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Abstract
Using an altering chemically induced transition route, magnetic nanoparticles as well as nanoparticles modified with oleic acid
have been prepared. The modified nanoparticles have been used to synthesize a high-quality kerosene-based ferrofluid, in which
the mass fraction percentage of particles consisting of a γ-Fe2O3 core and an oleic acid coating,ϕm, amounted to 55%. Ferrofluids
having lower concentrations of particles were obtained by diluting the mother ferrofluid. Magnetization measurements showed
the as-synthesized ferrofluids to have excellent dispersity of the particles and field-induced inter-particle interactions. Optical
transparency measurements confirmed that the ferrofluids showed a sensitive field-induced effect of chain-like aggregation, with
redispersion of the particles after removing the magnetic field. According to results concerning both particle structure and
ferrofluid density, the volume fraction percentage of particles, including both the γ-Fe2O3 core and the oleic acid coating, ϕ′v,
as well as that of the γ-Fe2O3 alone, ϕv, can be deduced.
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Introduction

Magnetic nanoparticles in the size range 1–100 nm represent
an important class of artificial nanostructured materials and
have attracted increasing interest in relation to fundamental
science and technological applications [1–5]. One application
of magnetic nanoparticles is to prepare ferrofluids, which are
stable colloidal dispersions of nanosized ferro- or ferrimagnet-
ic particles suspended in a liquid carrier, thereby constituting a
magnetic functional material with fluidity. The size of mag-
netic particles in ferrofluids must be sufficiently small, since
the stability of a ferrofluid as a colloidal system is ensured by
thermal motion of the particles. At the same time, particles

must not be too small, since if the size is less than 1–2 nm,
their magnetic properties disappear [6]. Generally, the size of
the magnetic particles is 10 nm or so. Due to the strong mag-
netic dipole–dipole interactions between magnetic nanoparti-
cles, as well as their high surface energy, magnetic nanoparti-
cles tend to spontaneously agglomerate. To prevent this, they
are stabilized by coating with long-chain molecular polymer/
surfactant or by electrostatic repulsion. Correspondingly,
ferrofluids can be divided into those that are surfacted ones
and those that are ionic (electrostatic double-layer) ones [7, 8].
By applying an external magnetic field, some behaviors of
ferrofluids, such as optical properties and viscosity [9], can
be changed, which are referred to as field-induced effects.
For the synthesis of ferrofluids, the most commonly used
and chemically stable ferrites are magnetite (Fe3O4) and
maghemite (γ-Fe2O3) [10]. For optical behavior, that is,
magneto-optical effects, persistent Fe2+ needs to be prevented
in order to improve the transparency of the ferrite particles [11,
12]. Hence, γ-Fe2O3 nanoparticles may be more suitable than
Fe3O4 nanoparticles for synthesizing ferrofluids showing pro-
nounced magneto-optical effects, even though the magnetiza-
tion of the former is less than that of the latter.

The field-induced effects of ferrofluids result from a micro-
structure transition. For formation of clusters, the dipole–dipole
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energy of the particles has to overcome the thermal energy [13].
In the absence of amagnetic field, themagnetic nanoparticles in
ferrofluids are in a random state of thermal motion. When an
external magnetic field is applied, the magnetic moments fixed
inside the particles favor the field’s direction and the interparti-
cle interaction will be enhanced. Consequently, the particles can
form chain-like aggregates of head-to-tail linked moments
along the field’s direction, which strongly affect the macroscop-
ic properties of the systems and thus lead to many potential
applications. Hence, the dispersity of the particles in a ferrofluid
before and after applying a magnetic field is a very important
characteristic. Generally, electron microscopy offers a direct
method for nanostructure observation. However, for investiga-
tion of the structure of ferrofluids, only information about the
size of separate particles can be obtained, because the structure
would undergo uncontrollable change during sample prepara-
tion prior to examination [14]. The saturation magnetization
relationship between a ferrofluid and magnetic nanoparticles
can be expressed as Mf∙s =ϕvMp∙s, where Mf∙s and Mp∙s are the
saturation magnetizations of the ferrofluid and nanoparticles,
respectively, and ϕv is the volume fraction of particles in the
ferrofluid. Experiments have shown that, due to self-assembled
aggregates of ring-like micelle structures,Mf∙s may be less than
ϕvMp∙s [15, 16]. Consequently, the dispersity of the nanoparti-
cles in ferrofluids can be revealed by magnetization measure-
ments. Moreover, magneto-optical effects are not only critical
for technological applications but also provide useful tools to
probe the microstructural properties of ferrofluids [17, 18]. In a
gradient magnetic field, chain-like aggregates will form and
move, such that the variation of the light intensity transmitted
through a ferrofluid film can behave as a relaxation process
arising from the Bgeometric shadowing effect^ [19, 20]. After
removal of the field, the aggregates will break and the transmit-
ted light will change accordingly. Thus, the behavior of the
transmitted light is also a useful tool for probing field-induced
aggregation in a ferrofluid.

