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Abstract: Effectively enhancing oil recovery can be achieved by reducing the viscosity of crude oil.
Therefore, this paper investigated the viscosity reduction behavior of carbon nanotube viscosity
reducers with different molecular structures at the oil–water interface, aiming to guide the synthesis
of efficient viscosity reducers based on molecular structure. This study selected carbon nanotubes
with different functional groups (NH2-CNT, OH-CNT, and COOH-CNT) for research, and carbon nan-
otubes with varying carbon chain lengths were synthesized. These were then combined with Tween
80 to form a nanofluid. Scanning electron microscopy analysis revealed an increased dispersibility
of carbon nanotubes after introducing carbon chains. Contact angle experiments demonstrated that
-COOH exhibited the best hydrophilic effect. The experiments of zeta potential, conductivity, viscosity
reduction, and interfacial tension showed that, under the same carbon chain length, the conductivity
and viscosity reduction rate sequence for different functional groups was -NH2 < -OH < -COOH.
The dispersing and stabilizing ability and interfacial tension reduction sequence for different func-
tional groups was -COOH < -OH < -NH2. With increasing carbon chain length, conductivity and
interfacial tension decreased, and the viscosity reduction rate and the dispersing and stabilizing
ability increased. Molecular dynamics simulations revealed that, under the same carbon chain length,
the diffusion coefficient sequence for different functional groups was -NH2 < -OH < -COOH. The
diffusion coefficient gradually decreased as the carbon chain length increased, resulting in better
adsorption at the oil–water interface. This study holds significant importance in guiding viscosity
reduction in heavy oil to enhance oil recovery.

Keywords: carbon nanotube; viscosity reducers; heavy oil; molecular dynamics simulation; oil–
water interface

1. Introduction

Petroleum plays a crucial role in China’s energy security and the daily lives of its
people. With the continuous extraction of conventional oil resources, the proportion of
heavy oil, rich in reserves, in oil field development has been increasing year by year [1,2].
Global geological reserves of heavy oil are estimated at approximately 815 billion tons,
accounting for roughly 70% of the global oil reserves [3]. According to confirmed reserves,
medium-to-high-viscosity crude oil (underground crude viscosity greater than 50 mPa·s)
constitutes over half of the Bohai oil field reserves. However, the current extraction rate
of water flooding in the Bohai oil field is less than 20%, indicating immense untapped
potential. Viscosity increase in crude oil is often attributed to large molecules such as
resins and asphaltenes in heavy oil, leading to increased viscosity [4–6]. Moreover, heavy
oil contains significant amounts of natural emulsifiers like resins and asphaltenes, which
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exhibit strong emulsifying synergy. The natural emulsifiers and water easily form high-
viscosity water/oil (W/O) emulsions (where water is dispersed in the oil in the form of
small droplets with an inner phase of water and an outer phase of oil) during water flooding
processes, further amplifying the viscosity difference between water and oil, resulting in
suboptimal effects in exploiting viscous oil reservoirs [7–9].

Reducing the viscosity of heavy oil primarily involves physical and chemical methods.
Among these, heating and dilution with light hydrocarbons are the most commonly em-
ployed physical techniques. However, they pose issues such as high costs and increased
fuel consumption. Chemical methods primarily involve adding viscosity-reducing agents
to decrease the viscosity of crude oil [9–11]. These agents enable the emulsification of crude
oil with injected water under shear forces, forming an oil-in-water (O/W) emulsion (where
oil is dispersed in the water in the form of small droplets with an inner phase of oil and
an outer phase of water) [12,13]. Through intermolecular forces and hydrogen bonding,
friction between the dispersed fluid droplets (oil) and the continuous phase (water) and
even between the oil droplets themselves decreases, resulting in enhanced mobility, which
is macroscopically observed as reduced viscosity [14]. Upon reducing the viscosity of
heavy oil, there are advantages in improving the oil–water flow ratio, reducing water by-
passing, and enhancing oil displacement efficiency [15–17]. Additionally, the molecules of
viscosity-reducing agents possess both hydrophilic and lipophilic groups on their surfaces.
This property allows them to spontaneously migrate to the oil–water interface, with the
hydrophilic groups oriented toward the water phase and the lipophilic groups toward the
oil phase. Through intermolecular forces, these groups counteract a portion of the repulsive
forces between oil and water, lowering the interfacial tension between them and improving
the efficiency of water flooding [18–20]. Viscosity reducers lower the viscosity of crude
oil by emulsifying at the oil–water interface. However, after emulsion destabilization, the
viscosity of crude oil quickly reverts, leading to a decline in the effectiveness of viscosity
reduction. Thus, ensuring the emulsification efficiency of viscosity-reducing agents is
crucial for viscosity reduction and oil recovery from heavy oil [21–23].

