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Fe3O4 nanoparticles were synthesized via coprecipitation method and their dispersion properties were investigated using three types
of anionic poly (ethylene glycol)-graft-acrylic comb dispersants (APADs). The Fe3O4 nanoparticles have been characterized with
powder X-ray diffraction, transmission electron microscopy, and dynamic laser scattering while the prepared APAD has been
studied by Fourier transmission infrared and nuclear magnetic resonance spectroscopy techniques. The results revealed that Fe3O4

nanoparticles could be well dispersed using APAD that PEG 2000 was grafting to the backbone of dispersant. It was also found that
temperature of synthesis procedure affects a dispersion of nanoparticles more significantly than mixing time and APADs molecular
weight.
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Introduction

Nanosized particles have physical and chemical properties
that are characteristics of neither the atom nor the bulk coun-
terparts.[1] Recently iron oxide magnetic nanoparticles
(MNPs) such as Fe3O4 and g-Fe2O3, have been widely stud-
ied because of their unique properties and potential applica-
tion in various fields, such as ferrofluids (FFs),[2] catalysts,[3]

and color imaging.[4]

MNPs have an extremely high tendency of adhesion and
aggregation due to their small size. On the other hand, the
dispersion of MNPs is important for most of these applica-
tions. The surface modification of MNPs by dispersants is
one of the effective methods to improve the dispersion of
MNPs and to enhance the stability of related suspensions.[5]

With proper surface coating, MNPs can be dispersed within
suitable solvents, forming homogeneous suspensions, called
ferrofluids. [2, 6] Such a suspension can interact with an exter-
nal magnetic field and be differentiated into specific areas,
facilitating magnetic resonance imaging which is widely used
in medical diagnosis and AC magnetic field-assisted cancer
therapy.[5, 7]

Iron oxide nanoparticles (hematite, maghemite, magne-
tite) can be prepared by different methods such as sol-gel,[8]

precipitation,[9] microwave,[10] hydrothermal,[11] and microe-
mulsion synthesis.[12, 13]

As one convenient and economical method, chemical copre-
cipitation has the potential to meet the increasing demand for
the direct preparation of well-dispersed (water-base) Fe3O4

nanoparticles and offers a low-temperature alternative to con-
ventional powder synthesis techniques for the production of
nanoparticles. This method also allows for a perfect size control
of the nanoparticles taking advantage of appropriate surfac-
tants. Chemical coprecipitation can produce fine, high-purity,
stoichiometric particles of single and multicomponent metal
oxides. Furthermore, if the process conditions such as solution
pH, reaction temperature, stirring rate, solute concentration,
and surfactant concentration are carefully controlled, oxide par-
ticles of the desired shape and sizes can be produced.[14]

In the present investigation, three types of anionic PEG-g-
acrylic comb dispersants (APADs) with different molecular
weights were synthesized, and the dispersion of Fe3O4 MNPS
was studied in presence of them in water-based ferrofluids.
Moreover, the effect of reaction times and synthesis tempera-
tures on agglomeration of these particles was studied.

Experimental

Materials and Instruments

Materials in this research for synthesis of APADs were meth-
acrylic acid, acrylic acid, benzoyl peroxide, butyl glycol, n-
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hexane, hydroquinone, methane sulfonic acid, and poly (eth-
ylene glycol) Mw D 1000, 2000, and 4000. Raw materials for
synthesis of nano-Fe3O4 were FeCl3.6H2O, FeCl2.4H2O and
ammonium hydroxide (NH3 in water, 25% w/w). All materi-
als were utilized as they were received from Merck without
further purification. Deionized water was applied throughout
the work.

Instruments for characterization of APADs were 1H-
NMR 500 MHZ Bruker and FT-IR Thermo Nicolet Nexus
870. Dynamic light scattering analysis (DLS) Brookhaven 90
plus was utilized to obtain information about the average
hydrodynamic size and the size distribution among the mag-
netite particles. X-ray powder diffraction (XRD) measure-
ments were carried out with Philips PW3710, over the 2u
range from 10� to 80� at the rate of 2.5�/min, using Cu-Ka
radiation (λ D 1.54060 A).

