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a  b  s  t  r  a  c  t

Chelating  agents  have  potential  effects  on  different  properties  of  nanoparticles.  Fe3O4 nanoparticles  were
synthesizes  Using  coprecipitation  technique  and  oxalic,  citric,  stearic  and  lauric  acids  with  concentra-
tions  of 0.5,  1,  2,  and  5  vol%  were  utilized  as  the  chelating  agents.  Subsequently,  stability,  structural,  and
magnetic  properties  of  the  samples  were  studied  using  measurement  of zeta  potential  as  well  as  FT-IR,
XRD,  DLS,  TEM,  and  VSM  analyses.  It was  found  that  the lower  end  of the  size  range  was  achieved  for  all
samples  utilizing  2 vol%  chelating  agents.  So, in the present  study,  it was  chosen  as the optimum  volume
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percentage  of  the  chelating  agents.  Furthermore,  for the  nanoparticles  treated  with  oxalic  and  citric  acids,
particle  sizes  were  lower  and the zeta  potentials  were  larger comparing  to those  treated  with  stearic  and
lauric  acids,  which  is  an  indication  of  their  higher  stabilization  ability.  Finally,  the type  of chelating  agents
had  negligible  effects  on  the structural  and  magnetic  properties  of  the  synthesized  nanoparticles.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

In the past decades, developing concepts of nano-sciences and
anotechnology, the utilizations of nanomaterials are outreached

n many applications such as the electronic and microelectronic
echnologies, gas and oil industries, renewable energy, aerospace,
griculture, and various biomedical applications [1–5]. In some
pplications, the nanoparticles have to be used in colloidal sys-
ems. Ferrofluid is a technical term for colloids consisting of stable
istribution of magnetic nanoparticles in liquid phase [5–8].

The magnetic iron oxide nanoparticles (�-Fe2O3 and especially
e3O4) have been used in many in-vitro and in-vivo biomedical
pplications like cells detection and separation, contrast agents in
agnetic resonance imaging (MRI), magnetic hyperthermia, and
agnetic targeted drug delivery due to their considerable magnetic

nd biocompatibility properties [9–12]. As a result, the stabiliza-
ion process is one of the most important steps in synthesizing the
anoparticles [10–16]. In many biomedical applications (especially
n-vivo ones), in order to stabilize the nanoparticles cationic or
nionic electrostatic stabilization agents are used because of their
bility to create biocompatible particles with relatively small size

∗ Corresponding author.
E-mail address: m-kashefi@um.ac.ir (M.  Kashefi).
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169-4332/© 2016 Elsevier B.V. All rights reserved.
as well as narrow size distribution compared to the steric agents
[17–22].

In biomedical applications of magnetic nanoparticles, proper
selection and utilization of stabilizing agents could lead to achiev-
ing optimized superparamagnetic behavior, increasing half-life
time of colloids and improving the overall stability of the ferrofluid
[22–24]. Many stabilizing agents such as different groups of acids
not only improve electrostatic stabilization but they could also be
utilized as chelating agents [23–25]. These agents could positively
affect nucleation and growth by formation of protective layer on
the nanoparticles surfaces [21–26]. As a result, the utilization of
chelating agents could stabilize the synthesized nanoparticles and
control their final size, simultaneously. So, the study of effects and
mechanism of different chelating agents can lead to improve qual-
ity and properties of the synthesized nanoparticles. The chelating
agents are, normally, selected based on the several factors including
application, size and type of particles as well as condition of other
required agents such as drugs for medicine applications. [25–29].

The present research is focused on effects of chelating agents on
the stabilization process of Fe3O4 nanoparticles and also the study
of size controlling mechanism the agents. In order to achieve these

aims, several anionic stabilizing agents such as oxalic, lauric, citric,
and stearic acids are used for stabilizing and size controlling of the
nanoparticles the various effects on their structural, microstruc-
tural, and magnetic properties are also evaluated.
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. Materials and methods

.1. Materials

FeCl2·4H2O and FeCl3·6H2O (>99%, Merck), NH4OH (Merck) and
itric acid (>99.5%, Merck) were selected as the initial salts, the
eduction agent and dispersant agent, respectively. Oxalic acid
>99.5%, Merck), lauric acid (>98%, Sigma-Aldrich), stearic acid
>98.5%, Sigma-Aldrich) and citric acid (>99.5%, Merck) were uti-
ized as anionic chelating agents.

