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Coated  Fe3O4 nanoparticles  were
synthesized  by  the precipitation  oxi-
dation method.
Starch  can  be employed  as  an
effective  control  agent  to  tune  the
nanoparticle  size.
Starch  coated  nanoparticles  are  water
dispersible  and  forms  a ferrofluid.
Nature  of the employed  polymer
defines  the  efficiency  of  the size-
control process.
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Starch-coated  Fe3O4 nanoparticles  were  synthesized  by the  precipitation–oxidation  of ferrous  hydroxide
method.  Starch  was  employed  as  a kinetic  control  agent,  and the  effect  of the  polymer  on  both  size  and
aggregation  of  the  Fe3O4 nanoparticles  was  studied.  The  size  of  the  as-prepared  magnetite  nanoparticles
was  tuned  from  15 to 100  nm  by changing  the  time  of addition  of a starch  solution  on  the reaction  system.
Also,  the  starch-coating  over  Fe3O4 nanoparticles  assures  good  water-dispersibility,  stability,  and  possible
biocompatibility.  Transmission  and scanning  electron  microscopies  (TEM,  SEM),  X-ray  diffraction  (XRD),
Fourier  Transform  Infrared  Spectroscopy  (FTIR)  and  magnetic  measurements  were  used  to  characterize
ron oxide nanoparticles
tarch
anoparticles size-control
errofluid
uperparamagnetism

the  prepared  samples.
Kinetic  control  assays  were  also  done  with  polyethylene  glycol  and  polyvinyl  alcohol  in order  to  study

the  influence  of the  polymer  nature  in  the size  and aggregation  process  of the  Fe3O4 nanoparticles.  For
this  work,  the  effect  is more  pronounced  for voluminous  polymers,  with  large  electrosteric  hindrance
produced  by  increased  polar  groups  per  monomer,  like starch.
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1. Introduction

Magnetic iron oxide nanoparticles (IONPs) systems (mainly
magnetite, Fe3O4, and maghemite, �-Fe2O3) have been synthetized
and studied for several years, but recently they have gained special
consideration and attraction due to their technological applications

associated to their nanosize-related magnetic properties [1]. These
technological applications include recording media devices, chem-
ical sensors [2], magnetic ferrofluids employed in seals, dampers or
loudspeakers, as well as many biomedical uses such as biomolecule
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eparation, drug targeting, magnetic hyperthermia, and contrast
gents for nuclear magnetic resonance images [3,4].

Novel and diverse routes to synthesize IONPs have been
eported in the last years, like thermal decomposition of organo-
etallic precursors [5], polyol process [6,7] or reverse micelles

8]. However, the classical procedures in aqueous media remain
s the most popular methods because of their operational and
conomic viability. Co-precipitation of Fe(II)/Fe(III) ions is by far
he most employed method to synthesize Fe3O4 nanoparticles
1,9]. Precipitation–oxidation of ferrous hydroxide, first reported
y Sugimoto and Majitevic in 1980 [10], is also a widely applied
queous-based synthesis route [11–15]. The differences between
he iron sources in both procedures trigger distinct mechanisms for
he Fe3O4 nanoparticles formation, yielding products of different
izes. Typically, co-precipitation produces nanoparticles between

 nm and 15 nm [9,16] while precipitation–oxidation can gener-
te products as large as 1000 nm [11]. For the latter method, the
anipulation of the synthesis conditions, like the ratio between

he concentrations of the oxidant and the iron precursor, defines
he nanoparticle size [11,14,15]. Despite this widespread use and
he long-range of diameters achievable during the synthesis, both

ethods do not provide good control over crystallinity and size
istribution of the nanoparticles in comparison with the most
ecently reported methods. In this sense, the search of alternatives
nd modifications that can improve these classical aqueous-based
rocedures has become a challenge of particular interest, espe-
ially after the technological applications revealed in the last
ears.