Due to their smaller size and robust surface activity, numerous scholars have exten-
sively studied nanoparticles to enhance the stability of oil–water interfaces and improve
emulsification effects [24–27]. Tian et al. [28] investigated the impact of modified nano-
calcium carbonate on soapberry solution at the oil–water interface. The results indicated
that adding modified nano-calcium carbonate was advantageous in enhancing the O/W
emulsification effect and emulsion stability of the soapberry solution. Joshi et al. [29]
studied how nano-silica assisted surfactants in increasing water flooding recovery rates.
Their experiments demonstrated that nanoparticles could further reduce the interfacial
tension between surfactants and crude oil while promoting the emulsification effect of
surfactants, consequently enhancing the recovery rate. Prathibha et al. [30] synthesized a
lysine-grafted silica nanoparticle (LGS) and prepared both water-in-oil and oil-in-water
emulsions. Through experiments, it was observed that when nanoparticles and surfactants
coexisted, the interfacial tension between them and crude oil was lower compared to
nanoparticles alone or surfactants alone, and the prepared emulsions were more stable,
resulting in higher oil recovery efficiency. Hence, nanoparticles play a significant role in
emulsifying crude oil with surfactants [31]. However, nanoparticles with different prop-
erties exhibit varying effects on oil emulsification. Nanoparticles with lipophilic groups
form W/O emulsions, while those with hydrophilic groups form O/W emulsions. There-
fore, the molecular structure of nanoparticles determines the emulsification effect [32,33].
Yet, research on how the distinct molecular structures of nanoparticles affect the viscosity
reduction of crude oil is currently limited.

This study synthesized carbon nanotubes containing amino, carboxyl, and hydroxyl
groups and varying carbon chain lengths as nano-viscosity reducers. The structure–
property relationship of carbon nanotubes in reducing viscosity with crude oil was analyzed
through a series of experiments, including emulsification viscosity reduction, interfacial
tension, and contact angle. Additionally, molecular dynamics simulations were employed
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to study the interfacial behavior of carbon nanotubes with different molecular structures at
the oil–water interface. The research conducted in this study provides design principles for
the molecular structure of high-efficiency nano-viscosity reducers in the future.

2. Materials and Methods
2.1. Materials

Amino carbon nanotubes, carboxyl carbon nanotubes, and hydroxyl carbon nanotubes,
with nano dimensions of 10–15 nm in diameter and 3–12 µm in length, were obtained from
Da Zhan Nanometer Co., Ltd. (Binzhou, China). Dodecyl bromide, hexadecyl bromide, and
octadecyl bromide were acquired from Bai Ling Wei Co., Ltd. (Shanghai, China). Sodium
hydroxide, hydrochloric acid, and anhydrous ethanol were sourced from Chengdu Kolon
Reagent Chemical Factory (Chengdu, China). All chemicals were of analytical grade. The
simulated formation water comes from the laboratory (total salinity: 11,247.3 mg/L; NaCl:
11,247.3 mg/L; CaCl2: 404.0 mg/L; MgCl2: 1204.1 mg/L; Na2CO3: 765.2 mg/L). The crude
oil was obtained from the Bohai Oilfield, and the specific properties of the crude oil are
detailed in Table 1. All properties of the crude oil were tested at 65 ◦C. In addition, all tests
were measured in parallel three times, and the results were averaged.