Most studies of magnetic nanoparticles have focused on the
development of novel synthetic methods [21, 22]. Different
syntheses produce iron oxide materials with different external
magnetic properties [23]. We previously proposed a method
for preparing γ-Fe2O3 nanoparticles coated with FeCl3 by
treating an FeOOH/Mg (OH)2 precursor with a solution of
FeCl2, which is known as a chemically induced transition
(CIT) [24, 25]. Experimental results have shown that such
magnetic nanoparticles are suitable for directly synthesizing
ionic ferrofluids [26]. Furthermore, surface modification with
oleic acid has been attempted for the nanoparticles coated with
FeCl3. Experiments have shown that the as-prepared samples
are a mixture of both γ-Fe2O3/ FeCl3∙6H2O and γ-Fe2O3/oleic
acid nanoparticles when the amount of oleic acid added is not
sufficient [27]. In the present work, we have developed a CIT
method for the preparation of γ-Fe2O3 nanoparticles with no
FeCl3 coating for use in surface-modified ferrofluids. The

microstructures of both the as-prepared nanoparticles and the
ferrofluid have been characterized.

Experimental results and analysis

Preparation of the nanoparticles

Generally, synthesis processes for ferrofluids can be divided
into two steps, namely preparation of the particles, followed
by their dispersal to form a stable colloidal solution [28]. A
general scheme for preparing magnetic nanoparticles by the
CIT method used here is shown in Fig. 1. The FeOOH/Mg
(OH)2 precursor was prepared by a co-precipitation method,
details of which have been reported elsewhere [29]. The pre-
cursor (10 g) was mixed with water (250mL). This mixture and

Fig. 1 Preparation scheme for magnetic nanoparticles by the CIT method
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a FeCl2 solution (0.06 M, 400 mL) were each heated to 70 °C.
They were then combined, and the mixture was kept at 70 °C
and stirred under reflux for 30 min to assist the chemically
induced transition. Heating was then stopped, whereupon the
product was gradually precipitated. By washing and drying,
bare nanoparticles without an oleic acid coating were obtained.
These constituted a contrast sample having no oleic acid and
were designated as unmodified sample/unmodified particles.

For oleic acid surface modification, the sluggish product
after washing was taken up in water (390 mL). After heating
to 70 °C, aqueous ammonia (25%, 10 mL) was added to form
an alkaline solution, and then oleic acid (6 mL, 40 °C) was
added. The resulting mixture was kept at 70 °C for 40 min.
After cooling to room temperature (RT), washing, and drying,
nanoparticles modified with oleic acid were obtained, which
are designated as modified sample/modified particles.

Structure of the as-prepared particles

Energy-dispersive X-ray spectroscopy (EDS) measurements, as
shown in Fig. 2, confirmed that the unmodified sample contained
O and Fe, whereas the modified sample contained O, Fe, and C.
Quantitative results in terms of atomic percentages are shown in
Table 1. For the particles modified with oleic acid, using the
atomic percentages of Fe and C, aFe and aC, determined by
EDS, the molar percentage of γ-Fe2O3, yγ, and that of oleic acid
(C18H34O2), yo, could be estimated from the following equation:

yγ ¼ aFe=2
aFe=2þ aC=18

� 100; yo ¼ 100−yγ ð1Þ

Themass fraction percentages ofγ-Fe2O3 and oleic acid, zγ
and zo, could then be deduced from:

zγ ¼ yγAγ

yγAγ þ yoAo
� 100; zo ¼ 100−zγ ð2Þ

where Aγ and Ao are the molar masses of γ-Fe2O3 and oleic
acid, respectively. The results calculated from Eqs. (1) and (2)
are also listed in Table 1.