.2. Synthesis and stabilization processes of Fe3O4 nanoparticles

Coprecipitation technique was usedto synthesize the Fe3O4
anoparticles. The initial materials consisting of FeCl2·4H2O and
eCl3·6H2O were solved in 100 ml  of deionized water according to
esigned stoichiometric ratio in each experimental run. To prevent
xidation of Fe2+, the synthesis reaction was done at N2 protective
tmosphere. Then, NH4OH was added to the reaction solution as
he reduction agent. pH and temperature were fixed for all tests at
1.5 and 90C, respectively. Facilitating homogenization, the solu-
ion was mixed by mechanical stirrer with the speed of 3000 rpm
or 1 h. In orderto study the effects of chelating agents, the selected
mounts (0.5, 1, 2, and 5 vol%) of each 1 M chelating agent stock
ere added to the independent sample solutions and were aged

or 1 h while stirring with the speed of 3000 rpm. Finally, the syn-
hesized nanoparticles were separated by the magnetic separation,
entrifuged and washed by deionized water and ethanol for five
imes, and dried by freeze dryer.

.3. Characterization

The effect of applying chelating agents on the stability proper-
ies the nanoparticles were studied by zeta potential measurement
nd Fourier transform infrared using Zeta meter (MALVERN,
K) and FT-IR spectrophotometer (Perkin Elmer, Walthman,
SA), respectively. FT-IR spectra were recorded over the range
f 400–4000 cm-1. Furthermore, the studies of microstructural
roperties of particles such as particles size, morphology, and
ize distribution were carried out by dynamic light scattering
DLS, MALVERN, UK) and transmission electron microscope (TEM,
EOL2010, Japan) techniques. Moreover, the structural properties of
tabilized nanoparticles were evaluated based on the X-ray diffrac-
ion (XRD) method by X-ray diffractometer (XRD, Bruker Advance 2,
ermany) using a CuK�1,2 radiation set (at 40 kV and 40 mA  at room

emperature with a 2� range of 20–80◦ with step size and rate of
.03◦ and 6 seconds, respectively). The phase identification of the
amples was done by utilization of MATCH software. Finally, the
-H  curves were plotted by the vibrating sample magnetometer

VSM, Meghnatis Daghigh Kavir Co., Iran).

. Results and discussion

Initially, in order to investigate the influence of different concen-
rations of chelating agents and achieving the optimum amount,
heir effect on the particles size were studied. Fig. 1 shows the
ariations of average particles hydrodynamic size (measured by
LS technique) as a function of different concentrations of used
helating agents. As can be seen, in all samples, the particles size is
ecreased by increasing the agent concentration up to 2 vol% and
hen it is augmented. In the other word, that the minimum par-
icles size is detected in the samples treated with 2 vol% chelating

gent. The larger particle sizes at concentrations less than 2 vol% can
e related to two main reasons. First one is the incomplete coat-

ng of particles surfaces due to very low concentration of agents,
o the nanoparticle growth is continued and relatively larger final
ce Science 375 (2016) 50–56 51

particle size is achieved [30]. The other reason is the agglomer-
ation of particles owing to incomplete surface coating by agents
and imperfect stabilization process. This, in turn, resulted in larger
particle size measurement by the DLS technique [30–32]. Further-
more, the coated samples with chelating agent more than 2 vol%
show partial increasing of particles size that is caused by the forma-
tion of relatively thick layer of the chelating agents on the particles
surfaces and subsequent augmentation of their size [32,33]. In addi-
tion, these variations are more highlighted using agents with larger
molecular structures like stearic acid [30–33].

Accordingly, the 2 vol% is selected as the optimum concentration
to carry out other analyses such as effects of chelating agents on the
stability, structural, microstructural, and magnetic properties of the
nanoparticles.

