbibition experi-

ments are selected for the core flooding 

experiments.   

Materials
The oil sample used was a real dead oil 

provided by a local oil company here in 

Canada. The crude oil had a viscosity of 9.5 

± 0.02 cP at 60 °C, density 0.87 g/cm3 at 

25 °C, an approximate content of 5.09 wt 

% of asphaltenes, and an acid number < 

0.1. For testing the oil recovery, sandstone 

cores, with 20-22% porosity and permea-

bility of 78 mD, were prepared at Kocurek 

Industries Inc., Caldwell, TX. The core char-

acterization was conducted by EDX and 

SEM analysis and showed that the sand-

stone cores consisted of mainly quartz. 

Synthetic brine, representing formation 

brine, was prepared from sodium chloride 

(NaCl) at 20,000 ppm and deionized water. 

The details of the nanoparticle synthesis 

and nanofluid preparation can be found in 

our detailed study as reported elsewhere. 

[11]

Figure 1 Prepared silicate-based nanopyroxene nanoparticles and nanofluid samples 1 and 2 of different concentrations.
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IFT Reduction
Interfacial tension measurements (IFT) 

were performed for the prepared nanofluid 

to evaluate their role in reducing the IFT 

between oil and brine at ambient pres-

sure and temperatures between 25 and 

60 °C. The measurements were carried 

out by a system inside the high-pressure 

chamber that is manufactured by Biolin 

Scientific, Finland. The system consists of 

a stainless steel (EN 1.4401) chamber that 

enables surface and interfacial tension 

measurements at high pressure and various 

temperatures, using the pendant drop tech-

nique. For sealing, an O-ring is equipped 

with the standard system according to the 

used fluids. At the top of the chamber, 

there are three connection ports for the 

temperature probe, sampling, and bulk fluid 

introduction. For each IFT measurement, 

brine or one of the nanofluids is introduced 

inside the chamber. Then, an oil droplet was 

created through a needle at the interface 

between the needle and the liquid phase 

using the pendant technique, IFT was then 

determined for a given time interval. All 

measurements were repeated in triplicates, 

and the mean ± standard error of the mean 

was reported.

Contact Angle Measurements
To determine the tendency of the nanofluids 

to alter the rock wettability, A quantitative 

assessment of the wettability of the core 

plugs before and after the treatment with 

nanofluids was performed. Polished sand-

stone substrates were cut and aged in oil 

for about 2 weeks to alter their initial wetta-

bility at 70 °C and atmospheric pressure and 

later dried in an oven for 6 h at 60 °C. Oil 

aged substrates were then submerged into 

the prepared nanofluids for 48 h at 60 °C. 

After that, each substrate was dried in 

an oven at 55 °C for 2 h. Contact angle 

measurements between sandstone 

substrate and brine or nanofluid and oil 

drop system of the substrates treated 

with either brine or different nanofluids 

were performed with an accuracy of ±3° 

at 60 °C.  The angles were then analyzed 

to quantify the effect of the nanofluid on 

wettability alteration.

Figure 2 Attension Theta High Pressure from Biolin Scientific. 
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Results
Nanofluids in EOR methods depending on the type of oil and reservoir properties usually 

results in an intermediate IFT. Using the high-pressure chamber, nanofluids could reduce the 

IFT at different temperatures compared to brine as shown in figure 3b. Also, figure 3 (a), 

shows that the nanofluids can reduce IFT with time compared with brine.

Contact angle measurements were 

performed before and after aging the 

sandstone substrates in oil. The original 

core wettability was strongly water-wet, 

and after aging in oil, contact angle 

increased towards oil-wet state due to 

partial adsorption of polar components in 

crude oil on the sandstone substrate. After 

aging with oil, the water drop contact 

angle was more than 90° indicating oil 

wetness. As for the aged core, the core 

surface became strongly hydrophobic and 

could weakly interact with water. These 

results confirmed converting the core 

surface from water-wet to oil-wet by the 

aging process. Figure 4(a) shows an oil 

drop contact angle in the presence of brine 

and the oil aged substrate, which is 77°±2 

indicating an oil-wet state. The shape of 

the oil drop in the presence of pyroxene 

nanofluids can also be seen in panels of 

Figure 4(b and c), in comparison to that of 

brine. A contact angle can be measured 

with a water drop or oil drop. The varia-

Figure 3 IFT measurements in the presence of nanofluids as a function of time and with different temperatures.

tion in contact angle measurements was 

additionally obtained for the oil drop in 

the presence of the brine and different 

nanofluids. Figure 4 shows the oil drop 

contact angle measurements that were 

obtained in the presence of (a) brine and 

(b) and (c) pyroxene nanofluid with differ-

ent concentrations. The estimated contact 

angles were around 77, 106.3 and 139.5°, 

respectively. These contact angle values 

can be explained by the approach reported 

by Anderson et al, [17] according to his 

approach, using (heavier phase) the range 

of contact angles measured are defined 

as follow; between 0-75°, the system is 

water-wet. When the contact angle is in 

the ranges of 75-105°, and 105-180°, the 

system corresponds to intermediate-wet, 

and oil-wet, respectively. Worthily 

mentioning here that contact angles were 

measured in the presence of oil droplet 

and contact angle for the denser phase can 

be estimated by subtracting the measured 

values from 180°. 

Therefore, in this study, higher contact 

angles will indicate water wetness and 

lower contact angles less than 90° will indi-

cate oil wetness. Evidently, the nanofluids 

gave a high contact angle value compared 

with the brine, indicating that the core 

wettability was altered from oil-wetting to 

strongly water-wetting conditions, using 

nanoparticles of different concentrations. 

Details of the imbibition and core flooding 

experiment are not included in this case 

study, they can be found in our published 

article. [11] 
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Conclusions
In this study, nanopyroxene nanoparticles were synthesized and nanofluids were formulated from the synthesized 

nanoparticles, then used as EOR agents in sandstone core plugs. Pyroxene-based nanofluids could noticeably reduce 

the IFT up to 14 %, respectively and this was measured as a function of time. Contact angle measurements in the 

presence of nanofluids with different concentration were measured as 73.7˚ ± 2˚ and 40.5˚ ± 2˚ confirming wettability 

alteration from oil-wet to strongly water wet, which is in line with the structural disjoining force mechanism reported 

in the literature. Moreover, the contact angle decreased as nanoparticle concentration increased.

Figure 4 Contact angle measurements with brine (a) and nanofluids (b) and (c) of different concentrations.
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