X-ray diffraction (XRD) patterns, as shown in Fig. 3, indi-
cated that both the bare and modified samples consisted pre-
dominantly of maghemite (γ-Fe2O3, JCPDS no.39-1346). For
the ferrite, the grain size dc could be estimated from the (311)
peak in the XRD pattern using the Scherrer equation [30]:

dc ¼ kλ
βcosθ

ð3Þ

where k is a constant (k = 0.89), λ is the X-ray wavelength
(Cu-Kα = 0.1542 nm), θ is the Bragg diffraction angle of the
(311) plane, and β is the full-width at half-maximum of the
(311) diffraction peak. For the bare and modified samples, the
dc values obtained were 11.5 and 12.0 nm, respectively.

Transmission electron microscopy (TEM) observation
showed that the unmodified sample was composed of approxi-
mately spherical nanoparticles, whereas themodified sample also
contained some flaked particles. Typical TEM images for the
bare and modified particles are illustrated as the insets in Fig. 3.

Assuming a close-packed monolayer of the surfactant on
the surface of a nanoparticle of diameter x, the mass of the
surface monolayer is ms = (πx2/a)(M/N0) and the mass of the
particle core is mc = πx3ρ/6, where a is the head area per mol-
ecule of the surfactant, M is the molar mass of the surfactant,
N0 is Avogadro’s number, and ρ is the density of the particle
core [31]. Accordingly, the mass fraction percentage of the
surfactant zs can be expressed as:

zs ¼ ms

ms þ mc
� 100 ð4Þ

For the sample modified with oleic acid, the particles
appear spherical, and their size x can be approximated

Fig. 2 EDS spectra of (a) the un-
modified sample and (b) the
modified sample. The insets are
of specific zones

Table 1 Atom fraction percentages (ai) measured by EDS for the
unmodified and modified samples, and molar fraction percentages (yi)
and mass fraction percentages (zi) of each phase for the modified sample

Particles O Fe C yγ/yo zγ/zo

Unmodified 67.26 32.74 0

Modified 49.96 25.40 27.64 89.21/10.79 82.38/17.62
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as the grain size dc. Thus, using a (22 × 10−16 cm2/mol)
[32] and M for oleic acid (282.452 g/mol) and the den-
sity ρ of γ-Fe2O3 (4.90 g/cm3), the zs value of the
modified sample was evaluated as 17.87. The theoreti-
cally estimated zs value is clearly in good agreement
with the experimentally determined mass fraction per-
centage of oleic acid zo (= 17.62). This result shows that
the modified particles were coated with a monolayer of
oleic acid, making them suitable for preparing an oil-
based ferrofluid [33].

From the mass fraction percentages of γ-Fe2O3 and
oleic acid, zγ and zo, measured by EDS, the average
density of the nanoparticles in the modified sample,
<ρp>, can be written as:

ρp
D E

¼ ργρo
zγρo þ zoργ

� 100 ð5Þ

where ργ and ρo are the densities of γ-Fe2O3 and oleic
acid, respectively. From the measured zγ and zc values
and the densities of both γ-Fe2O3 and oleic acid
(0.893 g/cm3), <ρp > was evaluated as 2.74 g/cm3.

Preparation of ferrofluids

To prepare ferrofluids, the modified particles were
added to kerosene in a ratio of 15 g to 10 mL. The
mixture was heated to 110 °C and stirred under reflux
for 30 min. After cooling to room temperature, the mix-
ture was centrifuged at 4.5 × 103 rpm for 5 min to ob-
tain a stable mother ferrofluid [34].

