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Abstract
A conventional recovery method has an adverse effect towards unconventional reservoir production. A nanoparticle
leads as a primary candidate to develop the unconventional reservoir and it is considered as one of the latest
technology in oil and gas industry. Therefore this research is intended to study the effects of Carbon Nanotubes (CNT)
towards interfacial tension. Practically MWCNTs were successfully synthesized using CVD technique by pyrolizing
toluene and ferrocene in inert gas environment and characterized using X-ray diffraction (XRD) and Transmission
Electron Microscope (TEM) in order to understand its structure, shape, size and morphology. The characterization
results show the CNTs are in cylindrical shape and well aligned. After characterization, a pendant drop experiment
was carried out to further understand the effect of Carbon Nanotubes on Interfacial Tension (IFT). Since the Carbon
Nanotubes are very “cloudy” the drop phase could not be identified and the Interfacial Tension was not calculated by
the software. Due to this major setback, the Surface Tension was calculated with different concentration.

Keywords: Carbon nanotubes (CNT); Interfacial tension; Enhanced
oil recovery (EOR); Nanofluid
Introduction
Carbon nanotubes were first discovered in 1952 by Radushkevich
and Lukyanovich [1] Carbon nanotubes have unique mechanical,
electrical, magnetic, optical, and thermal properties. Another
excellent use of nanotubes is in microelectronics [2]. Application of
nanotechnology in the oil and gas industry is just emerging. Recent
Research projects have shown that nanotechnology has the potential
to solve several problems in the oil and gas industry. One of the
speculated areas of application is in Enhanced Oil recovery (EOR).
In general EOR methods such as chemical flooding, nano flooding
and thermal recovery, they rely on altering the mobility ratio and
interfacial tension (IFT) between the displacing and displaced fluids
to improve recovery efficiency [3]. Among the various EOR methods
nano flooding is most promising and cost effective method. According
to current researches and technical literature, the new generation
nano-agents should both affect the properties of the injected fluid, in
terms of viscosity, density, thermal conductivity and specific heat and
modify the fluid-rock interaction properties, for example in terms of
wettability and interfacial tension. The reduction of IFT between oil
and water is very important and it will lead to the reduction of capillary
pressure within the pores, thus allowing the recovery of oil trapped
in small pores. By adding CNTs based nanofluid, IFT between oil
and water can be reduced [4]. Recovery factor of oil reservoir plays
important role in production. A reservoir with very low recovery factor
is considered not profitable and feasible. But this mind set has been
overtaken by the advancement in production technology and reservoir
engineering. It is understand that, if the present global recovery factor
could be enhanced compared to present limit, it would solve certain
issues in regards to global energy supply [5]. This recovery factor is
assumed to be lower in future due to the daily production of oil comes
from mature or maturing oil fields. In global scale the average recovery
factor of hydrocarbon reservoir stands at 30 percent approximately.
This situation creates an opportunity for the advancement in secondary
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recovery or even in tertiary recovery (EOR) to turn around this
position [6]. The CNTs containing high surface charge reduces the IFT
between oil-water interface and adsorption at the rock surface changes
the wettability from oil wet to water wet.

Methodology
Chemical Vapor Deposition (CVD) is a simple and economic
technique for synthesizing CNTs at low temperature and ambient
pressure [7]. In this work a solution of ferrocene, Fe(C5H5)2 in toluene
(in a suitable ratio) was injected into a two-stage furnace whose reaction
zone was maintained at 760°C. Argon is used as the carrier gas and
its flow rate is adjusted in such a manner that the maximum quantity
of precursor is consumed in the reaction zone. The first stage of the
furnace is maintained at around 200°C to ensure that the solution is
vaporized as soon as it is injected (the vaporization temperature of
ferrocene and toluene are 175°C and 110°C, respectively). MWCNTs
grow predominantly in the centre of the quartz reaction tube, which are
then scraped out after cooling the reaction tube to room temperature
[8,9]. The effect of these MWCNTs on interfacial tension reduction
between oil and water investigated using pendant drop method.