3.1. Stability properties

Fig. 2 shows the variations of average amounts of zeta poten-
tial and zeta deviations as functions of different kinds of chelating
agents at fixed concentration (2 vol%). Based on Fig. 2(a), it is evi-
dent that the zeta potential amounts for citric acid and especially
oxalic acid are significantly higher than those related to stearic
and lauric acids which could be an indication for higher stability
of citric and oxalic acid treated colloids compared to stearic and
lauric ones [32]. In fact, although the stearic and lauric acids agents
have larger chains that could lead to steric stabilization, the citric
and oxalic acid agents promote a stronger electrostatic stabiliza-
tion (in constant time and concentration) due to their higher acidic
strength and reactivity [30–34]. The high amounts (on the negative
direction) zeta potential of oxalic and citric agents are created by
greater number of hydroxyl groups of these agents compared to
lauric and stearic acids. In fact, in negative electrostatic stabiliza-
tion, the hydroxyl groups play key roles while the hydroxyl groups
of citric, oxalic, lauric, and stearic acids are equal to 4, 2, 1, and
1, respectively. Besides, Fig. 2(b) represents a lower zeta deviation
for samples treated with citric and oxalic acids that indicates more
homogeny of stabilization process in these samples. These behav-
iors could be as the result of more degradability and reactivity of
citric and oxalic acids compared to lauric and stearic acids [35–37].

Fig. 3 shows the FT-IR spectra of samples with and without
different chelating agents. It can be seen that the sample with-
out any chelating agent (spectrum a) shows the absorption peaks
at 555 and 1590 cm−1 which can be related to the Fe O vibra-
tion of Fe3O4 structure [36]. Although these peaks are visible in
spectra of all samples, their intensities are decreased in samples
treated with chelating agents. In spectra of stearic acid and lau-
ric acid samples (spectrum b and e) two  absorption peaks are also
observed at about 2924 and 2854 cm−1 which are corresponded
to the asymmetric CH2 stretching and symmetric CH2 stretching,
respectively [38–40]. In addition, considering the presence of Fe3O4
phase in addition to the chelating agents, one can expect the partial
shifts of the peaks compared to the standard ones of pure agents
[41]. The other reason for these shifts could be the presence of
mono-layers of hydrocarbons chains on the nanoparticles surfaces
as the closed-packed crystalline structures [38–41]. In the samples
treated with citric and lauric acid (spectrum c and e) the sharp
peaks are observed at about 1680 and especially 1710 cm−1 which
could be the result of overlapping of absorption bands of carboxyl
structures and the double bonds of utilized chelating agents [36].
While, the absorption peaks at about 1440 and 1500 cm−1 could be
a reprehensive of double bond formation which is an indication of
interaction type between agent groups and nanoparticles surfaces

based on the intensity of the peaks [41]. Subsequently, consider-
ing that their difference is less than 100 cm−1, the interaction of
agents and nanoparticle surfaces has the bidentate complex struc-
ture (chelating mode) between oxygen atoms of carboxyl groups
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Fig. 1. The variations of average particles hydrodynamic size (measured by DLS technique) as a function of different concentrations of used chelating agents.
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Fig. 2. The variations of average amounts of zeta potential and zeta deviations

nd iron atoms of nanoparticles surfaces [42]. This structure can
how the effective interaction between used chelating agents and
urfaces of nanoparticles.

.2. Microstructural properties and size controlling

Figs. 4 and 5 illustrate the variation of particles size (based on
LS analyses) as a function of different chelating agents, respec-

ively. As can be seen, not only the particles size of citric and oxalic
cid treated samples are lower than stearic and lauric acid ones, but
heir corresponding size distribution is also considerably narrower.

he main reason is higher reactivity of citric and oxalic acids which
romote particles size controlling by rapidly creation of bonding
ombined with electrostatic stability [42]. In addition, the carbon
hains of these agents are relatively short while the lauric and espe-
ctions of different kinds of chelating agents with fixed concentration (2 vol%).

cially stearic acid (as a semi-fatty acid) have large chains which can
lead to slightly increase in the particles size [42].

