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Abstract Wettability alteration is an important method to

increase oil recovery from oil-wet carbonate reservoirs.

Chemical agents are used as wettability modifiers in car-

bonate systems; however, the role of Nanoparticles in this

field is still in its infancy and consequently has attracted the

attention of many researchers in the last decade. In this

work, the impact of SiO2 Nanoparticles on the wettability

of a carbonate reservoir rock was experimentally studied.

The impact of these Nanoparticles on the wettability of

carbonate systems is still in its infancy. For this purpose,

the effect of Nanofluid’s concentration on wettability and

interfacial tension were investigated to determine the

optimum concentration of Nanofluid for injection into core

samples. The result suggests that a concentration of 4 g/L

of Nanofluid could significantly alter the wettability of the

rock from a strongly oil-wet to a strongly water-wet con-

dition. Moreover, we studied the Nanofluids’ potential in

enhanced oil recovery of oil-wet core plugs. The results

show that a considerable amount of oil can be recovered

right after start of water injection to the aged core plug with

Nano fluid.

Keywords Nanofluid � Enhanced oil recovery � Contact

angle � Interfacial tension � Wettability alteration �
Carbonate rock

Introduction

Knowing that 50 % of the world’s known petroleum

reserves are present in carbonate rocks, and that 90 % of

these reservoirs are described as neutral to oil-wet, it is

easy to understand the importance of research on these

reservoirs (Roehl and Choquette 1985). The wetting

properties of carbonate reservoirs are fundamental to the

understanding of fluid flow through the porous media, and

can affect the production characteristics greatly during

water flooding. So, knowledge of the preferential wetta-

bility of reservoir rock is of upmost importance to petro-

leum engineers (Okasha et al. 2007). Due to this

importance, many reviews of wettability and its effect on

oil recovery have been conducted (Morrow 1990; Cuiec

1991; Vatanparast et al. 2011). After the primary produc-

tion period, waterflooding is applied as a relatively cheap

choice to improve oil recovery (Standnes and Austad

2000). Most carbonate reservoirs are preferentially oil wet,

and therefore, the recovery of oil from these reservoirs by

waterflooding techniques is relatively low (Anderson 1986;

Buckley et al. 1998). The success to oil recovery

improvement by waterflooding in carbonate systems is

strongly on the wetting condition of the formation (Pun-

tervold et al. 2007). Addition of chemical agents can

modify rock wettability and therefore, increases the effi-

ciency of waterflooding process. Numerous experimental

works have been published discussing the role of chemical

agents in wettability alteration of porous media (Austad

and Standnes 2003; Strand et al. 2003; Standnes and
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Austad 2003; Hognesen et al. 2004; Mohan et al. 2011;

Ravari et al. 2011; Tabrizy et al. 2011). However, the role

of Nanoparticles in this field is still in its infancy and

consequently has attracted the attention of many

researchersin last decade due to their specific characteris-

tics (Ju et al. 2002, 2006; Shen and Resasco 2009; Zhang

et al. 2010; Suleimanov et al. 2011). Silicon dioxide (SiO2)

Nanoparticles are very promising materials and can be used

in the near future for enhanced oil recovery. These Nano-

particles have a great potential for increasing pore scale

displacement efficiency (Ju and Fan 2009; Onyekonwu and

Ologo 2010). Application of these Nanoparticles for

enhancing oil recovery in water-wet sandstone systems is

well documented in the literature (Ju et al. 2002, 2006; Ju

and Fan 2009; Onyekonwu and Ologo 2010; Wang et al.

2010). However, from the view of the literature in this

field, only few papers address the application of these

Nanoparticles in wettability alteration of carbonate systems

(Maghzi et al. 2011). In previous studies, the effect of

Nanoparticles on oil–water interfacial tension and/or as an

additive in waterflooding has not been investigated. The

purpose of this paper is investigating the effect of SiO2

Nanoparticles in enhancing oil recovery from oil-wet car-

bonate system. The impact of Nanofluid’s different con-

centrations on alteration of wettability and change in oil–

water interfacial tension is analyzed comprehensively to

determine optimum concentration for injection into core

samples. In addition, the impact of Nanoparticles on the

amount of recovered oil is investigated using coreflood test.