In order to develop a successful synthetic procedure, two  main
oalshave to be achieved: first, the size and shape distribution must
e as predictable and narrow as possible, and second, aggregation
f the nanoparticles must be avoided. The incorporation of stabiliz-
ng agents during nanoparticles formation can help to accomplish
oth objectives. Diverse materials have been studied as stabiliz-

ng agents for IONPs. Taking advantage from its various carboxylic
roups, citric acid has been employed in both co-precipitation
17] and oxidation precipitation [18] methods, with good results.
mploying the latter synthetic method, Jing et al. [18] reported that
itric acid not only avoids nanoparticle aggregation, but different
oncentrations of this compound can also control and define the
anoparticle size. Core–shell structures with gold or SiO2, and poly-
ers like polyethylene glycol, polyethylene imine or chitosan have

lso been tested in order to procure useful products for technolog-
cal applications [1].

In this sense, natural starch appears as a very promising mate-
ial for the controlled synthesis of IONPs. The size and presence of
ultiple functional groups may  provide the adequate interaction

trength with IONPs and at the same time prevent further changes
f the nanoparticle, exerting an electrosteric function as protection
gent [19]. Beside, starch results an attractive material due to its
ommercial availability at a low cost, and for being environmentally
riendly [20,21].

At the moment, starch-coated IONPs obtained by the co-
recipitation method have been developed for As(V) removal in
nvironmental remediation [22,23], for controlled release of cis-
latin [24] or as magnetic resonance contrast agents in biomedicine
25].

In this study, we investigate the influence of starch in
he synthetic process of Fe3O4 nanoparticles by the oxidation–
recipitation of ferrous hydroxide method. The addition of starch
s a kinetically control agent can affect both the size and size dis-
ribution of the Fe3O4 nanoparticles, and the aggregation state of

he obtained products. Also, we compared the performance of other
wo polymers as control agents in order to relate the chemical prop-
rties of the stabilization agent with the final products of the Fe3O4
anoparticles synthesis.
icochem. Eng. Aspects 464 (2015) 46–51 47

2. Materials and methods

2.1. Iron oxide nanoparticles (IONPs) syntheses

All the reagents used in this work were analytical grade without
further purification. Iron (II) sulphate heptahydrate (FeSO4·7H2O,
≥99%, Sigma–Aldrich), sodium nitrate (NaNO3, ≥99%, Anedra),
sodium hydroxide (NaOH, 99%, Anedra), soluble starch (reagent
grade, Mallinckrodt), polyethylene glycol 6000 (PEG, 99%, Anedra),
polyvinyl alcohol (PVA, fully hydrolyzed, Sigma–Aldrich). Deion-
ized water was  used in all experiments.

IONPs were prepared by the precipitation–oxidation of ferrous
hydroxide method [10], with some modifications. Briefly, 0.278 g of
FeSO4·7H2O were dissolved in 40 mL  of water at 80 ◦C. Under vigor-
ous stirring, 0.01 mol  of NaOH and 1 × 10−3 mol of NaNO3 dissolved
in 10 mL  of water were added dropwise to the Fe(II) solution. The
reaction proceeded under stirring conditions at 80 ◦C for 2 h after
the formation of the black dispersion. IONPs from the dispersion
were easily separated by a permanent magnet, and then washed
with water and air dried. This sample was  labeled as SX. For the
starch-coating and size control experiments, the same synthetic
method was used, except for the addition of a starch solution (1 g
in 10 mL  of boiling water) at different time periods after the addi-
tion of the NaOH/NaNO3 solution. Samples S0, S1, S2, S3 and S4
were prepared corresponded to starch addition time of 0, 30, 90,
150 and 300 s, respectively. The stable dispersions of starch-coated
IONPs were magnetically decanted after the addition of acetone,
and finally air dried. PEG-coated and PVA-coated samples were
prepared with the same procedure.