Table 1. Properties of crude oil.

Oil Species Density (g/cm3) Viscosity (mPa·s) Saturates Aromatics Resins Asphaltenes API

BO-1 0.943 2236.52 40.85% 28.99% 24.18% 5.98% 14.6◦

2.2. Preparation of Carbon Nanotubes with Different Molecular Structures
2.2.1. Synthesis of Carbon Nanotubes

NH2-CNT (1 g) was added to 50 mL of anhydrous ethanol and subjected to ultrasound
at 30 ◦C for 30 min using a KH-250 Ultrasonic cleaner (Kunshan Hechuang Ultrasonic
Instrument Co., Ltd. (Kunshan, China)) to achieve a uniformly dispersed nano solution.
Subsequently, 0.5 g of bromododecane was added to another 50 mL of anhydrous ethanol
and sonicated at 50 ◦C for 30 min until dissolved. This solution was then poured into
the nano solution. A NaOH solution was introduced into the mixed solution, adjusting
the pH to 12, and allowing the reaction to occur at 65 ◦C and 400 rpm for 20 h. The pH
value was neutralized by adding HCl to the mixed solution. NH2-CNT-12 was obtained
through filtration, drying, and crushing, as illustrated in Figure 1, outlining the ANCC
preparation process.

Energies 2024, 17, 2564 4 of 16 
 

 

 
Figure 1. Schematic of carbon nanotube synthesis. 

2.2.2. Preparation of Nanofluids 
Tween-80 (0.05 g) was added to 100 mL of deionized water, and a 500 ppm Tween-

80 solution was obtained by stirring at 30 °C and 400 rpm for 10 min. Different concentra-
tions of modified CNTs were added to the Tween-80 solution, and nanofluids were pro-
duced by means of ultrasound treatment at 30 °C for 1 h. Adjustments in the concentra-
tions of Tween-80 and ANCC were made in accordance with subsequent experiments. 

2.3. Fourier-Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), 
and Contact Angle 

The analysis of sample functional groups was conducted using a Thermo Scientific 
Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific company, Waltham, MA, USA). 
The experimental procedure involved combining the sample and KBr in an agate bowl at 
a mass ratio of 1:100. A slice was pressed by an infrared spectrum tablet press under 10 
MPa and normal temperature. These pancakes were then subjected to spectral analysis 
within the wavelength range of 4000–5000 cm−1 to ascertain successful modifications by 
analyzing the functional groups [34]. At the same time, the microstructures of the modi-
fied CNTs were characterized using a Quanta 450 scanning electron microscope (Ameri-
can FEI company, Hillsboro, OR, USA). All samples were sprayed with gold and then 
placed in a vacuum device. The surface microstructure of the samples was observed using 
electron microscopy at different multiples. Experimental conditions: acceleration voltage: 
0.6 kv~30 kv; electron gun type: tungsten wire. In addition, the contact angles of the mod-
ified CNTs were determined using a German KRUSS excellent contact Angle instrument 
(DSA100, KRUSS company, Hamburg, Germany). The sample powder was placed flat on 
a slide (0.5 mm thickness) and anhydrous ethanol was dripped on the sample powder to 
make its distribution more uniform. Then, it was placed in the oven, dried at 50 °C, and 
placed on the automatic interface tensiometer test platform. Finally, the contact Angle of 
the sample was measured and photographed using the software-controlled instrument. 
Test conditions: temperature: normal temperature; image resolution: 1216 × 1216. 

  

Figure 1. Schematic of carbon nanotube synthesis.



Energies 2024, 17, 2564 4 of 15

Using the same method, dodecyl bromide and octadecyl bromide were reacted
with NH2-CNT to obtain NH2-CNT-16 and NH2-CNT-18, respectively. Additionally,
other carbon nanotubes (OH-CNT and COOH-CNT) were reacted with alkyl bromides
to produce COOH-CNT-12, COOH-CNT-16, COOH-CNT-18, OH-CNT-12, OH-CNT-16,
and OH-CNT-18.

