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ABSTRACT: In this study, the mechanism by which combined
surfactants affect the dispersion stability of magnetic nanofluids
(MNFs) was improved. Two stable lubricating oil-based magnetic
nanofluids with high viscosity and one with low viscosity were
prepared by chemical coprecipitation. Erucic acid and octanoic
acid were used as the combined surfactants to modify the Fe3O4
nanoparticles (MNPs). The size and morphology of the particles
were observed using TEM. The rheological properties were tested
with a rotational rheometer. The magnetization of the lubricating
oil-based magnetic nanofluids was characterized by VSM. The
results indicated that the prepared magnetic nanofluids had high
viscosity, high magnetism, and good stability. This study provided
ideas for the preparation of a high-viscosity magnetic nanofluid. By using combined surfactants, sufficient steric repulsion energy can
be provided to counteract the attraction energy of sterically protected nanoparticles, thus achieving a balance of the dispersion
stability of MNF.

1. INTRODUCTION
As a new type of functional material, magnetic nanofluid has
unique properties of both magnetism and fluidity.1,2 Therefore,
it has been widely used in various fields like rotary sealing,3

lubrication,4 biomedicine,5 dampening,6 tilt measurement
sensors,7 and so on. In order to study the effect of viscosity
of magnetic nanofluids on the sealing capability, we need to
prepare serial magnetic nanofluids with similar properties but
different viscosities.
There are two ways to achieve better enhancement in the

viscosity of MNF. One is to couple the magnetic nanoparticles
to different additives.8 The viscosity of Fe3O4/Ag MNF
increases compared with the traditional Fe3O4 MNF.

9 A small
amount of tobacco mosaic virus (TMV) added in MNF leads
to a significant enhancement in the magnetoviscosity of the
cobalt-ferrite (CoFe2O4)-based magnetic nanofluid.10 The
other way is to increase the viscosity of the carriers. The
viscosity values of PAO-60-based MNF were considerably
higher than those of PAO-30-based MNF under the same
conditions.11 The viscosity of the silicone-oil-based MNF was
lower than that of the fluorine-oil-based MNF at room
temperature, precisely because the viscosity of silicone oil (50
cst) was lower than that of fluorine oil (150 cst).12 The
viscosity of ester-based MNF is higher than that of kerosene-
based MNF and engine oil-based MNF.13 In this paper, three
kinds of lubricating oils (LAN-5, LAN-46, and LAN-68) were
applied as carriers. They have similar properties, but viscosity
increases with a higher number. These lubricating oil-based

MNFs will meet our requirements. However, it was difficult to
prepare a stable MNF using a traditional method (modifying
the nanoparticles with one kind of surfactant) when the
viscosity comes to the LAN-46 level. Agglomeration would
occur as surfactants could not produce enough steric repulsion
energy. The initial viscosity of the typical oil-based magnetic
nanofluids is in the range of 3−200 mPa s. Therefore, we
defined the viscosity above this range as high viscosity.
Previous studies have investigated the effect of unit

surfactants on magnetic nanofluids. Various surfactants, e.g.,
oleic acid, sodium oleate, dodecylamine, and sodium carboxy-
methylcellulose, are commonly used to enhance dispersibility
in carriers.14 The presence of long-chain molecules adsorbed
onto the particle surface can prevent particles from
approaching too close to one another. This mechanism is
called steric repulsion. Further, for the magnetic nanoparticles
in the MNF, the main parameter that determines this
mechanism is the surfactant shell thickness, which is
proportional to the alkyl chain length. Petrenko, in his study,
found that the chain length in LA (C12) was insufficient to
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provide such stabilization in nonpolar solvent decahydronaph-
thalene-based MNF he prepared.15,16 Nagornyi used the small-
angle neutron scattering method to investigate the structures of
concentrated magnetic nanofluids based on water and
stabilized by sodium oleate (SO) or dodecylbenzenesulfonic
acid (DBSA). He found that not only the number of free
surfactant molecules in solutions but also the surfactant−MNP
and surfactant−carrier interactions affect the stabilization
mechanism in the MNF.17,18 In the research of preparing an
aqueous magnetic nanofluid, the bilayer surfactant structure
was proposed.19,20 Different kinds of stable aqueous MNF
produced various saturated and unsaturated fatty acids as
primary and secondary surfactants.21,22 The inner layer covers
the surface of the superparamagnetic core as a monolayer, with
the hydrocarbon tail extending out. The outer layer physically
adsorbed on the inner layer.23 Furthermore, γ-irradiation can
be effective in polymerizing olefin-terminated surfactant bilayer
coatings on magnetite nanoparticles.24 However, this method
can only work in an aqueous medium because these modified
particles are hydrophilic. Therefore, there is still no specific
theoretical and experimental study on the dispersion stability
of oil-based MNF with combined surfactants adsorbed onto
the particles.
In this paper, the improved mechanism by which combined

