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a b s t r a c t

Citric acid is a widely accepted coating material in nanoparticle fabrication for biomedical applications
while iron oxide is one popular magnetic material with excellent properties for use in nanoparticle form.
However, the effect of synthesis conditions on the properties of iron oxide nanoparticles is not suffi-
ciently understood. Here, citric-acid coated iron oxide nanoparticles were synthesized based on the co-
precipitation method through both one-step and two-step process, respectively. The citric acid was
added at different stages, and various coating temperatures were used in the two-step process. The nano-
particles were characterized by multiple techniques including Fourier transform infrared spectroscopy,
transmission electron microscopy, dynamic light scattering, thermogravimetric analysis, and vibrating
sample magnetometry. It was found that the addition of citric acid at different stages can alter the nano-
particle core size, while the coating temperature affects citric acid adsorption around nanoparticles sur-
face and alters the nanoparticle hydrodynamic size. The effect of citric-acid coating on the magnetic
behavior was also investigated on 9 nm and 25 nm iron oxide nanoparticles.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Magnetic nanoparticles have attracted broad attention due to
their potential biomedical applications, such as contrast agents
for magnetic resonance imaging (MRI), [1] heating mediators for
cancer therapy (hyperthermia), [2] and magnetic labels for bio-
sensing [3]. The specific nanoparticle properties must be tailored
to each application to obtain the desired results. Magnetic nano-
particles are generally required to be superparamagnetic, with suf-
ficient magnetic saturation, and a small size comparable to the
analytes of interest [4].

Iron oxide is one popular magnetic material with excellent
properties for use in nanoparticle form [5,6]. In recent decades,
multiple iron oxide nanoparticle synthesis methods have been re-
ported in literature including co-precipitation, thermal decomposi-
tion, micro-emulsion, hydrothermal synthesis, sono-chemical
synthesis, and so on [7–9]. Of these techniques, co-precipitation
is a facile and convenient way to fabricate iron oxide nanoparticles
with size less than 20 nm. To ensure biocompatibility and prevent
agglomeration, iron oxide nanoparticles are usually coated with
biocompatible organic or inorganic materials. However, one of
the main challenges for the use of the magnetic nanoparticles is
ll rights reserved.
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to find a good method to functionalize the surface of nanoparticles
with the appropriate chemicals [10]. To impart additional func-
tionality and/or conjugate with biologically active agents, iron
oxide nanoparticles usually bear functional groups on their sur-
faces, such as phosphates, sulphates, and carboxylates. Of these
functional groups, carboxylate is the strongest binder [11]. On
the other hand, some binding affinity may be lost through steric
hindrances by large surfactant molecules or long polymer chains,
which could be easily overcome with the use of small molecules
[12]. Among various small molecules, citric acid (C6H8O7), a bio-
compatible short-chained tri-carboxylic acid, has been extensively
used for the preparation of aqueous stable iron oxide nanoparticles
for biomedical applications [12–19]. Accordingly, citric acid can be
adsorbed onto the surface of the iron oxide nanoparticles by coor-
dinating via one or two of the carboxylate functionalities, leaving
at least one carboxylic acid group exposed, making the nanoparti-
cle surface hydrophilic, preventing particle agglomeration, and
providing functional groups to be used for further surface deriva-
tion [20]. Citric acid has been employed commercially as the coat-
ing surfactant of iron oxide nanoparticles, such as in the MRI
contrast agent VSOP C184 [13]. Citric-acid coated iron oxide nano-
particles have also been widely studied for their applications in
drug delivery, targeted cellular imaging, hyperthermia, and bio-
detection [12,14–19]. During synthesis, nanoparticle coating can
be applied through either a one-step process, where the surfactant
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is added during the particle nucleation and growth [21,22], or via a
two-step process where the surfactant coating is applied indepen-
dently after nanoparticle synthesis [23]. Since the citrate ions are
known to interfere with the formation and growth of iron oxide
nanoparticles, [21] and process temperature has been found to im-
pact the nanocrystal surface ligand dynamics, [24] it is worthwhile
to investigate the influences of the synthesis conditions on the
nanoparticles. This is a critical and fundamental work to character-
ize the synthesis of magnetic nanoparticles in order to optimize
their resulting properties.