Nanofluid preparation
CNTs were dispersed in distilled water which acts as the base fluid
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Weight Percentage, %

CNT, g

Sodium dodecyl sulfate
(SDS), g

Water, ml

0.05

0.05

0.10

99.85

0.10

0.10

0.20

99.70

0.20

0.20

0.40

99.40

0.30

0.30

0.60

99.10

0.40

0.40

1.00

98.60

0.50

0.50

1.25

98.25

Table 1: Weight % age of CNTs and SDS.

and magnetically stirred for an hour to form a homogenous dispersion.
Then, CNT nanofluid undergoes ultrasonic agitation in order to break
any nanotubes agglomeration and produce highly uniform dispersion.
The solution was prepared as stated in Table 1 Sodium dodecyl sulfate
(SDS) used as a surfactant for nanofluid preparation.

Pendant drop experiment
Pendant drop method generally used to measure the Interfacial
Tension (IFT) between two immiscible liquids. It involves
determination of drop profile of one liquid suspended to another
liquid at mechanical equilibrium. This profile is determined with the
aide of gravity and surface forces. The interfacial tension (γ) equation
as follows:

∆ρ gD
γ=
H

No. Pos. [°2Th.] d-spacing[A0]
1

26.2989

FWHM Left Crystallite Size [nm]
[°2Th.]

(002)

0.551

16.80

Table 2: Crystallite size and d-spacing.

D=
				

3.38885

(hkl)

and sharpest diffraction peak at around 2θ = 26.3° could be indexed
as the C (002) reflection of graphite. The sharpness of the C (002)
peak indicates that the graphite structure of MWCNTs [11]. XRD
was used to measure the crystal size and interlayer spacing. Due to
the CNT’s intrinsic nature, the main features of the X-ray diffraction
pattern of CNTs are close to those of graphite, as shown in Figure 2
[12]. Measurements of crystal size (d) can be achieved from this peak
(Table 2) and the Scherrer equation (Equation 2). As mentioned below,
the average crystallite size of the CNTs was determined using the XRD
patterns, via the well-known Scherrer equation:

Figure 1: Pendant drop experimental setup.

2

Figure 2: XRD Pattern of CNTs.

(1)

Where
D = drop diameter
H = correction factor related to shape of pendant drop
∆ρ = density difference between solution and crude oil
In general, pendant drop equipment consists of three parts which
are a viewing system, an illuminating and an experimental cell. The
main function of the viewing system is to visualize the drop and the
data acquisition system to measure the interfacial tension from the
drop profile as shown in Figure 1. A pendant drop test was carried out
to study the effects of Carbon Nanotubes (CNT) on Interfacial Tension
(IFT) reduction [10].

kλ
				
β cos θ

(2)

where β is the full width at half maximum (FWHM), θ is the diffraction
angle, λ is the X-ray wavelength (1.54 Å), D is the particle (crystallite)
size, and k is the Scherrer constant (0.91). The Scherrer equation
derived from Bragg’s law and it is limited to nano scale particles only. It
is known that a decrease in the order of crystallinity in carbon materials
will make the XRD peaks broader.

EDX results
Energy Dispersive X-ray spectroscopy was used to investigate the
presence of elements in the sample and their chemical composition.

Results and Discussions
XRD pattern
X-ray diffraction (XRD) measurements were performed to
determine structural properties using a Bruker D8 advance X-ray
diffractometer and Cu-Kα radiation with an accelerating voltage of 40
kV. Figure 2 shows the XRD profiles of the MWCNTs. The strongest
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Figure 3: EDX spectra of CNT.
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Element

Weight %

Atomic%

C

96.07

97.93

O

2.22

1.70

1.72

0.38

Pendant drop test

Table 3: EDX Results.

A pendant drop test was carried out to find the Interfacial Tension
(IFT) of the liquids. Firstly, a Dubai crude oil was tested for IFT with
air as shown in Figure 6. The figure below shows the pendant drop test
result. The Surface Tension for this case is 27.43 mN/m.

The Figure 3 shows the EDX spectra of CNT sample. The Table 3
reveals the presence of carbon in the synthesized sample.