surfactants affect the dispersion stability of magnetic nanofluids
was presented. Accordingly, erucic acid and octanoic acid were
used as the combined surfactants to modify the Fe3O4
nanoparticles. Then, materials and the characterization
methods for MNF preparation were proposed. The rest of
the paper is organized as follows: Section 4 discusses the
experimental results, and Section 5 summarizes the conclusions
and future works.

2. DISPERSION STABILITY MECHANISM OF
COMBINED SURFACTANTS

2.1. Attraction Energy. Dispersion stability depends on
the balance between various forms of energy (attractive and
repulsive energies) and thermal energy to avoid agglomeration
over a period of time.25 In magnetic nanofluids, the
permanently magnetized particles will approach each other
because of the magnetic and van der Waals attractive energies.
At the same time, the long-chain molecules adsorbed on the
particle surface will produce steric repulsion energy to prevent
this phenomenon. Agglomeration occurs in a magnetic
nanofluid if the average thermal energy exceeds the sum of
the total interactions (barrier energy).26 These thermal and
attraction energies per particle are
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where k is the Boltzmann constant and equals 1.38 × 10−23 N
m K−1, T is the absolute temperature in degrees Kelvin, μ0 is
the permeability of free space and has the value 4π × 10−7 H
m, volume =V d /6 mp

3 3 for a spherical particle of diameter

dp, ds is the distance between two particles’ surfaces, and l =
2ds/dp, where A is the Hamaker constant equaling (1−3) ×
10−19 N m.

2.2. Steric Repulsion Energy. Mackor treated steric
repulsion as the statistical mechanics of a rigid rod attached
onto a universal hinge.27 It was assumed that the “head” polar
group of the adsorbed molecule is dilute at the surface, so that
the “tail” rod can adopt a hemispherical orientation under the
influence of thermal motion. Based on this, we developed a
double-chained model to reveal the effect of combined
surfactants on the dispersion stability of the magnetic
nanofluid (see Figure 1). When two particles approach each

other and are in close proximity, the surface-adsorbed long-
chain molecule layers will be compressed like elastic bumpers.
With different particle distances and chain lengths, we can
calculate the repulsion energy using this model.
The lengths of the two surfactant chains are δ1 and δ2,

respectively, and δ1 > δ2. As the distance reduces, the relative
long-chain molecules will get in touch first. Then, the relative
long and relative short molecules, and finally the relative short
molecules will compress each other. Accordingly, we can
obtain the expression for the repulsive energy per unit area of
the surface, which is
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where = = * =d d d d d d2 / , ( / ), 2 /i i i i i i is s p s s p, pij is the
proportion of surfactant molecules i compressed by surfactant
molecules j, and ξ is the surface concentration of adsorbed
molecules.

2.3. Cage Effect. As we can learn from the expression, in
addition to the surfactant shell thickness, the surface
concentration of adsorbed molecules is also a main parameter
that determines the steric repulsion. Usually, the preparation is
pictured as the behavior of isolated molecules in which the
carrier is treated as a passive support. However, the nature of
the carrier can actually influence the rate and sequence of the
reaction.20 Hence, it is more accurate to describe the surfactant
molecules and magnetic nanoparticles in the carrier as
encapsulated particles in the preparation of MNFs. The
encapsulated particles must diffuse from their carrier cages to

Figure 1. Geometric illustration of the double-chained model.
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interact with other particles. This mechanism is called cage
effect (see Figure 2). Further, this effect is enhanced as the

viscosity of the carrier increases.21 It is more difficult for
surfactants to diffuse and then get absorbed onto the MNPs as
more energy is needed, which leads to a decrease in the surface
concentration. This is one of the reasons why the preparation
of high-viscosity magnetic nanofluids is a hard nut to crack.