Methods

Synthesis of poly (ethylene glycol) methacrylate
macromonomer. The poly (ethylene glycol) methacrylate
(PEGMA) was prepared by esterification of methacrylic acid
(MAA) and PEG (Mw D 1000, 2000, or 4000) in the presence
of methane sulfuric acid (MSA) as the catalyst and hydroqui-
none as the radical polymerization inhibitor at 85�C for 6 h.
The product was collected by precipitation in n-hexane and
dried in an oven. Figure 1 schematically shows the synthesis
of PEGMA.

Synthesis of APADs. The APADs were prepared from
PEGMA macromonomer and acrylic acid (AA) by radical

copolymerization in the presence of benzoyl peroxide as cata-
lyst and butyl glycol as solvent. Figure 1 schematically shows
the synthesis of APADs. In typical synthesis, the molar ratio
of PEGMA:AA was 1:4. The mixture in butyl glycol was
heated at 85�C for 2 h by purging N2 gas. The mixture was
left still to let APAD particles precipitate, which were then
washed with n-hexane and dried in an oven until a constant
weight was reached. Purified APADs were afterward charac-
terized by H-NMR 500 and FT-IR.

Synthesis of ferrofluid. The water-based Fe3O4 ferrofluids
were synthesized by co-precipitation of Fe(II) and Fe(III)
chlorides in the presence of APADs. In typical synthesis,
13.5 g of FeCl3.6H2O and 5 g FeCl2.4H2O were dissolved
separately in 100 mL of water with stirring. N2 gas was bub-
bled through solutions to remove solved oxygen. They were
mixed in a glassy reactor and 6 g APAD-45 was added and

Fig. 1. Synthesis processes of anionic PEG-g-acrylic comb dispersants (APADs).

Table 1. FFs samples with their preparation conditions

Sample Type of dispersant Time (min) Temperature (�C)

S1 APAD-22 20 70
S2 APAD-45 20 70
S3 APAD-90 20 70
S4 APAD-45 10 70
S5 APAD-45 40 70
S6 APAD-45 20 27
S7 APAD-45 20 40
S8 APAD-45 20 90
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stirred at 500 rpm for 5 min. Then 70 mL of NH4OH 25%
(w/w) was quickly added into the reactor and stirring was
continued at 1000 rpm for 20 min. Once the ammonium solu-
tion was added to the reactor, the color in the mixture turned
from orange to black immediately. All the precipitates were
separated with magnet and washed with deionized water.
Then it was dispersed in an appropriate amount of water
using probe sonicator and mechanical mixer.

To investigate the effect of dispersants type, mixing time
and synthesis temperature, different FFs samples were pre-
pared with specifications according to Table 1.

Results and Discussion

FT-IR and 1H-NMR

Figure 2 shows the FT-IR spectra of APAD-45. The C-H
stretching vibrations of CH3, CH2 and CH in APAD-45 can
be seen at 2877 cm¡1 while the C-H bending vibration of CH3

can be observed at 1351 cm¡1. The C-H bending vibration of
CH2 appeared at 1454 cm¡1 and the C D O stretching vibra-
tions of ester and carboxylic acid resulted in a sharp minimum
of the FT-IR curve at 1731 cm¡1. The C-O stretching vibration
of ethoxylate segments and ester bands shows a broad band at
1107 cm¡1. The wide absorption peak at 3419 cm¡1 is related
to the O-H stretching vibration of carboxylic acid and terminal
hydroxyl groups of grafted-PEG to backbone of APAD-45.

The structure of APAD-45 was determined by the 1H-
NMR technique. The amount of CH3, CH2 and CH protons
in the backbone of APAD-45 was measured to be 1.3, 1.6
–1.8, and 2.3 ppm, respectively. The protons of CH2 of
grafted-PEG in APAD-45 led to sharp peaks of 3.6 ppm.