2.2.2. Preparation of Nanofluids

Tween-80 (0.05 g) was added to 100 mL of deionized water, and a 500 ppm Tween-80
solution was obtained by stirring at 30 ◦C and 400 rpm for 10 min. Different concentrations
of modified CNTs were added to the Tween-80 solution, and nanofluids were produced
by means of ultrasound treatment at 30 ◦C for 1 h. Adjustments in the concentrations of
Tween-80 and ANCC were made in accordance with subsequent experiments.

2.3. Fourier-Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and
Contact Angle

The analysis of sample functional groups was conducted using a Thermo Scientific
Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific company, Waltham, MA, USA).
The experimental procedure involved combining the sample and KBr in an agate bowl
at a mass ratio of 1:100. A slice was pressed by an infrared spectrum tablet press under
10 MPa and normal temperature. These pancakes were then subjected to spectral analysis
within the wavelength range of 4000–5000 cm−1 to ascertain successful modifications by
analyzing the functional groups [34]. At the same time, the microstructures of the modified
CNTs were characterized using a Quanta 450 scanning electron microscope (American FEI
company, Hillsboro, OR, USA). All samples were sprayed with gold and then placed in a
vacuum device. The surface microstructure of the samples was observed using electron
microscopy at different multiples. Experimental conditions: acceleration voltage: 0.6~30 kV;
electron gun type: tungsten wire. In addition, the contact angles of the modified CNTs
were determined using a German KRUSS excellent contact Angle instrument (DSA100,
KRUSS company, Hamburg, Germany). The sample powder was placed flat on a slide
(0.5 mm thickness) and anhydrous ethanol was dripped on the sample powder to make
its distribution more uniform. Then, it was placed in the oven, dried at 50 ◦C, and placed
on the automatic interface tensiometer test platform. Finally, the contact Angle of the
sample was measured and photographed using the software-controlled instrument. Test
conditions: temperature: normal temperature; image resolution: 1216 × 1216.

2.4. Evaluation of Dispersion Properties of Nanofluids

A total of 0.1 g Tween 80 was added to 99.9 g tap water to get a Tween 80 solution
with a concentration of 0.05%. The 0.05 g sample was added into 100 mL Tween 80 solution,
and subjected to ultrasound for 10 min to make them more uniform. Then, the potential
of the nanofluid was measured using a Zetaprobe Zeta potentiometer (European and
American land Science and technology Group, Cambridge, MA, USA). Finally, the nanosize
in solution was measured using a BI-200SM wide-angle laser light-scattering instrument
(Brooke, Lexington, KY, USA), and the dispersion stability of carbon nanotubes in the
dispersant was analyzed. The configured nanofluid was pipetted 500 µL into the cuvette
with a pipette gun, and the cuvette was placed into a dynamic light-scattering instrument
for analytical measurement. The experimental measurement time was 2 min, the test
temperature was 25 ◦C, and the wavelength was 678 nm.

2.5. Viscosity Reduction Experiment

A 0.05% Tween-80 solution was used as a dispersant to prepare nanofluids of various
concentrations (100 ppm, 250 ppm, 500 ppm, 750 ppm, and 1000 ppm). The nanofluids
were combined with crude oil at a 5:5 volume ratio in a special measuring cylinder and
stirred at 1000 rpm and 65 ◦C for 1 h to obtain emulsions.
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(1) Conductivity experiment

The emulsion types were determined by measuring the emulsion’s electrical conduc-
tivity. A total of 50 mL of the prepared emulsion was placed in a beaker, and the electrode
of the DDS-307A conductivity meter (Shanghai Yishan Electrical Scientific Instrument Co.,
Ltd., Shanghai, China) was placed in the emulsion to test its conductivity. The experimental
temperature was normal temperature. When the outer phase of the emulsion was oil,
the conductivity was smaller, and when the outer phase of the emulsion was water, the
conductivity was greater and easier to achieve.