2.4. Net Interaction Curve. It is the algebraic sum of the
magnetic attractive energy, van der Waals attractive energy,
and steric repulsion energy that is decisive for determining the
dispersion stability of the particle suspensions. Figure 3

illustrates this behavior using MATLAB, where we take the
attraction energy as negative and the repulsion energy as
positive. The abscissa, or x-coordinate, may represent the
dimensionless distance between two particle surfaces (i.e., ds/
dp). On the ordinate, or y-coordinate, is the dimensionless
potential energy as the ratio of attractive or repulsive energy to
thermal energy (k0T).
Typical values of parameters are T = 298 K and A = 2 ×

10−19 N m. Based on the characterization of MNPs we have
made, the diameter of the particle is dp = 10 nm, and the
saturation magnetization is M = 5800 Gs. Considering the
double-chain model we presented, two surfactants with chain
lengths of δ1 = 2.64 nm and δ2 = 1 nm are included in the
calculation. Respectively, the surface concentration is ξ1 = 0.2
× 1018/m2 and ξ2 = 1 × 1018/m2. The black curves represent

the situation where two surfactant molecules are absorbed onto
the particle surfaces. The blue curves indicate the isolated
absorption of relative long molecules and the red ones for
relative short molecules. The green one means magnetic
attraction energy, and the purple one is van der Waals
attractive energy.
We can learn that when two particles approach each other,

the repulsive energy increases, which then leads to an increase
in the net interaction energy. At a specific distance, the
algebraic sum of these energies reaches the maximum value
and creates an energy barrier. Different results emerge in
different cases. Case 1 is where just relatively short molecules
are absorbed in isolation, and the repulsive energy generated
by the surfactants is too weak to overpower the attractive
energy. The occurrence of agglomeration is taken for granted.
In case 2, just the relatively long molecules are absorbed in
isolation, and the energy barrier becomes positive. However,
the barrier is just about 2k0T, which is still not strong enough
to keep the whole system stable for a long period. Case 3 is the
double-absorbed model with an energy barrier of more than
10k0T. As this barrier energy exceeds the average thermal
energy of a particle by an order of magnitude, statistically, few
particles will cross the barrier, and the rate of agglomeration
should be negligible. From these curves, we can have a very
clear understanding of the key role of combined surfactants in
the preparation of high-viscosity magnetic nanofluids.
Furthermore, the interactions between surfactants we ignored
this time may affect the absorption and should be taken into
consideration in a future study.

3. EXPERIMENTAL SECTION
3.1. Materials. The chemicals used in this work were all

analytical grade, without further purification. Ferric chloride
(FeCl3) was purchased from Shanghai Titan Scientific Co.,
Ltd., ferrous chloride tetrahydrate (FeCl2·4H2O) from Damao
Chemical Reagent Factory, and ammonia solution (NH3·H2O)
from Xilong Scientific Co., Ltd. Erucic acid and octanoic acid
were provided by Meryer (Shanghai) Biochemical Technology
Co., Ltd. Three kinds of lubricating oil (LAN-5, LAN-46, and
LAN-68) were applied in our experiment as carriers and
supplied by Mojiezuo Petrochemical (Shanghai) Co., Ltd.
Deionized water was used throughout the experiments.

3.2. Preparation of Lubricating Oil-Based Magnetic
Nanofluids. The lubricating oil-based magnetic nanofluids
tested in this study can be prepared using the process shown in
Figure 4. Fe3O4 MNPs were synthesized by the coprecipitation
method, and the reaction process was: Fe2+ + 2Fe3+ + 8OH−

→ Fe3O4 + 4H2O. According to the mole ratio of 1:2, a
mixture of ferric chloride (FeCl3) and ferrous chloride
tetrahydrate (FeCl2·4H2O) was dissolved into deionized
water and placed into a 45 °C thermostat water bath. Under
vigorous stirring, enough ammonia solution was added. After
45 min, the solution was washed with deionized water and put
on a magnet several times until the supernatant pH reduced to
about 7. By this process, the Fe3O4 MNPs were isolated. To
further modify the MNPs, surfactants were used. First, these
obtained MNPs were dispersed in a specific kind of lubricating
oil. Then, a mixture of erucic acid and octanoic acid was added
into it. A 2 h 80 °C thermostat water bath along with vigorous
stirring was used to ensure the MNPs were fully covered by the
surfactants. Finally, the solution was put on a strong magnet
for 24 h to precipitate the possible large particles, and after
that, a stable lubricating oil-based magnetic nanofluid was

Figure 2. Free surfactant molecules in carriers can diffuse out from
their cages to react with a particle within another cage.

