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Introduction

One of the major challenges in oil industry is the
declined production of oil over time. This challenge,
which is caused by the reduction of proven resources
and depletion of oil reservoirs, is getting worse due
to increased global demand. One way to address
this challenge is to produce from underdeveloped
reservoirs, abandoned reservoirs, and reservoirs that
have not yet been exploited. These reservoirs, due
to various technical reasons, would not be extracted
by conventional methods, and therefore enhanced
oil recovery methods must be implemented [1.2].
There are many methods, including chemical, thermal
and microbial methods, to increase oil recovery.
Among these, conventional chemical methods such
as surfactant and polymer injection and thermal
methods due to high temperature and high salinity of
the reservoirs, are not always applicable. However, it
was shown that the use of hydrophobic nanoparticles
as chemical agents could be somewhat independent
of the reservoir salinity [3]. These nanoparticles also
show better stability than other chemicals at high
temperatures [4].

Among different nanoparticles, carbon nanotubes, due
to their unique properties like good electrical, thermal
and, mechanical conductivity [5,6], surface activity
[7], and unique magnetic properties [8] have found
applications in the oil industry. These particles which
were discovered by Radoshkovic and Lukianovich in
1952 [8] are generally of two types, single-walled and

Accepted: July/16/2021

multi-walled. Since single and multi-walled carbon
nanotubes are inherently hydrophobic 5], they could
not be used as an additive in the aqueous medium for
enhanced oil recovery purposes. Therefore, surface
modification must be performed on these nanoparticles
to become water-wet so that they can be stable in such
an environment [7,9]. Furthermore, since multi-walled
carbon nanotubes are much cheaper than single-
walled types, then the use of multi-walled nanotubes
to increase oil recovery would be more economically
feasible [2].

The application of carbon nanotubes in EOR studies has
been started since 2009 with the study conducted by shen
and Resasco [5]. Then, other studies were performed
by Villamizar et al [10], Baez et al [9], and Bornaee
et al [11], in 2010, 2012, and 2014, respectively, to
examine the formation and stabilization of oil in water
emulsions in the presence of carbon nanotubes. Later,
research studies began on the use of carbon nanotubes
as additives to reduce the interfacial tension between
water and oil and alter the wettability of reservoir
rocks to improve oil extraction [1,2,3,7]. Based on
these studies, nanoparticles could be used as a potential
additive to enhance oil recovery. Accordingly, in this
study, the potential application of a novel nano-complex
synthesized by surface modification of multi-walled
carbon nanotubes using CTAB surfactant and PEG
polymer has been studied. In this regard, the impact of
factors like time, reservoir salinity, and temperature on
nanofluid performance has been investigated.
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Materials and Methods

To examine the effectiveness of the synthesized nano-
complex, several standard tests were performed that
include chemical stability, interfacial tension, wettability
alteration, and static adsorption tests. Before performing
these tests though, nano-complex was characterized
using transmission electron microscopy (TEM) and
thermogravimetric analyses (TGA). Then, the chemical
stability of nano-complex was investigated in a salinity
range produced by diluting seawater. Measurement
of the interfacial tension (IFT) was performed using
pendant drop analysis by a drop shape analysis apparatus
(DSA 100, Kruss, Germany). The same apparatus was
also used to measure the wettability alteration of the
dolomite sample. All tests were repeated three times
to ensure data accuracy. Finally, static adsorption
experiments were conducted to evaluate the extent of
the chemical loss on the dolomite rock surface. The
amounts of adsorption densities obtained were fitted
against two theoretical models, namely Langmuir and
Freundlich isotherms.

Results and Discussions

The characterization of nano-complex by TEM and
TGA analyses proved successful wrapping of CTAB and
PEG on the surface of the functionalized multi-walled
carbon nanotube. Furthermore, it was revealed that the
nano-complex was stable at a salinity range up to 6000
mg/L. Therefore, the salinity of 5000 mg/L is chosen
as the low salinity seawater and is referred to as LSSW
hereafter in this study. Then, results of IFT measurements
showed that the nano-complex could reduce crude oil-
brine IFT to values around 0.5 mN/m, which occurred
at the critical micelle concentration of 60 ppm. As this
low concentration of nano-complex could produce
such low IFT value, then it could be economically used
in CEOR operations without imposing considerable
formation damage to the reservoir under study. Figure
la shows the results of IFT and wettability alteration
measurements. When a droplet of oil comes in contact
with the nano-complex solution, nano-complex
particles tend to place on the oil-water contact due to the
intense surface activity created by surface-modification
of the nanotube with CTAB surfactant. In addition, as
the nanofluid concentration increases, the number of
nanoparticles on the water-oil contact surface increases,
and as a result, their interfacial tension decreases
continuously. This phenomenon continues until the
oil-water contact is saturated with nano-complexes.
Above that concentration, additional nanoparticles
remain monomer inside the nanofluid solution instead
of being placed on the oil-water contact. In this case,
as the concentration of the nanofluid increases, the
monomers of the nanoparticles join together to form
micelles. Accordingly, critical micelle concentration
(CMC) is the concentration of nanofluid above which no
variation occurs in the crude oil-brine IFT. According to