(2) Emulsion viscosity

The viscosity of the emulsion was tested using a NJ-5S Brookfield Rotational viscome-
ter (Shenzhen Yongda instrument equipment Co., Ltd., Shenzhen, China), and the viscosity
reduction rate was calculated using Formula (1). During viscosity testing, the viscosity
value of a liquid was obtained by using the relationship between the shear and resistance
generated between the cylindrical rotor and the fluid. The viscometer was equipped with
a high-temperature measuring system, through which the temperature was controlled to
65 ◦C during the whole viscosity testing experiment. The rotor of the viscosimeter was
a No. 18 rotor, the shear rate was 7.34 s−1, the emulsion could keep emulsifying during
the shear flow process, and the emulsion was very stable. In the viscosity test, each set of
data was tested 3 times, and the average value was obtained to reduce the error. All the
solutions used are the simulated formation.

η =
µoil − µe

µoil
× 100% (1)

where η is the viscosity reduction, %; µoil is the crude oil viscosity, mPa·s; and µe is the
emulsion viscosity, mPa·s.

(3) Emulsion stabilization experiment

A total of 50 mL of the emulsion was placed in a beaker, and the beaker was placed
in a vacuum drying oven (Shanghai Shanzhi Instrument Equipment Co., Ltd., Shanghai,
China) for aging at 65 ◦C. The emulsion was taken out every 10 h and its water yield ratio
was calculated according to Formula (2).

ω =
Vcw

Vco
× 100% (2)

where ω—the water yield ratio, %; Vcw—the volume of water yield in the emulsion, mL;
and Vco—the total volume of water in the initial emulsion, mL.

2.6. Interfacial Tension Experiment

A 0.05% Tween-80 solution was utilized as a dispersant to prepare nanofluids of
varying concentrations (100 ppm, 250 ppm, 500 ppm, 750 ppm, and 1000 ppm). These
nanofluids were introduced into sample tubes, and a drop of crude oil (volume: 1–1.5 µL)
was added. The interfacial tension was measured using an SDT Rotary interface tensiometer
(KRUSS, Hamburg, Germany) at 6000 rpm and 65 ◦C [35]. All solutions used are the
simulated formation. Each group of data was measured three times, and the average value
was taken to reduce the error.

2.7. Molecular Dynamics Simulation

This model is used for determining the diffusion coefficient of nanoparticles dispersed
in a matrix whose rheological behavior is Newtonian, which is intended to explain phenom-
ena in which both heavy oil and oil-in-water emulsions exhibit non-Newtonian behavior
(heavy crude). The simulated oil blend comprises n-heptane and toluene. A periodic
cell was constructed by arranging 1000 H2O molecules to represent the water phase and
65 tetradecane-toluene molecules to represent the oil phase. Subsequently, various models
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of CNTs (5 carbon nanotube molecules) were individually placed within an amorphous
cell and inserted at the interface of the water and oil setup. Experimental conditions in-
cluded an initial cell width and length of 30 Å, utilizing the Forcite module. The forcefield
employed was COMPASS, utilizing an NPT ensemble at a temperature of 298.15 K. The
total simulation duration was set to 1000 ps with a time step of 1 fs [36].

D =
1

6N8 lim
t→∞

d∑N
t=1

(
[r(t)− r(o)]2

)
dt

≈ a
6

(3)

where a is the linear slope of the root-mean-square displacement with time.

3. Results and Discussion
3.1. FTIR

FTIR analysis was performed on selected modified samples (NH2-CNT, OH-CNT,
COOH-CNT, NH2-CNT-12, COOH-CNT-12, and OH-CNT-12), as shown in Figure 2. The
results indicated that before modification, NH2-CNT, OH-CNT, and COOH-CNT displayed
broad peaks between 3500 and 3400 cm−1, possibly attributed to -NH2 and -OH groups.
The same peaks of all samples occurred at 1600 cm−1 and 1300 cm−1, which were attributed
to a strong strain sensitive peak of C-C bond vibration and tensile vibration peaks of noise
and lattice defects, respectively. However, compared to NH2-CNT, OH-CNT, and COOH-
CNT, NH2-CNT-12, COOH-CNT-12, and OH-CNT-12 exhibited new peaks at 2919 cm−1

and 2848.23 cm−1, arising from -CH3 and -CH2- on the long-chain alkyl. This evidence
confirms the successful introduction of long-chain alkyl into the carbon nanotubes.
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3.2. SEM