Next the IFT between Crude Oil and Water were studied. The
Figure 7 shows the results obtained from pendant drop test. The
Interfacial Tension for this case is 18.65 mN/m.

Fe

The final sample composed of approximately 96% of carbon and
remaining composed of Iron (Fe) and Oxygen (O) as shown in Table 3.
Iron used as catalyst in the synthesis for growth of CNTs.

Transmission Electron Microscope (TEM) results
Transmission Electron Microscope (TEM) provides information
on micro texture and nanostructure of specimens. This particular TEM
shows the Carbon Nanotube is a multiwall CNT (MWCNT).
TEM image clearly shows the partition or the existence of the wall
[13]. The outer diameter is in the range of 30 to 180 nm. The average
pore volume was found to be around 0.103266 cm3/g, with a narrow low
BET surface area of 29.6354 m2/g. There are three obvious partitions
present in the image captured using TEM for CNT sample as shown
in Figures 4 and 5.

Carbon Nanotubes (CNT) is the final solution to be tested for
Interfacial Tension (IFT) with Dubai crude oil. The CNT solution is
black color in nature. It is known that the crude oil is in black color as
well. Therefore it would be impossible to differentiate the crude oil and
carbon nanotubes droplets, which results in failure of IFT calculation.
Due to this major setback in calculation of Interfacial Tension (IFT)
for Carbon Nanotubes (CNT), the previously mentioned methodology
was altered. The Surface Tension (ST) for Carbon Nanotubes was
calculated instead of Interfacial Tension (IFT) (Table 4).

Pendant drop test for carbon nanotubes (CNT)
Pendant drop test for Carbon Nanotubes were carried out by using

Figure 6: Pendant Drop Test between Dubai Crude Oil and Air.

Figure 4: Image of multiwall from far view.

Figure 7: Pendant Drop Test between Dubai Crude Oil and Water.

Carbon Nanotubes (CNT)
Concentration (Wt%)

Figure 5: Image of multiwall from near view.
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ST (mN/m)
1st Trial

2nd Trial

Average

0.05

31.15

31.18

31.17

0.10

32.52

32.84

32.68

0.20

33.26

33.2

33.23

0.30

33.57

33.34

33.46

0.40

32.38

32.75

32.57

0.50

31.37

31.17

31.27

Table 4: The value of the ST for each concentration is presented.
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air as the second phase. This particular method was conducted since
the drop phase could not be identified when the crude oil and CNTs
are used. The primary objective of this test is to study the effect of
concentration on Surface Tension. The Figures 8-13 shows the pendant
drop images for Carbon Nanotubes at various concentrations. The
value of the ST for each concentration is presented in Table 3.

Figure 12: ST Test for CNT at 0.40 wt%.

Figure 8: ST Test for CNT at 0.05 wt%.

Figure 13: ST Test for CNT at 0.50 wt%.

Figure 9: ST Test for CNT at 0.10 wt%.

Figure 14: Surface Tension (ST) graph of Carbon Nanotubes (CNTs).

The value of Surface Tension (ST) increases steadily up to 0.3 weight
percentage of Carbon Nanotubes and falls at 0.4 wt% and 0.5 wt% as
shown in Figure 14. The Sodium Dodecyl Sulphate (SDS) proportion is
higher (1% and 1.25%) for 0.4 wt% and 0.5 wt% of Carbon Nanotubes
[14]. Therefore it could be the reason for the drop in the ST [15].
Figure 10: ST Test for CNT at 0.20 wt%.

Figure 11: ST Test for CNT at 0.30 wt%.
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Conclusion
Interfacial Tension (IFT) is one of the vital aspects in Enhanced
Oil Recovery. By lowering the IFT, the production can be enhanced
subsequently. The pendant drop test is proven to be essential in
determining which concentration is able to enhance the production.
Due to complication involved in determine the IFT for Carbon
Nanotubes with Crude oil, the test was carried with air to calculate the
Surface Tension (ST). Three cases based on the Surface Tension test
were selected, which is High Case, Medium Case and Low Case. High
Case provides a much better recovery compared to the other two cases.
Therefore it is assumed that nanoparticles with high Surface Tension
(ST) would have lower IFT value with crude oil.
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