Using a density meter, the density of the mother ferrofluid,
ρf, was determined as 1.3084 g/mL. Thus, the mass fraction

percentage of modified particles in the ferrofluid, ϕm, can be
expressed as:

ϕm ¼ mp

mp þmc
� 100 ¼

ρp
D E

ρ f

ρ f −ρc
ρp

D E
−ρc

0
@

1
A� 100 ð6Þ

wheremp andmc are the mass of the γ-Fe2O3 particles coated by
oleic acid and the kerosene carrier liquid, respectively, and ρc is
the density of the kerosene (0.8 g/mL). Accordingly, the mass
fraction percentage of the mother ferrofluid was evaluated as
55.0%. The ferrofluid showed good stability, with no phase sep-
aration after 6 months. A high-quality ferrofluid should develop
spikes on its surface when it is brought into contact with a mod-
eratemagnetic field [33, 35, 36]. Amicrographic spike pattern for
the as-synthesized mother ferrofluid was clearly seen, as shown
in Fig. 4. TEM observation revealed that the ferrofluid particles
were approximately spherical (inset (1) in Fig. 5 (a)), and a high-
resolution TEM image of a particle shows the particle being a
single crystallite (inset (2) in Fig. 5 (a)). In the TEM image, the
sizes correspond toγ-Fe2O3 core because the oleic acid coating is
not visible [37]. Statistical analysis [38] showed that the size of
the ferrofluid particles fitted a log-normal distribution:

f dis ln xð Þ ¼ 1ffiffiffiffiffiffi
2π

p
ln σg

exp −
ln x−ln xg
� �2

2ln2 σg

" #
; ð7Þ

where xg is the median size and lnσg is the standard deviation,
evaluated as 9.73 nm and 0.23, respectively. The average diam-
eter < d> can be expressed as:

dh i ¼ ∫∞−∞ xf dis ln xð Þd ln x ð8Þ

Fig. 4 Top (a) and side (b) views of the spike pattern of the as-synthesized
mother ferrofluid

Fig. 3 XRD patterns of (a) the unmodified sample and (b) the modified
sample. The insets show typical TEM images
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Consequently, <d >was evaluated as 10.00 nm, which is
less than the grain size of the modified particles. This result
implies that flaked and large particles were removed by the
centrifugation treatment.

For magnetization and optical measurements and to char-
acterize the microstructure, ferrofluids with high, medium,
and low particle concentrations were prepared by diluting
the mother ferrofluid with the kerosene carrier liquid, and
these were designated as ferrofluid samples (1), (2), and (3),
respectively. The densities of ferrofluid samples (1), (2), and
(3) were measured, and the results are listed in Table 2. Using
Eq. (6), values of ϕmwere determined, and these are also listed
in Table 2.

Magnetization behavior of the ferrofluids

The specific magnetization curves of σ vs. H for the modified
particles, the ferrofluids, and the kerosene carrier liquid were

measured by means of a vibrating sample magnetometer
(VSM), and the results are shown in Fig. 5. Clearly, the mag-
netization of the carrier liquid was very weak and could be
neglected for the ferrofluids. Specific saturationmagnetization
(moments of unit mass), σs, could be deduced from the rela-
tionship of σ vs. 1/H under high magnetic field [39].
Accordingly, the specific saturationmagnetization of the mod-
ified particles, σp∙s, was evaluated as 71.5 A m2/kg, and those
of the ferrofluids with different particle concentrations were as
listed in Table 2. For a ferrofluid, the reduced specific satura-
tion magnetization, σrf∙s, is defined as:

σr
f ⋅s ¼ σ f ⋅s=ϕm ð9Þ

From the values of σf∙s and ϕm listed in Table 2, σrf∙s was
calculated for samples (1), (2), and (3), and the results are also
listed in Table 2. It can be seen that σrf∙s for each sample was
approximately 70.0 A m2/kg, consistent with the specific sat-
uration magnetization of the modified particles σp∙s. This in-
dicates that there is no closed magnetic flux’s aggregation in
the as-synthesized ferrofluids, because the closed magnetic
flux’s aggregation does not contribute to the magnetization
of the ferrofluid system [12, 40].