2.2. Characterization

Absorption spectra were recorded at room temperature on a
UV-vis-NIR Shimadzu UV-1603 using a quartz cuvette with 10 mm
optical path length. Samples were diluted in water in order to
reach Abs values of 0.3–0.5 at 400 nm.  Samples for transmission
electron microscopy (TEM) images were examined with a JEOL HR-
TEM microscope operated at 300 kV (C2Nano, CNPEM, Campinas,
Brazil), after dripping 10 �L of nanoparticle dispersion onto the
carbon-coated copper grid and air-dried at room temperature. X-
ray diffraction (XRD) patterns were obtained by standard Rigaku
diffractometer with CuK� radiation. FTIR spectra were obtained at
room temperature in the range 400–4000 cm−1 employing a Shi-
madzu infrared spectrometer model IR-Prestige21, averaging 10
scans at a nominal resolution of 4 cm−1 and Happ–Genzel apodiza-
tion using KBr method. Magnetic properties were measured with
a superconducting quantum interference device (SQUID, Quantum
Design) in a temperature range from 5 to 300 K. A magnetic field of
20 Oe was  applied during the zero field cooled (ZFC) and field cooled
(FC) measurements. Dynamic light scattering (DLS) measurements
were performed in a Brookhaven model Z Plus equipment, in
aqueous dispersions at 25 ◦C for 10 min  (n = 5). Correlation func-
tions were analyzed with the Particle Solutions v.2.5 software.
Remaining Iron oxide mass was  determined by Thermogravimetric
Analyzer TGA-50 under static air atmosphere at a heating rate of
10 ◦C/min.

3. Results and discussion

3.1. Starch-coated IONPs
As an alternative to the Fe(II)/Fe(III) co-precipitation method,
the synthesis of magnetite nanoparticles by ferrous hydroxide
precipitation–oxidation have some features that make it more suit-
able to accomplish certain objectives. For instance, particle sizes in
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Fig. 1. X-ray diffraction patterns of SX and starch-coated Fe3O4 nanoparticles. The
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clusters, even in the solid state. Hydrodynamic size of starch coated
IONPs were measured by DLS, and the results follows the same
tendencies detailed above. S0 effective mean diameter is 93 ± 2 nm
rystal grain sizes calculated from Scherrer’s equation for the strongest diffraction
eak ([3 1 1] at 35.4 degrees, highlighted in the superior inset) are 12 nm for S0,
5 nm for S1, 18 nm for S2, 25 nm for S3, 30 nm for S4, and 40 nm for SX.

he range between 12 and 100 nm can be easily controlled simply
y the addition of starch as a capping agent during the first steps of
he reaction. In the well-documented SX sample synthesis proce-
ure (without stabilization agents) [10,14], the excess of OH− ions
aintains the pH well above the isoelectric point of Fe3O4 (6.5–6.8)

nd the charge of the growing particles prevents their aggrega-
ion. In this case, particles slowly grow from few seed precursors
y the addition of the species in solution, yielding bigger particles
ompared to the Fe(II)/Fe(III) co-precipitation. This relatively slow
anoparticle aging can be advantageously used to kinetically con-
rol the nanoparticle size by the addition of a stabilization agent
t different times, in order to freeze the nanoparticle growth and
hus control nanoparticle size. This kind of kinetic control was  suc-
essfully tested in several nanoparticle syntheses, both for size and
hape control [26]. In this sense, the addition of a hydrophilic poly-
er  that would provide a significant steric hindrance (like starch)

an affect both the seed nucleation and aging process, preventing
he formation of larger nanoparticles and stabilizing intermediate-
ized products.

A series of samples were prepared in order to investigate the role
f starch as a controlling agent of the growth kinetics of the Fe3O4
anoparticle seeds. The crystalline structures of the samples were
haracterized by X-ray diffraction (Fig. 1). The uncoated sample
SX) diffractogram matches well with the Fe3O4 crystalline pattern
nd confirms the formation of the fcc spinel-inverse iron oxide
hase. The narrow Bragg peaks indicates a large order of diffracting
lanes, which is related to bigger crystallite grain and nanoparti-
les size. For this sample, crystal size is about 40 nm.  Starch-coated
amples (S0, S1, S2, S3 and S4) show two contributions on the XRD
atterns. First, broad diffraction peaks associated to Fe3O4 crys-
alline structure phase can be seen in all samples, confirming the
ormation of Fe3O4 nanostructures. Also, as we can see more pre-
isely in the inset of Fig. 1 (diffraction peak corresponding to (3 1 1)
lane), there is clear inverse correlation between the increasing
ddition time of the starch solution and the Fe3O4 peaks width. We
sed the Scherrer equation to estimate the mean crystal grain size
f the samples employing this strongest diffraction peak. In starch-
oated samples, the grain size increased dramatically, from 12 nm
or sample S0 to 30 nm for sample S4, as we delay the addition of
he stabilization agent. Second, a very broad peak with a maximum
t 15◦ is related to the presence of starch molecules, coating the
e3O4 nanoparticles. The drying and magnetically assisted washing
rocedure ensures no free-starch was left in the in the final solid

ample; hence the starch evidenced in the XRD pattern must be
omehow attached to the Fe3O4 nanoparticles. As Fig. 1 shows, the
elative intensity and total area assigned to both Fe3O4 and starch
ontributions vary in each sample. For the normalized patterns,
Fig. 2. TGA measurements of samples S0, S1 and SX.