The characteristics of APAD dispersants are listed in
Table 2. The Mw of APADs varies from 10304 to 21789 for
APAD-22 and APAD-90, respectively.

X-Ray Powder Diffraction

Figure 3 shows the XRD pattern for sample, which was syn-
thesized without and with APAD-45. It is quite identical to
pure magnetite and corresponds well to that with JCPDS
number of 82–1533, indicating that the samples have a cubic
crystal system.[16] Also, we can observe no characteristic
peaks of impurities. The relatively wide peaks are related to
the small size of particles.

Fig. 2. FTIR spectra of APAD-45.

Fig. 3. XRD pattern of as synthesized Fe3O4 powders.

Table 2. Properties of APADs

APADs PEG (Mw)
Molar ratio

(PEGMA/AA) Mw
Acid value

(mg KOH/g)

APAD-22 1000 1:4 10304 25
APAD-45 2000 1:4 16492 17
APAD-90 4000 1:4 21780 10

Dispersion of Fe3O4 Nanoparticles 863
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Microstructure

Figures 4a and 4b show the typical transmission electron
microscopy (TEM) images of Fe3O4 nanoparticles which
were synthesized without and with APAD-45 respectively. It
is clear that before using APAD-45 the particles have rela-
tively agglomerated and some of them have been grown
much more than other particles, but it can be seen that for
samples that contain APAD-45 the particles often have a
spherical shape and are almost uniform in size. Figure 4c
shows the particle size distribution of these nanoparticles. It
is clear that the particles are in the range of 6–19 nm, with a
mean diameter of 11 nm.

Figure 5 shows the DLS results for samples of S1, S2, and
S3, which were prepared under the same condition with dif-
ferent APAD dispersants. The average particle size of these
samples is 80, 106, and 127 nm, respectively. S2 with 80 nm
average particle size has the minimum hydrodynamic size
compared with other samples. The difference might be a
result from the comb structure of APAD dispersants

Fig. 4. (a) TEM microstructure for sample without surfactant, (b) with APAD-45, and (c) particles size distribution of Fe3O4 nano-
particles that contain APAD-45.

Fig. 5.DLS of S1, S2, and S3 samples.
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(Figure 1). The number of ethoxylate units in APAD-45 is
45, which in comparison with APAD-22 and APAD-90 (con-
taining 22 and 90 ethoxylate units, respectively) leads to a
higher stability. The schematic for setting conditions of three
dispersant agents on the MNPs can be seen in Figure 6. The
length of ethoxylate units is shorter for APAD-22 than other
dispersants. This can lead to lower steric repulsion energy,[17]

which might not be enough for a thorough dispersion of
nanoparticles. For APAD-45, the size of ethoxylate units is
long enough to allow for a better dispersion with respect to
APAD-22.

For APAD-90, the length of these unites is so long that
they can decline due to the movements of Fe3O4 nanopar-
ticles and Brownian motions. Thus, the active length of them
would be shortened. This means that the steric repulsion

energy of nanoparticles can be diminished even lower than
that of APAD-22. This is why the sample to the size of S3
containing the APAD-90 dispersant has the maximum hydro-
dynamic size among other samples.

To investigate the effect of reaction time on aggregation
and particle size, the reaction was performed for three dura-
tions of 10, 20, and 40 min (samples S4, S2, and S5). The par-
ticle size distributions of these samples are presented in
Figure 7. It is clear that the S2 sample with 20 min reaction
time has the lowest hydrodynamic size. Exceeding this time
period results in a certain level of agglomeration.