Ignoring any inter-particle magnetic interaction and consider-
ing the size distribution of the particles, fdis (lnx), the reduced
specific magnetization of a ferrofluid, σrf (=σf /ϕm), can be de-
scribed by the Langevin equation for a paramagnetic system [38]:

σr
f¼σp⋅s∫

∞
−∞L αð Þ f dis ln xð Þdln x ð10Þ

Here, L(α) = cothα–1/α is the so-called Langevin function,
where α = μ0πx

3σp∙s<ρp>H/6kBT is the Langevin parameter,
and μ0 is the magnetic permeability in vacuum, kB is the
Boltzmann constant, and T is the absolute temperature.
Taking T = 290 K (room temperature), the reduced Langevin
theoretical specific magnetization curve, σrf vs. H, can be
drawn, as shown in Fig. 6. It can be seen from Fig. 6 that
the experimentally measured magnetization is clearly higher
than the theoretical value in the low-field region, although
they are identical in the high-field region. The deviation in
the low-field region can be attributed to magnetic interaction
between the ferrofluid particles, whereby their magnetic mo-
ments are more easily aligned. Consequently, the experimen-
tal gradients exceed that of the theoretical curve in the low-

Fig. 5 Specific magnetization curves of (a) the modified particles and (b)
the kerosene carrier liquid, as well as of ferrofluid samples (1), (2), and
(3). The inset (1) shows a typical TEM image of the ferrofluid particles
and the inset (2) shows a high-resolution TEM image of a particle

Table 2 Densities ρf, mass fraction percentages of the particles ϕm,
specific saturation magnetizations σf∙s, and the reduced specific
saturation magnetizations σrf∙s for ferrofluid samples (1), (2), and (3)

Ferrofluids ρf (g/mL) ϕm (%) σf∙s (A m2/kg) σrf∙s (A m2/kg)

(1) 1.0500 33.63 23.00 68.39

(2) 0.9205 18.48 13.00 70.35

(3) 0.8615 10.08 7.10 70.44
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field region [41]. With increasing field strength, the moments
of the particles tend to orient with the field direction, and the
experimental results approach the theoretical curve.

Optical transparency of the ferrofluids

To measure the optical transparency of the ferrofluids, sam-
ples were injected into a glass cell of thickness 0.15 mm to
form a film. A He–Ne laser was used as the light source and
the light beam direction was perpendicular to the film and
parallel to the magnetic field generated by an electromagnet.
The main details of the experimental device have been de-
scribed previously [42]. Using a computer equipped with
LabVIEW software, the field was controlled by adjusting the
electric current, and the light signals were acquired and proc-
essed. In the present experiment, the central magnetic field
was 300 Oe and the field gradient was about 30 Oe mm−1.
The variation in the relative transmitted light intensity Tr with
time t was measured, which was used to characterize the op-
tical transparency. Tr is defined as:

Tr ¼ I=I0 ð11Þ
where I and I0 are the intensity of transmitted light after and
before application of the magnetic field, respectively.

Figure 7 shows the variation of Tr with time t for ferrofluid
samples (1), (2), and (3) with different ϕm, whereby the field
was applied at t = 0 and removed at t = 190 s. It can be seen
from Fig. 7 that under the applied magnetic field, the light
transmitted through the ferrofluid samples showed optical re-
laxation behavior similar to that of other ferrofluids [17, 19, 43,
44]. According to Li’s theory [44–46], such behavior reflects a
process of microstructure transition in ferrofluids, involving the
formation of chains from dispersed particles by magnetic inter-
action, and the motion of these chains due to Bmagnetic con-
vergent force^ and Bmagnetic divergent force^ in the film under
the applied magnetic field. Before application of the magnetic
field, the magnetic nanoparticles in the ferrofluid film were in a
random state of thermal motion, so the intensity of the

transmitted light was stable. After removing the field, the op-
posing electrodynamic potential instantaneously enhanced the
field strength, and the intensity of the transmitted decreased
sharply. The particle chains then dispersed and broke up as
themagnetic field decreased to zero, so that the transmitted light
reverted to a stable level. From the experimental results shown
in Fig. 7, it is clear that the stable levels of transmitted light
before and after applying the magnetic field were the same for
ferrofluid samples with differentϕm. Hence, we surmise that the
dispersion behavior of the particle systems after removing the
field was the same as that before applying the field. These
results concerning optical transparency imply that the as-
synthesized ferrofluids not only show sensitive field-response
behavior but also excellent post-field replication behavior.