the starch contribution decreases as the particles get bigger. This
difference can be explained by assuming that total starch in the
sample is related to IONPs surface and not to IONPs mass. For the
same amount of Fe3O4, smaller nanoparticles have a higher surface
total area, thus allowing the attachment of a bigger number of
starch molecules to the nanoparticle system. TGA measures of
samples S0, S1 and SX (Fig. 2) supplement this idea since total mass
loss (related to total amount of organic coating) is bigger for the
smaller particles (90% of mass loss for S0 and 80% of mass loss for
S1). Also, IR spectroscopy (Fig. 3) confirms the attachment of starch
on the Fe3O4 surface. In summary, the peaks width and the starch
proportion from the XRD patterns, and the TGA results confirm the
coating and size-control by starch of the Fe3O4 nanoparticles.

In addition, electron microscopy images (SEM and TEM) of sam-
ples SX and S0 (Fig. 4) reveal the different sizes of the final products
obtained in each synthesis. For the uncoated Fe3O4 sample (SX),
particles of bigger size are obtained. SEM images show a particle
population with a mean diameter of approximately 100 nm,  with a
relatively wide size distribution. The difference between this value
and the one obtained from Scherrer equation may  be caused by
the polycrystallinity of the Fe3O4 particles. Because these particles
are composed by various crystal grains, the latter size (obtained by
Scherrer equation from XRD patterns) is lower than the total size
of the nanoparticle obtained by SEM images. TEM images of sample
S0 show well-dispersed particles of smaller size (ca. 15 nm diame-
ter) and narrower size distribution. This result is in good agreement
with the size calculated via Scherrer equation. Also, the absence of
agglomerated structures in the images confirms the stabilization
role of starch, as it helps to avoid the formation of nanoparticle
Fig. 3. FTIR spectra of pure starch and starch-coated Fe3O4 nanoparticles (sample
S1).
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ig. 4. (A) SEM image of Fe3O4 nanoparticles from SX sample. (B) TEM image of
tarch-coated Fe3O4 nanoparticles from S0 sample.

ith a standard deviation of 1.15 nm (n = 5). This size is way  larger
han IONPs diameter deduced by TEM images and evidences the

assive starch coating over the nanoparticle. Similar mean diame-
er was reported by Soshnikova et al. [27] for starch-coated IONPs
repared by co-precipitation, with starch added before nanopar-
icle formation. As particles get bigger so does the hydrodynamic
ize. For S1, mean diameter is 152 ± 5 nm and for S2 is 334 ± 12 nm
n = 5). Samples S3 and S4 were above 400 nm.  For all samples, mean
ffective diameter did not change within a week between meas-
res. The addition of starch after IONPs formation was also studied
y Soshnikova et al. [27], with similar results. Despite the differ-
nce between the employed IONPs synthesis method, the addition
f the polymer after the reaction beginning always yields bigger
ydrodynamic size. In our case, this trend can be consequence of
tarch addition time as reported by Soshnikova et al. but also it is
onsequence of bigger IONPs size.

The stability of the colloidal samples was assessed by UV–vis
pectroscopy. As Fig. 5 shows, the absorption at 400 nm of water-
edispersed powders from S0 sample hardly changes during a week
f measures, attesting the colloidal stability over-time of the syn-
hesis products. The UV–vis spectrum of S0 is also shown in Fig. 4.
ame behavior is observed for starch-coated samples S1 and S2,
ut for S3 and S4 absortion start to decline after the third day.
oth van der Waals forces and electrostatic attractions are the
ain cause of the colloidal system stability, as they dominate the

nteraction between starch and Fe3O4 nanoparticles surface. As a

ypical dipole–dipole relation, the electron-rich hydroxyl groups
f starch molecules strongly interact with the electron-deficient Fe
toms in the oxide surface, generating the organic-coating over the

ig. 5. Absorbance at 400 nm versus standing time (upper panel) and UV–vis
bsorption spectra (lower panel) of an aqueous dispersion of starch-coated Fe3O4

anoparticles from sample S0.
Fig. 6. Plot of the Scherrer crystal size of the Fe3O4 nanoparticles obtained in the
synthesis versus the addition time of the corresponding polymer in the mixture
reaction.