A SEM analysis of selected modified samples (NH2-CNT, OH-CNT, COOH-CNT,
NH2-CNT-12, COOH-CNT-12, and OH-CNT-12) was conducted, as depicted in Figure 3.
The images showed NH2-CNT as clustered, while OH-CNT and COOH-CNT appeared
as aggregations of rod-shaped particles. After introducing the carbon chain, all carbon
nanotubes exhibited improved dispersion. Initially, the surface functional groups of carbon
nanotubes were hydrophilic, promoting moisture adsorption and subsequent aggregation
in the presence of hydrogen bonding. However, post modification, the elongation of the
carbon chains increased hydrophobicity, preventing water molecule adsorption and thereby
enhancing dispersion.
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3.3. Contact Angle

Contact angle measurements were conducted before and after modification for all
samples. The results in Figure 4 indicate increased contact angles after modification.
Furthermore, under the same carbon chain length, the contact angle sequence for different
functional groups was -NH2 > -OH > -COOH, signifying better hydrophilic effects of
the carboxyl group. Increasing the carbon chain length under the same functional group
conditions led to gradually larger contact angles, indicating increased hydrophobicity.
Nevertheless, all nanomaterials exhibited contact angles smaller than 90◦, thus classifying
them as hydrophilic nanomaterials, tending to form an O/W emulsion.
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3.4. Dispersion Properties of Nanofluids

The larger the Zeta potential absolute value, the smaller the dispersed particle size
in the nanoparticle solution and the more stable the nanoparticle fluid. The Zeta po-
tential value and nanoparticle particle size of different nanoparticle fluids are shown in
Tables 2 and 3, respectively. It can be seen from the tables that with the increase in carbon
chain length, the Zeta potential gradually increased, and the particle size of the nanopar-
ticles gradually decreased, indicating that the nanofluid was becoming more and more
stable. This was because there were only active hydrophilic groups on the surface of carbon
nanotubes before modification, and there was intermolecular force with hydrophilic groups
on Tween 80 molecules in solution, so it was easy to adsorb and agglomerate. When the
lipophilic group was introduced on the surface of the carbon nanotubes, the two ends of the
carbon nanotubes were attracted by the Tween 80 molecule, which made the nanoparticles
balanced by force and evenly dispersed in the aqueous solution. In addition, compared
with the same carbon chain, the dispersing and stabilizing ability of nanoparticles by differ-
ent groups was COOH > OH > NH2, which may be related to the hydrophilic properties of
different groups.

Table 2. Zeta potential values of different nanofluids (absolute value; unit: mV).

Sample
Name

Potential
Value

Sample
Name

Potential
Value Sample Name Potential

Value

NH2-CNT 6.88 OH-CNT 6.75 COOH-CNT 10.66
NH2-CNT-12 16.77 OH-CNT-12 20.96 COOH-CNT-12 25.56
NH2-CNT-16 20.15 OH-CNT-16 26.25 COOH-CNT-16 32.44
NH2-CNT-18 23.98 OH-CNT-18 31.78 COOH-CNT-18 38.78

Table 3. The average particle size of nanoparticles in different nanofluids (unit: nm).