Discussion

EDS results revealed that the unmodified nanoparticles did not
contain Cl, in contrast to particles prepared in previous work
[24–27]. This could be attributed to heated precursor (70 °C)
being mixed with hot FeCl2 solution (70 °C) in the present
work, whereas cold precursor (room temperature) was added
to the hot solution in previous work. Therefore, we surmise
that by using the thermal mixing route, in which both the
precursor and treatment solution are pre-heated, pure γ-
Fe2O3 nanoparticles can be prepared by the CIT method.

XRD and TEM results indicated that, compared with the un-
modified sample, the samplemodifiedwith oleic acid had a larger
grain size, and contained flake particles, besides sphere-like par-
ticles. This suggested that aggregation growth took place during
the modification process, whichmight be ascribed to the high pH
of the solution [47, 48] due to the added aqueous ammonia.

Both the magnetization behavior and the optical transparen-
cy revealed that the ferrofluids showed good dispersity in the
absence of a magnetic field and sensitive field-induced effects.

Fig. 7 Tr vs. t curves for ferrofluid samples (1), (2), and (3)

Fig. 6 Theoretical and experimental specific magnetizations reduced by
ϕm for ferrofluid samples (1), (2), and (3)
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For ferrofluids, the magnitude of field-induced physical effects
is related to the concentration of particles, which is generally
expressed by their volume fraction [49]. The typical volume
fraction of suspended magnetic materials is a few percent [36,
50]. In addition to the magnetic particles and the carrier liquid,
the third essential ingredient of a colloidal ferrofluid is the pres-
ence of an adsorbed long-chain molecular species on the parti-
cles’ surface that prevents agglomeration of the particles to each
other [51]. In practice, the volume of the particles is too difficult
to determine directly, so the mass fraction percentage, including
the magnetic material and the surfactant, ϕm, is used in prepar-
ing ferrofluids. Correspondingly, the volume fraction percent-
age, including both the magnetic material and surfactant, ϕ′v,
can be determined from:

ϕ
0
v ¼

V
0
p

V
0 þ Vc

� 100

¼ ρ f

ρp
ϕm

ð12Þ

where V′p (=Vp+Vo) is the volume of the surfactant-coated
nanoparticles including that of γ-Fe2O3 magnetic core (Vp)
and oleic acid coating (Vo), Vc is the volume of the carrier
liquid, ρf and ρp are the densities of the ferrofluid and the
surfactant-coated nanoparticles, respectively. In Eq. (12),
taking the average density of modified particles <ρp>
(2.74 g/cm3) as ρp, the volume fraction percentage of the
particles, including both the γ-Fe2O3 magnetic core and the
oleic acid coating, ϕ′v, can be deduced. The ϕ′v of the
mother ferrofluid was evaluated as 26.20%, and those of
the diluted samples (1), (2), and (3) are listed in Table 3.

The saturation magnetization (moments of unit volume) for
a ferrofluid, Mf∙s, can be expressed as:

M f ⋅s ¼ ρ f ⋅σ f ⋅s ð13Þ

The reduced saturation magnetization, Mr
f∙s, is given by:

Mr
f ⋅s ¼ M f ⋅s=ϕ

0
v ð14Þ

Values of both Mf∙s and Mr
f∙s are listed in Table 3. The

reduced saturation magnetization values for the ferrofluids
with different ϕ′v are each about 192 kA m−1. Moreover, the

saturation magnetization of the modified particles, Mp∙s, can
be obtained by:

Mp⋅s ¼ ρp
D E

⋅σp⋅s ð15Þ

From the measured σp∙s and average density of the modi-
fied particles <ρp>, Mp∙s was evaluated as 196 kA m−1. M r

f∙s

and Mp∙s are clearly very similar, which is consistent with the
result that having no aggregates of the closed magnetic flux in
the ferrofluids, so ϕ′v can be obtained for ferrofluid samples.