Figure 3. Attraction energy and repulsion energy of the particle
suspensions.
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obtained. Finally, we obtained one kind of low-viscosity oil-
based MNF (LAN 5 based) and two kinds of high-viscosity oil-
based MNFs (LAN 46-based and LAN 68-based).
In addition, we also tried to prepare LAN-46-based MNF in

the conventional method using just one single type of
surfactant to modify the nanoparticles, and agglomeration
and segregation occurred (see Figure 5).

3.3. Characterization Methods. The magnetic fluids
were identified by a transmission electron microscope (NEC,
JEM-2010), a rotational rheometer (Anton Paar, MCR-302),
and a vibrating sample magnetometer (VSM, Microsense, EZ-
8).

4. RESULTS AND DISCUSSION
4.1. TEM Results of Magnetic Particles. Figure 6 shows

the TEM images of the prepared MNPs. As we can see, the
particles were spherical, and the average diameter was about 10
nm, which was within the range of particle size of stable
colloids.27 The modification of surfactants did not result in the
agglomeration of MNPs which was in accordance with the
macroscopic view of the MNFs.

4.2. Rheological Properties of MNFs. Figure 7 shows the
variations of the viscosity of the prepared MNFs under
different magnetic fields as the temperature was kept at 25 °C.
There are three curves of the samples including LAN-5, LAN-
46, and LAN-68 lubricating oil-based MNFs in each graph.
Figure 7a reveals that the viscosity of all the prepared MNFs
remained steady with the increasing shear rate in the absence
of a magnetic field. Newtonian fluid characteristics were
observed which were similar to the behavior of the carrier fluid.
When the static magnetic field was applied to the MNFs, the
viscosity rose sharply because the particle chains composed of
MNPs were formed.28−31 The particle chains could enhance
the capacity for the resistance of shear forces. However, as the
shear rate rose, the chains would be destroyed, and MNPs
could rearrange their orientation. In this situation, Figure 7b
reflects the downward trend of viscosity with an increasing
shear rate, indicating the shear-thinning nature of the MNFs.

Figure 4. Process of preparing lubricating oil-based magnetic nanofluids.

Figure 5. (a) Successfully prepared MNF. (b) Agglomeration and
separation.

Figure 6. TEM images of prepared MNPs: (a) LAN-5; (b) LAN-46; and (c) LAN-68.
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4.3. Magnetic Properties of MNFs. Figure 8 shows the
hysteresis loops of the prepared MNFs, and similar magnet-

ization curve shapes of all samples were observed. Nearly
immeasurable coercivity and remanence revealed the super-
paramagnetic properties of the prepared MNFs, which were in
line with the theory. However, the saturated magnetization of
LAN-5-based MNF, LAN-46-based MNF, and LAN-68-based
MNF was 521.53, 650.37, and 678.07 Gs, respectively.

5. CONCLUSIONS

In our study, we improved the mechanism of the effect of
combined surfactants on the dispersion stability of the
magnetic nanofluid. Erucic acid and octanoic acid were used
to prepare stable lubricating oil-based magnetic nanofluids
with high viscosity. The good appearance of the prepared
MNFs and the following characterized results indicated that
this preparation method did work in both low-viscosity and
high-viscosity carrier fluids. The average particle size of the
MNPs was about 10 nm. The viscosity of LAN-5-based MNF,
LAN-46-based MNF, and LAN-68-based MNF at the
temperature of 25 °C, magnetic field of 0.32 T, and shear
rate of 10−1 s was 812.16, 2078.7, and 2260.0 mPa s,
respectively. The saturated magnetization was 521.53, 650.37,
and 678.07 Gs, respectively.
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