Sample
Name Particle Size Sample

Name
Particle

Size Sample Name Particle
Size

NH2-CNT 1097.8 OH-CNT 930.5 COOH-CNT 836.2
NH2-CNT-12 709.3 OH-CNT-12 862.1 COOH-CNT-12 555.8
NH2-CNT-16 685.12 OH-CNT-16 768.2 COOH-CNT-16 485.7
NH2-CNT-18 679.3 OH-CNT-18 607.4 COOH-CNT-18 436.6

3.5. Viscosity Reduction Experiment
3.5.1. Emulsion Type

Electrical conductivity tests were performed on emulsions prepared using nanofluids
(500 ppm Tween-80 + 500 ppm carbon nanotubes) with crude oil as the subject of study.
The results are shown in Table 4. It was observed that the electrical conductivity of the
three crude oils was identical at 0.01 µs/cm due to their non-conductive nature. The water
exhibited an electrical conductivity of 2234 µs/cm. However, the electrical conductivity of
all emulsions formed by nanofluids and crude oil exceeded 1000 µs/cm, far surpassing the
conductivity of crude oil. This observation indicated that the emulsion’s external phase
was water, and the internal phase was oil, classifying them as O/W emulsions, hence
their conductivity. Additionally, under the same carbon chain conditions, the sequence of
conductivity for different functional groups was -NH2 < OH < COOH, possibly associated
with their hydrophilicity. Moreover, as the carbon chain length increased, the conductivity
gradually decreased.
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Table 4. Electrical conductivity values of different samples.

Sample
Conductivity

Value
(µs/cm)

Sample
Conductivity

Value
(µs/cm)

Sample
Conductivity

Value
(µs/cm)

Sample
Conductivity

Value
(µs/cm)

NH2-CNT 1356 OH-CNT 1723 COOH-CNT 2234 Water 2234
NH2-CNT-12 1224 OH-CNT-12 1643 COOH-CNT-12 2188 BO-1 0.01
NH2-CNT-16 1185 OH-CNT-16 1522 COOH-CNT-16 2126 BO-2 0.01
NH2-CNT-18 1136 OH-CNT-18 1467 COOH-CNT-18 2059 BO-3 0.01

3.5.2. Emulsion Viscosity

Different concentrations of nanofluids were prepared to observe the viscosity reduction
after emulsification with crude oil. The results are depicted in Figure 5. Without the addition
of nanoparticles, the viscosity reduction rate of the Tween 80 solution was 88.67%. As the
concentration of nanoparticles increased, the viscosity reduction rate of carbon nanotube
fluids without carbon chains (NH2-CNT, OH-CNT, and COOH-CNT) remained almost
unchanged, closely resembling the viscosity reduction rate without added nanoparticles.
The result suggested that carbon nanotubes lacking carbon chains essentially exhibit no
viscosity reduction effect. However, carbon nanotube fluids containing carbon chains
exhibited an increasing viscosity reduction rate with higher nanoparticle concentrations.
This was primarily due to the modified carbon nanotubes containing hydrophilic groups
(-OH, -NH2, and -COOH) and hydrophobic groups (long-chain alkyl hydrocarbons). These
modified nanoparticles can adsorb at the oil–water interface, facilitating the emulsification
of crude oil with Tween 80 solution to form O/W emulsions. Consequently, this process
reduces the viscosity of crude oil. On the other hand, the unmodified nanoparticles, which
possess only hydrophilic groups, tend to aggregate and adsorb in water and cannot attach
to the oil–water interface, resulting in poorer performance. Furthermore, upon comparison,
it was noted that for the same carbon chain length, the sequence of viscosity reduction
rates for different groups is -NH2 < OH < COOH. Under identical group conditions, the
viscosity reduction rate gradually increases with increasing carbon chain length. This
phenomenon might be associated with the adsorption characteristics of nanoparticles at
the oil–water interface.
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3.5.3. Emulsion Stability

Different concentrations of nanofluids were prepared to observe the viscosity reduction
after emulsification with crude oil. The results are depicted in Figure 5. The water yield
ratios of all emulsions were tested, and the results are shown in Figure 6. It can be seen
from the figure that under the same group, as the carbon chain length increases, the
water yield ratio gradually increases, and the emulsion becomes more stable. This may be
because the longer the carbon chain, the more adsorbed at the oil–water interface, the more
stable the interface, and therefore the more stable the emulsion. Under the same carbon
chain, the water evolution rate of COOH-CNT was the largest, and the water evolution
rate of NH2-CNT was the smallest. This is due to the fact that COOH-CNT has the best
dispersibility and is more orderly and dense at the emulsion interface, while NH2-CNT is
easy to agglomerate and loosely arranged at the oil–water interface. Therefore, emulsions
containing COOH-CNT are more stable.
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3.6. Interfacial Tension Experiment