Fig. 6 indicates the TEM micrographs of synthesized particles in
presence of different chelating agents. It is clear that these micro-
graphs are conformed with DLS results, so that the samples of oxalic
acid, citric acid, lauric acid, and stearic acid show the increasing
trend of particles size, respectively. Based on TEM results, the par-
ticles of oxalic acid, citric acid, lauric acid, and stearic acid is equal to
11.2, 14, 16.6, and 19.1 nm,  respectively. Moreover, the morphology
studies show that in all samples the particles have semi-spherical
shape with appropriate shape uniformity.
3.3. Structural and magnetic properties

Fig. 7 illustrates the XRD diffraction patterns of different sam-
ples. In all patterns, the peaks of Fe3O4 phase are clearly observed



M.R. Ghazanfari et al. / Applied Surface Science 375 (2016) 50–56 53

Fig. 3. The FT-IR spectra of samples with and without different chelating agents (Notations: (a) Pure Fe3O4, (b) Stearic sample, (c) Citric sample, (d) Oxalic sample, and (e)
Lauric  sample).
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Fig. 4. The variations of particles size (based on D

hile no peaks of other possible undesirable phases (like goethite)
an be observed. So it can be concluded that the impurities and/or
ndesirable phases are completely absent in the presence of the
helating agents which indicates the appropriate procedure has
een applied. The peaks for original nanoparticles (without any
helating agent) are sharper owing to the larger particles size and
igher crystallinity degree of the nanoparticles (about 86%) [42].
lthough the particles sizes for citric and oxalic acid samples are

ower comparing the ones for lauric and stearic acid samples, their
eaks sharpness is also superior as a result of higher crystallinity
egree and shorter chains of citric and oxalic agents [40–42]. The
rystallinity degree of samples treated with oxalic, citric, stearic,

nd lauric acids are equal to 83%, 82%, 80%, and 79%, respectively.
lthough the crystallinity degrees are very close together, the
uances could cause meaningful differences in their peaks broad-
alyses) as functions of different chelating agents.

ening [38–42]. As a result, it can be concluded that the utilization
of different types of chelating agents has negligibly effects on the
structural properties of synthesized nanoparticles, and, all samples
have equal structural properties.

Fig. 8 shows the variation of magnetization amounts as a func-
tion of applied magnetic field for different samples (M-H curve).
The amount of saturation magnetization (Ms) of sample without
any chelating agent (curve a) is the highest (about 64 emu/g) as
a result of larger size of magnetic particles [42]. The M-H  curves
of samples treated with different chelating agents show fairly
similar amounts of Ms (in the range of 53–59 emu/g), indicating
comparable magnetic properties. The small differences in their

magnetic properties can be as a result of the variation in the crys-
tallinity degree and particles size [37–42].
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Fig. 5. The variations of particles undersize limits (based on DLS analyses) as functions of different chelating agents.

Fig. 6. The TEM micrographs of synthesized particles in presence of different chelating agents (Notations: (a) Citric sample, (b) Oxalic sample, (c) Stearic sample, and (d)
Lauric  sample).
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Fig. 7. The patterns of XRD analyses of different samples with and without chelating a
sample, and (e) Citric sample).
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This, again, emphasizes the negligible effect of chelating treat-
ent on the structural properties of the synthesized nanoparticles.

. Conclusions

The effects of different anionic chelating agents on the stability,
tructural, microstructural, and magnetic properties of synthesized
e3O4 nanoparticles were investigated and the results are summa-
ized as follows:

 Based on DLS analyses, the hydrodynamic size of particles treated
with 0.5, 1, 2 and 5 vol% of different chelating agents shows a
minimum for 2 vol%.

 According to zeta potential and FT-IR analyses, the zeta potential
for oxalic and citric acids treated samples are more than the ones
for stearic and lauric acids samples, which indicates their higher
stabilization ability.

 As results of DLS and TEM analyses, the particles size of oxalic
and citric acid treated samples is lower while size distribution
is considerably narrower than stearic and lauric acid treated

nanoparticles, owing to their shorter chains.

 Referring to XRD patterns, although the presence of chelating
agents create no undesirable phases, their types can have effect
on the peaks broadening. The peaks for oxalic and citric acid

[

gents (Notations: (a) Pure Fe3O4, (b) Oxalic sample, (c) Lauric sample, (d) Stearic

treated samples are sharper due to their lower particlesize (crys-
tallites size).

5 XRD and VSM analyses indicate that the chelating agents and
their types can negligibly affect the structural properties and
magnetic behaviors of the synthesized nanoparticles.
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