Here, we have synthesized citric-acid coated iron oxide nano-
particles using the co-precipitation method through both a one-
step and two-step coating process. The effects introduced by differ-
ent synthesis conditions, adding the citric acid at different stages
and using various coating temperatures in two-step process, are
then compared. The impact of the citric-acid coating on the mag-
netic behavior is also investigated on uncoated iron oxide cores
with different sizes.
2. Experiments

2.1. Materials

Ferric chloride hexahydrate (FeCl3 � 6H2O, P99%), ferrous sul-
fate heptahydrate (FeSO4 � 7H2O, P99.0%), sodium hydroxide
(P98%), and citric acid (P98%) were purchased from Sigma–Al-
drich (USA). All chemicals were used as received. The uncoated
iron oxide nanoparticles with size close to 9 nm (U9) were sup-
plied by Liquids Research, Ltd (UK). The uncoated iron oxide nano-
particles with size close to 25 nm (U25) were purchased from
Nanostructured and Amorphous Materials, Inc. (USA).
2.2. Nanoparticle synthesis

Our syntheses were based on the co-precipitation method. Fifty
milliliter each of FeSO4 � 7H2O and FeCl3 � 6H2O were mixed to-
gether in a molar ratio of 1:2, which was added drop-wise into
200 ml sodium hydroxide (1.8 M) aqueous solution at 80 �C with
vigorous mechanical stirring. The reaction continued for 15 min,
and then the black precipitates were obtained as uncoated iron
oxide nanoparticles (U0). The coating of citric acid was then con-
ducted through three different ways of adding citric acid. 1st meth-
od (pre-addition method): the citric acid was pre-added into the
ferrous and ferric solution, and then the mixture was added
drop-wise into the aqueous solution of sodium hydroxide. The
reaction proceeded at 80 �C for 15 min, then at 90 �C for 1 h under
vigorous stirring. The final products were retrieved by magnetic
decantation, and then washed with DI water. 2nd method (post-
addition method): the citric acid was added when the precipitation
of uncoated iron oxide nanoparticles occurred. The reaction then
proceeded at 90 �C for 1 h under rigorous stirring. The final prod-
ucts were retrieved by magnetic decantation, and washed with
DI water. 3rd method (two-step method): a two-step process, ini-
tial synthesis of uncoated nanoparticles and a post-synthesis coat-
ing of citric acid. First, the uncoated iron oxide nanoparticles
synthesized as previously described were collected by magnetic
decantation, washed with DI water, and lyophilized. Second, these
uncoated nanoparticles powders were re-dispersed in 200 ml DI
water under sonication, and then the slurry was heated to a set
temperature followed by the addition of citric acid. The coating
reaction proceeded for 1 h at the set temperature under vigorous
stirring. The final products were retrieved by magnetic decantation
and washed with DI water. The citric acid coating concentration
(0.5 g/ml) was held constant for each method. The samples are des-
ignated by their fabrication method, coating temperature, and core
size, as summarized in Table 1. Samples C1 and C2 were obtained
by using the 1st method and 2nd method, respectively. Samples
C3-U0-90, C3-U0-70, C3-U0-50, and C3-U0-30 were obtained by
using the 3rd method under different coating temperatures. Sam-
ples C3-U9-90 and C3-U25-90 were obtained by coating the com-
mercially purchased uncoated nanoparticles with citric acid using
the post-synthesis coating process (3rd method) at 90 �C with sizes
of 9 nm (U9) and 25 nm (U25), respectively.

2.3. Nanoparticle characterization

The presence of characteristic functional groups coated on the
nanoparticle surfaces was determined using Fourier transform
infrared spectroscopy (FT-IR). The FT-IR spectra of the samples
were obtained with a Shimadzu FTIR-8300 spectrometer using
KBr pellets. The size and morphology of the samples were observed
by transmission electron microscopy (TEM, Philips CM100). The
hydrodynamic size of the nanoparticles in water were measured
by dynamic light scattering (DLS) using a Malvern Zetasizer 3000
(Malvern, UK). The magnetic property of the lyophilized sample
powders was measured at room temperature by using a vibrating
sample magnetometer (VSM, Lakeshore VSM 7400). The magneti-
zation was measured over a range of applied field from
�10,000 Oe to 10,000 Oe. The iron oxide composition was deter-
mined by using thermal gravimetric analysis (TGA, Perkin-Elmer
TGA-7). The mass loss of 5–10 mg of lyophilized sample was mon-
itored under N2 at temperatures from 50 �C to 600 �C at a rate of
50 �C/min.
3. Results and discussion