The interfacial tension between different nanofluids and crude oil is depicted in
Figure 7. The graph shows that the interfacial tension between crude oil and water is
26.38 mN/m, whereas, after the introduction of nanofluids, the interfacial tension decreases
significantly by 20 times. In the absence of carbon nanotubes, the interfacial tension between
the Tween 80 solution and crude oil is 1.067 mN/m. Upon introducing carbon nanotubes
without carbon chains (NH2-CNT, OH-CNT, and COOH-CNT), the interfacial tension rises
with an increase in nanoparticle concentration. However, with carbon chain-containing
carbon nanotubes, the interfacial tension decreases as the nanoparticle concentration rises.
This is primarily due to surfactant molecules containing hydrophilic and hydrophobic
groups. These molecules generate an attractive force at the oil–water interface, reducing the
interfacial tension between oil and water (Figure 8). Conversely, when carbon nanotubes
solely possess hydrophilic groups, they aggregate in water, impeding the movement of
surfactants towards the oil–water interface. Consequently, the quantity of surfactant
molecules at the interface reduces, increasing interfacial tension. However, modified
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carbon nanotubes with both hydrophilic and hydrophobic groups can adsorb onto the
oil–water interface, synergistically interacting with surfactants to reduce the interfacial
tension between oil and water, resulting in lower interfacial tension. Additionally, the
interfacial tension gradually decreases under the same functional group as the carbon chain
length increases. The interfacial tension order among different groups for the same carbon
chain length is -COOH < -OH < -NH2.
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3.7. Molecular Dynamics Simulation

Models of carbon nanotubes with various structural compositions were established
using Version 8.0 MS software (see Figure 9), and their diffusion adsorption behaviors at the
oil–water interface were studied through molecular dynamics simulation. The molecular
morphologies after simulation are depicted in Figure 10. The simulated carbon nanotubes
can be observed diffusing towards both sides of the oil–water interface. With an increase in
carbon chain length, the diffusion range of carbon nanotubes expands. The MSD diffusion
coefficients of carbon nanotubes at the oil–water interface calculated from the simulation
graph are presented in Table 5. It was observed that under the same functional group, the
diffusion coefficient gradually decreases with an increase in carbon chain length, indicating
better adsorption at the oil–water interface. Moreover, the diffusion coefficient order among
different groups is -NH2 < -OH < -COOH for the same carbon chain length. Thus, carbon
nanotubes containing -NH2 exhibit better adsorption at the oil–water interface.
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4. Conclusions

This study synthesized carbon nanotubes (NH2-CNT, OH-CNT, and COOH-CNT)
with different functional groups and carbon chain lengths. An SEM analysis revealed
an improved dispersion of carbon nanotubes with added carbon chains. Contact angle
experiments confirmed the superior hydrophilic effect of COOH. Through conductivity
experiments, viscosity reduction tests, interfacial tension experiments, and molecular
dynamics simulations, it was found that under the same carbon chain length, the dispersing
and stabilizing ability of nanoparticles by different groups was COOH > OH > NH2; the
conductivity order among different groups was -NH2 < -OH < -COOH; the viscosity
reduction order for different groups was -NH2 < -OH < -COOH; the interfacial tension
reduction order for different groups was -COOH < -OH < -NH2; and the diffusion coefficient
order for different groups was -NH2 < -OH < -COOH. Furthermore, as the carbon chain
length increased, the conductivity, interfacial tension, and diffusion coefficient decreased,
and the viscosity reduction and the dispersing and stabilizing ability increased, signifying
better adsorption at the oil–water interface.
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