Material and experiment procedure

Asmari reservoir formation samples were used as the rock

sample obtained from one of the Iranian oil fields in the

southwest arid land of Iran (i.e. Mansouri oilfield). Car-

bonate core plugs had a diameter of 3.84 cm and the

lengths ranging from 8 to 8.50 cm, with porosity and

average permeability equal to 16 % and 7 mD, respectively

(Table 1). The composition of the brine used in all

experiments was 5 wt% NaCl. The density and viscosity of

the brine were 1.05 g/cm3 and 1.09 cP at room tempera-

ture, respectively. Crude oil was obtained from one of the

oil fields in Khuzestan. The oil contains a little amount of

asphaltene (1 wt%). Also, it has a viscosity of *11.014 cP

at 68 �F and API gravity of 33. Properties of SiO2

Nanoparticles are presented in Table 2. Different concen-

trations of Nanofluid (1–6 g/L) were used in this study

prepared by sonication of Nanoparticles in brine for 80 min

(600 W, 20 kHz). After Nanofluid preparation; the solu-

tions were placed for 48 h in a closed transparent bottle

away from degrading factors such as light and heat to

ensure its homogeneity and stability.

In order to examine Nanoparticles’ impact on wettability

alteration, seven small carbonate plates (2 9 2 9 0.5 cm)

were first cut from a cleaned sample using a trimming

machine and polished to achieve a flat and relatively

smooth surface. The plates were then aged for a week in

the crude oil at 83 �C. After cooling, they were submerged

in different concentrations of Nanofluid in room tempera-

ture for 2 h. Then, they were placed in a horizontal position

surrounded by brine, and side images of oil drops on the

carbonate plates were taken using a microscopic camera

and contact angles were measured (Fig. 1). Oil–water and

oil–Nanofluid interfacial tensions were measured in ambi-

ent pressure and room temperature (23 �C) by pendant

drop method. To perform interfacial tension measurement,

an oil droplet is allowed to hang from the tip of a capillary

tube in a high pressure visual cell filled with brine and

different concentrations of Nanofluid. Then, images of oil

droplets were taken by a microscopic camera and interfa-

cial tensions were measured (Danesh 1998). For coreflood

tests, plugs were cleaned in a Dean-Stark apparatus for

4 days in contact with toluene vapor at ambient pressure.

Then, they were evacuated for 60 min, saturated with

brine. Afterward, the samples were placed into core holder

and the brine was displaced by heavy oil until no brine is

recovered. Core plugs were then aged in the oil at 80 �C for

20 days. After aging, heavy oil was displaced by six pore

volume (PV) decahydronaphthalene (decalin) which in turn

was flushed out by light oil and aged for 10 days at room

temperature in order to restore the reservoir equilibrium

Table 1 Core sample dimensions and properties

Core no. Length (cm) Diameter (cm) Grain density (g/cm3) Porosity (%) Absolute permeability (md) Initial water saturation (%)

1 8.405 3.847 2.826 16.494 7.231 24.38

2 8.331 3.839 2.810 15.569 6.580 26.16

Table 2 Properties of SiO2 nanoparticles

Surface area 140 m2/g

Particle size 20–70 nm

Purify More than 99.5 %

Wettability Hydrophilic

Dispersible in Water

Bulk density 0.15 g/mL
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condition. Then, coreflood experiments were performed

under ambient pressure and room temperature with flow

rate of 20 cc/h. The plugs were flooded with brine. After-

ward, they were flooded with one PV of Nanofluid. In

addition, the Nanofluid was aged for 24 h in the samples

(Although we will show that wettability will be changed

after 1 h but to ensure the full wettability alteration in the

core samples, Nanofluid was rested for 24 h in the samples)

and they were flooded again with brine.