Figure 1a, the CMC value of nano-complex in distilled
water and low salinity seawater is 250 and 60 ppm,
respectively. As can be seen, the presence of salt in
water reduces the CMC and improves the performance
of nanoparticles. This means that in the presence
of salt, fewer nanoparticles are needed to reduce a
certain amount of IFT between water and oil, which
brings economic advantages. This could be due to the
competition between salts molecules and nanoparticles
for dissolution in water and the superior solubility of
salts compared to nanoparticles. The presence of PEG
on the surface of nanoparticles also contributes to its
stability in the aqueous environment and prevents the
aggregation and eventual deposition of nanoparticles.
As shown in Figure 1b, the addition of nano-complex
to low salinity seawater has decreased the contact angle
significantly. By increasing concentration, the contact
angle value decreased further, indicating an alteration
in rock wettability from a strongly oil-wet to water-
wet state. Modification of carbon nanotubes’ surface
with CTAB surfactant, which has a long organic tail
and a hydrophilic polar head, gives the nano-complex
the potential to react with and absorb the asphaltenes
deposited on the dolomite surface. On the other hand, the
polar head of the surfactant, which tends to be present
in the aqueous environment, causes the separation of
asphaltene contents from the rock surface. Another
proposed mechanism is the increase in surface energy
of the rock by adsorbing high-energy nanoparticles
on its surface. Establishing an ionic bond between the
cationic head of the surfactant and the acidic elements
of the oil adsorbed on the rock surface could also alter
the rock wettability.
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Fig. 1 a) IFT versus nano-complex concentration, b) contact
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The adsorption study of nano-complex in distilled
water and low salinity seawater media revealed the
fact that the presence of salt could increase nano-
complex adsorption on the dolomite surface. However,
the adsorption density in its greatest extent reached the
value of 0.457 mg nano-complex per 1g of dolomite
which is plausible. Higher adsorption of nano-complex
on dolomite surface could be due to the interaction
between the polymer molecules in the nano-complex
structure with the ions resulting from the dissolution
of salt in water, which enhanced the van der Waals
attraction between the nanoparticles and caused them
to be adsorbed on the rock surface. The experimental
data obtained from nano-complex adsorption on the
dolomite surface were compared with two theoretical
models (Langmuir and Freundlich), and the regression
coefficients were calculated for further investigation.
The results are shown in Figure 2. Based on this Figure
2a, it can be inferred that the nano-complex solution in
distilled water has matched the Langmuir model, and
due to the nature of the Langmuir model, adsorption
occurred as a single layer, and the adsorption density
was very low. The presence of salt in distilled water
medium, however, increased the adsorption density
and fitted to the Freundlich model as presented in
Figure 2b. Since the Freundlich model is used to
describe heterogeneous and multilayered adsorptions,
nano-complex adsorption behavior in low salinity
seawater medium followed a heterogeneous pattern.
Therefore, the utilization of high concentrations of
nano-complexes in saline aqueous media should be
carried out with caution.
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Fig. 2 Comparison of the experimental data with theoretical
models for a) distilled water and b) low salinity seawater.
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Conclusions

This work investigated the performance of a novel
nano-complex (functionalized multi-walled carbon
nanotubes modified by CTAB surfactant and PEG
polymer) as a new chemical for CEOR studies.
Accordingly, a series of experiments, including
stability tests, IFT, wettability alteration, and static
adsorption, have been performed. The results revealed
that the prepared nano-complex was stable at salinity
ranges up to 6000 mg/L. The synthesized nano-
complex could successfully reduce the crude oil-
brine IFT to values around 0.5 mN/m. Moreover, the
critical micelle concentration of nano-complex was
obtained around 60 mg/L. This low CMC value can
bring economic advantage in CEOR operations while
minimizing the formation damage. The experimental
results of wettability alteration proved the potential of
the nano-complex to alter the wettability of dolomite
rock surfaces from oil-wet toward the water-wet state.
Finally, the regression coefficients obtained by fitting
the experimental data of the nano-complex adsorption
with two well-establshed models, namely Langmuir
and Freundlich, proved the low adsorption of nano-
complex on dolomite rock, but the presence of salt
increased the adsorption.
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