nanoparticle. Also, starch hydrophilic hydroxyl groups ensure the
stabilization and water dispersion of coated-Fe3O4.

3.2. PEG & PVA vs. starch as polymer-assisted size control agents

The polymer chemical nature plays an important role on the
size and aggregation control of the nanoparticles. To study this
influence, similar experiments were carried out with polyethylene
glycol (PEG) and polyvinyl alcohol (PVA) instead of starch.

For the samples series with PEG, the size control effect over the
Fe3O4 nanoparticles was less effective in comparison with the pre-
vious starch discussed samples. In XRD patterns of these products,
the narrowing of the Fe3O4 Bragg peaks was less pronounced that
in the starch series, showing a decline in the impact of the polymer-
addition time in the final nanoparticle size. The Scherrer-calculated
nanocrystal grain size increases from 27 nm for S0PEG to 40 nm for
S3PEG in the PEG-coated series (Fig. 6). As we  can see, the smaller
PEG-sample grain size, S0PEG, almost doubles the one obtained with
starch for the same polymer-addition time. Also, the last sample has
a similar grain size than the uncoated Fe3O4 preparation. Unlike
the starch samples, the absence of strong electronegative groups in
PEG molecules inhibits the intense dipolar interaction between the
iron oxide surface and the polymer needed to stop the growth of the
nanoparticle. As a result, the evolution of small crystal seeds to big-
ger particles is favored over the stabilization of intermediate-size
elements by the added polymer.

To complement previous results, PVA was  also used as a growth
controller. PVA-coated Fe3O4 nanoparticles series have a similar
size-control behavior than the starch-coated samples (Fig. 6); how-
ever, for the same polymer-addition time, all the Fe3O4 crystal sizes
in the PVA samples are bigger (typically 5–7 nm)  than the corre-
sponding starch sample. Like starch molecules, the high density of
hydroxyl groups among the PVA polymer can produce the interac-
tions required to stop the growth of the Fe3O4 nanoparticles by a
similar chemical mechanism. The differences in size between these
two series, however, can be attributed to a bigger steric contribu-
tion from the polymer in starch samples compared to PVA samples.
The monomer dimensions (glucose in starch against vinyl alcohol
in PVA) and the number of hydroxyl groups per monomer (five
in glucose against one in vinyl alcohol) reveal these contrasts in
the steric contributions and generate the differences between the
Fe3O4 crystal grain sizes in both series.

Also, it is important to highlight that the starch-coated samples

were the only ones that can be easily dispersed in water, pro-
ducing a water-based ferrofluid stable for several weeks. Unlike
typical reports on PVA and PEG-coated IONPs, our nanoparticles are
hardly water dispersible for long time ranges, and only stand within
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ig. 7. Zero field cooled (ZFC) and field cooled (FC) curves for starch-coated
nd uncoated Fe3O4 nanoparticles. All curves are normalized to magnetization at

 = 300 K.

he solvent for a couple of days. For co-precipitation synthetized
ONPs colloidal stabilization by a polymer is a well-known behavior
28,29], but for oxidation–precipitation products these characteris-
ic is less studied. For these cases, formation of bigger and probably
olycrystalline IONPs beats the stabilization by the coating agent,

eading to the precipitation of the nanoparticles. Nevertheless, PVA
nd PEG-coated IONPs were several orders more stable than non-
oated oxidation–precipitation IONPs (two days for coated samples
gainst seconds for uncoated ones)

.3. Magnetic characterization

Fig. 7 shows the ZFC/FC curves measured at 20 Oe from 5 K to
00 K. As the particle size and aggregation state of the system has
reat influence on the magnetic properties, the ZFC/FC curves of
he starch-coated and uncoated samples were expected to exhibit
ifferent magnetic behaviors. Also, because measures were made

n dried-solid samples, dipolar interactions may  be expected due
o the spatial approach and agglomeration produced by the elim-
nation of the matrix solvent [30–32]. S0, S1 and S4 curves can be
onsidered as diverse cases of interacting magnetic nanoparticle
ystems, while SX is a typical curve of a highly interacting perco-
ated magnetic system [33,34]. For the latter, two approximately
inear growths with a slope-change at ca. 107 K are observed in
he ZFC magnetization curve. This behavior could be linked to the
resence of two  populations of aggregates of different size in the
ample.