Results and discussion

Contact angle

Wettability conditions were estimated before and after of

surface modification with Nanoparticles, by measuring oil

phase contact angle in presence of water. As mentioned

before, oil phase contact angle of Nanofluids’ different

concentrations (1–6 g/L) were examined to determine

optimum value for concentration of Nanofluid for injection

in core samples (Fig. 2). The maximum deviation between

the contact angle data of each sample is found to be 5�.
Therefore, the reported contact angle data in our experi-

ments contain a maximum error of ±2.5�. Oil phase con-

tact angle of the unmodified carbonate plate aged in the oil

was 35�, implying a strong oil-wet condition. On the other

hand, contact angles on the surface immersed plates with

different concentrations of Nanoparticles increased to 130�,
indicating an alteration in wettability to water-wet condi-

tion (Fig. 3). As can be clear seen, a stronger shift in

wettability has been considerably improved by increasing

Nanofluids’ concentration. A comparison between contact

angle measurements for different concentrations of Nano-

fluids reveal that the concentration of 4 g/L has been more

capable of changing the wettability to a water-wet

condition. Wettability of a solid surface relates directly to

the solid–fluids and fluid–fluid interactions. Although

changes in fluid–fluid interactions might explain the wet-

tability alteration, we speculate that this alteration is

mainly due to solid fluid interaction. Nanoparticles

adsorbing onto the rock surface affects its surface charge

thereby altering wettability. The interfacial forces in a

three-phase system relate to one another in a famous form

known as Young’s law,

cos h ¼ ðrsw � rosÞ=rwo ð1Þ

where h is the oil phase contact angle in presence of brine

and r denotes interfacial tension. Superscripts sw, so, and

wo represent the solid-water, solid–oil, and water–oil

interfaces, respectively. As we will discuss later, presence

of Nanoparticles at the oil–water interface provides an

Fig. 1 A schematic diagram of

contact angle measurement

setup

Fig. 2 Measured brine/crude oil contact angle of the oil-wet

carbonate rocks aged in different concentrations of Nano fluid
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increase in oil–water interfacial tension. Therefore,

according to Young’s law, Cosh decreases linearly as the

oil–water interfacial tension increased and consequently oil

phase contact angle (h) increases, implying transformation

of system to water-wet condition. It should be noted that

the impact of Nanoparticles on interfacial tension between

brine/solid and oil/solid is not discussed in this paper. In

addition, dynamics of wetting is investigated by oil phase

contact angle measurement on carbonate plates being aged

in concentration of 4 g/L of Nanofluid for various periods

of time (Fig. 4). According to obtained results, a minimum

of 60 min is required as the aging time for alteration of

wettability from oil-wet to water-wet condition. To ensure

about the results air/water contact angle on carbonate plate

is also investigated. A similar conclusion can be drawn

from measured air/water contact angle values (Fig. 5).

Interfacial tension

The change in interfacial tension between oil and water is

very important, thus allowing the recovery of oil trapped in

smaller pores and part of the residual oil remained in the

pores after secondary flooding. For original wetting con-

dition, reduction of interfacial tension will lead to a

reduction of the capillary pressure within the pores and/or

deformation of trapped oil. However, when wettability

reversal to water-wet condition is the main mechanism for

enhancing oil recovery, reduction of interfacial tension and

Fig. 3 Wetting condition of

carbonate slices before and after

surface treatment with different

concentrations of Nanoparticles

(brine/crude oil)
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consequently capillary pressure negatively influences the

imbibition of water into small pores (Yu et al. 2008). In

fact, after wettability alteration to water-wet condition,

higher capillary pressure will lead to a stronger imbibition

of water into small pores and consequently higher oil

recovery.

As Fig. 6 illustrates, oil–water interfacial tension

ascends with an increase in concentration of Nanofluid.

Employing Nanofluid increases oil–water interfacial ten-

sion from 26.5 mN/m to around 38.4 mN/m. According to

interfacial tension measurement results for different con-

centrations of Nanofluid, a concentration of 4 g/L shows

the significant share in increasing of interfacial tension in

proportion to its concentration. It was considered as the

optimum concentration and employed in coreflood exper-

iments. Increase in interfacial tension demonstrates Nano-

particles’ potential to increase the capillary pressure and

consequently oil recovery after wettability reversal to

water-wet condition. The mechanistic reason for this

increase in oil–water interfacial tension is unknown to us,

though it is certainly related to the interactions between

fluids at the interface. However, adsorption of Nanoparticle

at the interface can be a possible explanation for the

observed phenomena.