The mean size of particles is 114, 80, and 119 nm after a
reaction time of 10, 20, and 40 min, respectively. It can be
said that 20 min are an appropriate time for sitting of disper-
sant chains on the MNPs and affecting the steric repulsions.
For an appropriate absorption of dispersant on the particles
enough time is necessary.[18] The reason for the agglomera-
tion after 20 min may be attributed to depletion flocculation
effect.[19] The depletion force is an attractive force that is
common when the free micelles of surfactants are present in
between particles. The depletion energy is proportional to the
number density of micelles.[17] In fact, the mixing time affects
the density of micelles and then the depletion force can be
increased for relatively long mixing times. Approximation of
chains length for APAD-45 dispersant shows that the mean
size of related micelles is smaller than the size of
nanoparticles.

Ferrofluid sample with APAD-45 was synthesized at dif-
ferent temperatures of 27, 40, 70, and 90�C at the constant
reaction time of 20 min separately. Figure 8 shows the parti-
cle size distribution of these samples. The mean hydrody-
namic size of these samples is presented in Figure 9. It is clear
that from 27 to 70�C, the mean hydrodynamic size decreases,
which means better dispersion of nanoparticles. But with fur-
ther increasing temperature from 70 to 90�C, an appreciable
increase can be observed. Increasing the temperature to a cer-
tain extent contributes to the absorption of the dispersant on
the surface of nanoparticles. Repulsive interactions increased
and dispersion of nanoparticles enhanced. For a higher tem-
peratures (more than 70�C) two hypotheses can be applied:
first, the temperature caused softening of the dispersant

Fig. 7.DLS of S2, S4, and S5 samples.

Fig. 6. Schematic presentation of dispersion of Fe3O4 nanopar-
ticles with APAD dispersants: (A) APAD-22, (B) APAD-45,
and (C) APAD-90.

Dispersion of Fe3O4 Nanoparticles 865
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chains facilitating the approach of neighboring particles. Sec-
ond, similar to the mechanism applied to Figure 6, the par-
ticles are aggregated. Second the temperature can help to
more thermal agitations of nanoparticles and micelles. This
enhances the depletion force[17] and leads to more aggrega-
tions of nanoparticles.

For comparing the hydrodynamic size and particle
sizes, the number of particles in the aggregate was esti-
mated by the simple equation presented by Hosseini
et al.[20]:

nD k D=dð Þ3 (1)

where d is the mean particle size, D is the mean hydrody-
namic size, and k is the particle packing factor in the aggre-
gate. In this model, it is assumed that (a) the particles and
aggregates are spherical, (b) the nanoparticles are symmet-
ric, and (c) the nanoparticles form a relatively packed
structure.

Figure 10 shows the average estimated number of particles
per aggregated structures for all samples. It is clear that the
number of particles per aggregate varied from 192 to 434870
for S2 and S8, respectively. This reveals the appreciable dif-
ference number of 434768 particles. In contrast, comparing
the number of particles per aggregate in S2 and S3 for

different kinds of dispersants, the difference is about 600 par-
ticles. Regarding the effect of time, comparison of S2 and S3
gives the difference of 441. It means that the optimization of
synthesis temperature is more effective than the kind of the
dispersant and the mixing (synthesis) duration.

Conclusions

Three types of APAD dispersants were synthesized. Stable
water based ferrofluids were synthesized using these disper-
sants via the coprecipitation method. The effects of APADs
molecular weight and synthesis time and temperatures on dis-
persion of Fe3O4 MNPs nanoparticles were studied. The
results show that all APADs improved dispersion of the
nanoparticles. They also indicated that stable ferrofluids can
be obtained using them. The APAD with PEG of Mw D
2000 and acid value of 17 mg KOH/g reveals the smallest
hydrodynamic of 80 nm and then the best dispersion of
MNPS. The difference in hydrodynamic size of MNPs for
different APADs was assigned to the length of ethoxylate
units and the depletion force. Temperature of synthesis proce-
dure affects a dispersion of MNPs more significantly than
mixing time and APADs molecular weight. Because the den-
sity of micelles and the depletion interactions between par-
ticles in turn vary with temperature.
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