The zero-field magnetization curve for S0 displays a broad max-
mum at T = 260 K. This temperature is related to the so-called
locking temperature (TB) and shows the transition between the
locked and the superparamagnetic state. When T > TB, the thermal
nergy exceeds the anisotropy energy, leading to a randomization
f the magnetic moments much faster than the experimental time
cales [35]. The measured TB is in good agreement with literature

eports on weakly interacting systems based in Fe3O4 nanoparticles
f approximately 15 nm [36,37].

The contrast in the magnetic behavior of samples SX and S0
s also supported by M vs. H measure (Fig. 8). The coercive field
Fig. 8. M vs. H curve at T = 273 K of S0 and SX.

in SX confirms the blocked regime of this sample at 273 K, while
the absence of hysteresis loop in S0 indicates a superparamagnetic
behavior. The observed difference between saturation magnetiza-
tion (expressed as IONPs mass) is also consequence of nanoparticle
size. Saturation for SX is near the value for bulk magnetite due to
massive nanoparticle volume. In the other hand, the reduction of
saturation for S0 is consequence of significant contribution of the
magnetic moments disorder within the IONPs surface [38]. Real
saturation for powder sample S0 is 11.7 emu/g.

Assuming S0 is a non-aggregated nanoparticles system (by TEM
images evidence), a weakly interacting magnetic behavior can
be proposed and a quantitative approach value of the effective
anisotropy constant can be obtained using the Bean–Livingston
equation [39]:

TB = Keff V

25kB
(1)

where kB is the Boltzmann constant and V is the particle volume.
The calculated number (Keff = 5.07 × 104 J m−3) is close to values
reported in the literature for weakly interacting Fe3O4 nanopar-
ticles [40]. In samples S1 and S4 the absence of a maximum in the
ZFC curve indicates that the blocking temperature is above 300 K,
due to bigger particle size and/or possible aggregation. This mag-
netic behavior in ZFC-FC curves with an applied field of 20 Oe  is
expected for Fe3O4 with a nanoparticle diameter above ca. 18 nm
[30,38]. In these samples, the nanoparticles are not on the super-
paramagnetic regime at room temperature; the observed blocked
behavior is consequence of the bigger Fe3O4 magnetic nanopar-
ticles and the dipolar interactions among them. Between these
two samples, the ZFC curve of S1 has a more monotonous growth
compared to the irregular increase in the S4 ZFC magnetization.
This observation can be explained by assuming the starch size-
dispersion and agglomeration control is more effective when the
reagent is introduced at the beginning of reaction, thereby reduc-
ing the formation of clusters of smaller seeds and polycrystalline
nanoparticles. The relation between the TEM/SEM images size and
the Scherrer grain size in samples S0 and SX discussed before also
supports these observations. The proposed better size-dispersion
and agglomeration control at early stages is also helpful to explain
the magnetic behavior of S0.

4. Conclusions

A chemical control process mediated by a polymer was pro-

posed to define the size and aggregation of Fe3O4 nanoparticles
synthetized by the precipitation–oxidation of ferrous hydroxide
method. The addition of starch at different times after the begin-
ning of the synthesis can stop the nanoparticle growth, and yield
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tarch-coated Fe3O4 nanoparticles of different size. Also, starch
ydrophilic-coating assures good water-dispersion stability and
ossible biocompatibility.

The kinetic control assays with PEG and PVA shows that the
olymer nature, defined by the electrosteric hindrance and the
onomer chemical groups, plays an important role on the size and

ggregation of the nanoparticles. This kinetic effect is more pro-
ounced for voluminous polymers with many charged groups per
onomer, like starch.
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