Oil recovery

In the present study two sets of flooding scheme have been

conducted after waterflooding. In the first set, enhanced

recovery over Nanofluid flooding has been studied using

approximately 1 PV of Nanofluid. In other set, water has

been injected in the core sample after aging of Nanofluid

for 24 h. As Fig. 7 illustrates, waterflooding recovery for

first and second core sample is 42 and 47 %, respectively.

It should be noted that oil recovery before breakthrough is

27 % for the first sample and 26 % for second one. Pro-

duction of considerable amount of oil after breakthrough

5 min 10 min

15 min 20 min

30 min 40 min

50 min 60 min

Fig. 4 Dynamic of wetting condition in different periods of time

(Nano fluid/crude oil). The carbonate plate is on the top and a droplet

of oil was carefully transferred to the surface with a syringe pointing

perpendicular to the surface

Fig. 5 Dynamic of wetting condition in different periods of time (air/

brine)

Fig. 6 Oil-water interfacial tension before and after application of

Nano fluids’ different concentrations
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indicates oil-wet characteristic of samples (Anderson

1986).

Oil recovery increases by 9 and 12 %, respectively in

first and second core sample during injection of one pore

volume of Nanofluid and it increases by 16 and 17 %,

respectively when Nanofluid is aged for 24 h in the core

samples. Therefore, total oil recovery hits to more than 67

and 76 %, respectively in both samples which demon-

strates the considered Nanofluid’s potential to improve oil

recovery. A comparison between recovery results after

injection of Nanofluid in both samples reveals that Nano-

particles can produce significant amount of oil after pri-

mary and secondary recovery process.

Mechanism

The residual oil after waterflood which is target of Nano-

fluid injection process is believed filling the smaller pores,

as a continuous film over rock surfaces and as a larger

packet of oil trapped and surrounded by water (Anderson

1987). The injection of Nanofluid into core samples can

improve oil recovery by alteration of wettability from oil-

wet to water-wet condition

The combined effects of wettability and interfacial

tension cause the wetting fluid to be simultaneously imbi-

bed into a capillary tube. Interfacial tension controlled the

curvature of the oil–water interface and the value of cap-

illary pressure. In addition, wettability governed the

direction of capillary pressure. Therefore, it is ideal to

increase capillary pressure value and reverse its direction

by wettability alteration in carbonate reservoirs. According

to results of interfacial tension and contact angle, when

Nanoparticles are introduced to the porous media, some of

them may adsorb on the rock surface, reverse wettability to

water-wet condition and others may adsorb at the oil–water

interface and increase interfacial tension and consequently

capillary pressure. Capillary pressure which is negative in

oil-wet condition increases with an increase in interfacial

tension. However, it can be changed from negative to

positive value after altering the wetting state of the rock

surface which then leads to stronger imbibition of water in

small pores. In fact, during waterflooding, small pores

remain upswept due to oil-wet wettability and high capil-

lary pressure. In the case of small pores, capillary pressure

hinders entrance of wetting phase into pores. However,

when Nanoparticles are adsorbed on surface of pore throat,

alteration of rock wettability to water-wet condition reverse

the direction of capillary force and cause strong imbibition

of wetting phase into small pores and depleted them (Yu

et al. 2008).

Conclusions

In this work, we present results of SiO2 Nanofluids’ impact

on enhanced oil recovery during coreflood experiments on

oil-wet carbonate samples. Based on the obtained results

the following conclusions can be drawn:

1. SiO2 Nanoparticles are wettability modifiers for car-

bonate systems, and they can change the wettability of

carbonate rocks from strongly oil-wet to strongly

water-wet condition.

2. Wettability change by adsorption of Nanoparticles on

the rock surface is a fast process, requiring a period of

at least 1 h.

3. Use of these Nanoparticles in flooding tests revealed

the strong capability of these new agents for oil

recovery from carbonate hydrocarbon reservoirs. The

Fig. 7 Oil recovery results for

waterflooding, Nano fluid

injection and waterflooding

after aging of Nano fluid in core

samples at room pressure and

temperature
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mechanism of oil recovery by selected Nanofluid

during Nanofluid flooding and after aging of Nanofluid

attributed to wettability alteration.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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