For a ferrofluid, the volume fraction percentage of the mag-
netic material alone can be written as:

ϕv ¼
Vp

Vp þ Vo þ Vc
� 100

¼ ϕ
0
v⋅ f m

ð16Þ

where fm is the volume fraction of the magnetic phase in the
nanoparticles coated with the surfactant. For the modified par-
ticles composed of a γ-Fe2O3 magnetic core coated with oleic
acid, fm is the volume fraction of the γ-Fe2O3 magnetic phase,
fγ, which can be determined from the mass fraction and den-
sity of each phase, i.e.:

f m ¼ f γ ¼ zγ=ργ
zγ=ργ þ zo=ρo

ð17Þ

where zγ and zo are the mass fractions of γ-Fe2O3 and oleic acid,
as listed in Table 1, and ργ and ρo are the densities of γ-Fe2O3

and oleic acid, respectively. Accordingly, fγwas obtained as 0.54
and ϕv of the mother ferrofluid was evaluated as 12%. Those of
the ferrofluid samples (1), (2), and (3) are listed in Table 3.

The above discussion shows that the volume fraction per-
centage of magnetic material in a ferrofluid, ϕv, can be deter-
mined from the mass fraction percentage of the composite
particles, ϕm, and the average density <ρp> of the composite
particles as well as the volume fraction of the magnetic mate-
rial in the particles fm. Therefore, in practice, ϕm can be de-
signed for the acquired ϕv in a ferrofluid, according to the
expression:

ϕm ¼
ϕv ρp
D E

ϕv ρp
D E

þ 100 f m−ϕvð Þρc
� 100 ð18Þ

Generally, the particle concentration will decrease after cen-
trifugation, and so, Eq. (18) should be multiplied by a so-called
effective factor F. In the present work, the F factor is 1.18.

Conclusion

By hot mixing of pre-heated FeOOH/Mg (OH)2 precursor and
FeCl2 solutions, pure γ-Fe2O3 nanoparticles without an FeCl3

Table 3 Volume fraction percentages of the particles consisting of γ-
Fe2O3 magnetic cores and oleic acid coating, ϕ′v, and those consisting
only of the magnetic core, ϕv, saturation magnetizations, Mf∙s, and the
reduced saturation magnetizations, M r

f∙s, for ferrofluid samples (1), (2),
and (3)

Ferrofluids ϕ′v (%) ϕv (%) Mf∙s (kA m−1) M r
f∙s (kA m−1)

(1) 12.89 6.96 24.15 187.35

(2) 6.21 3.35 11.97 192.75

(3) 3.17 1.71 6.20 195.58
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coating can be prepared by the CIT method. The pure nano-
particles could be more suitable for the surface modification
than the nanoparticles coated with FeCl3. The surface of such
nanoparticles can bemodified with oleic acid to form γ-Fe2O3

coated with a monolayer of oleic acid, i.e., γ-Fe2O3/oleic acid
composite nanoparticles. Experiments have shown that, dur-
ing the modification process, the particles may exhibit aggre-
gation growth to produce some flaked particles. This may be
attributed to the added aqueous ammonia increasing the pH of
the solution.

Based on such γ-Fe2O3/oleic acid composite nanoparticles,
high-quality ferrofluids with kerosene as the carrier liquid have
been synthesized, in which the average particle size is 10 nm
and the mass fraction percentage of γ-Fe2O3/oleic acid com-
posite nanoparticles, ϕm, is 55%. Magnetization and optical
transparency measurements have revealed that the as-
synthesized ferrofluids show excellent dispersity of the particles
in the absence of an external magnetic field, sensitive field-
induced chain-like aggregation when an external magnetic field
is applied, and good recovery of the dispersal after removing
the applied magnetic field. From the characteristic contents of
both the γ-Fe2O3 phase and oleic acid in the composite nano-
particles, as well as the densities of the as-synthesized
ferrofluids, the mass fraction percentage ϕm, as well as the
volume fraction percentage of the magnetic material, i.e., the
γ-Fe2O3 magnetic core in the composite nanoparticles, ϕv, can
be obtained. From the relationship between ϕv and ϕm, ϕm can
be designed for an acquired ϕv in practical applications.

Furthermore, it has been established that the concentration
of surfactant controls the growth of nanoparticles upon
heating in alkali solution [52]. The present study shows that
a high concentration of base may induce a quasi-stability of
sizes in the surfactant modification process. This is similar to
the preparation of iron oxide nanoparticles in high-pH media
[47] and will be studied further.
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