Successful citric-acid encapsulation of the iron oxide nanoparti-
cles, synthesized using the methods as described in the experimen-
tal section, was confirmed by the FT-IR results. Fig 1 shows the
representative FT-IR spectrums of the citric acid coated particles
(C1, C2, C3-U0-90, C3-U9-90, and C3-U25-90). The peaks at around
570 cm�1 indicate the presence of an iron oxide skeleton in all the
samples. The peaks near 1630 cm�1 and 1415 cm�1, representing
carboxylate (COO�) stretching, were found in all the citric acid
coated samples in our experiments. The presence of these peaks
is evidence of the formation of the citric acid coating around the
iron oxide cores [12,25,26].

3.1. Influence of adding citric acid at different stages

Representative TEM images of the citric-acid coated iron oxide
nanoparticles synthesized under similar temperatures using each
of three encapsulation techniques (C1, C2, and C3-U0-90), as well
as the uncoated nanoparticles (U0), are shown in Fig. 2. Through
one-step fabrication techniques (1st method and 2nd method),
sample C1 (Fig. 2a) and C2 (Fig. 2b) show an average size of
6 nm and 11 nm, respectively. The two-step synthesized (3rd
method) sample C3-U0-90 (Fig. 2c), and the uncoated sample U0
(Fig. 2d) displayed similar spherical morphology with a size around
13 nm, indicating that the post-synthesis coating of citric acid as
the surfactant after the synthesis of iron oxide nanoparticles has
no significant effect on the particle size. This observation is consis-
tent with the experimental results reported previously [25]. For the
iron oxide nanoparticles synthesized using the co-precipitation
method, it is known that there are two stages included in this pro-
cess, nucleation and growth [27]. Compared to the two-step sam-
ple C3-U0-90, the smaller particle size of C2 should be attributed
to the immediate presence of citric acid after the precipitation of
nanoparticles, since the adsorption of citrate ions on the nanopar-
ticle surfaces hinders particle growth after nucleation [25]. The



Table 1
Fabrication conditions of citric coated and uncoated iron oxide nanoparticles.a

Nomenclature Reaction type Synthesis temp Coating temp

U0 Uncoated 80 N/A
C1 1st method (pre-addition method) 80, 90 –
C2 2nd method (post-addition method) 80 90
C3-U0-90 3rd method (2-step method) 80 90
C3-U0-70 3rd method (2-step method) 80 70
C3-U0-50 3rd method (2-step method) 80 50
C3-U0-30 3rd method (2-step method) 80 30
C3-U25-90 3rd method (post coating) N/A 90
C3-U9-90 3rd method (post coating) N/A 90

a Samples C1 and C2 were obtained by using the 1st method and 2nd method, respectively. Samples C3-U0-90, C3-U0-70,
C3-U0-50, and C3-U0-30 were obtained by using the 3rd method under different coating temperatures (90 �C, 70 �C, 50 �C, and
30 �C). Samples C3-U9-90 and C3-U25-90 were obtained by coating the uncoated nanoparticles of different sizes (average
diameters of 9 nm and 25 nm) with citric acid using the post coating process of 3rd method under the coating temperature of
90 �C.

Fig. 1. FT-IR spectra of citric acid coated (C1, C2, C3-U0-90, C3-U9-90, and C3-U25-
90) and uncoated (U0) iron oxide nanoparticles.
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ultra-small size of C1 should be due to the presence of citric acid
during the nucleation step, since the citric acid was pre-added into
the ferrous and ferric solutions before the co-precipitation reaction
started. The adsorption of citrate ions on the nuclei surfaces can
effectively inhibit the growth of the nuclei, [21] which causes the
final product C1 with much smaller sizes (6 nm) than samples C2
and C3-U0-90. Additionally, the iron oxide nanoparticles in sample
C2 displayed a less spherical morphology than the other three sam-
ples. Since the shape of the iron oxide nanoparticles can be affected
by the pH value during sample preparation, [16] the less spherical
morphology of sample C2 might be due to the pH change caused by
the addition of citric acid during particle growth. The mechanism
of this phenomenon needs further study.

3.2. Influence of coating temperature in two-step process

The effect of different coating temperature in the two-step pro-
cess (3rd method) on the adsorption of citric acid around particle
surface and the particle hydrodynamic size were studied using
TGA and DLS, respectively. The citric-acid coated samples C3-U0-
90, C3-U0-70, C3-U0-50, and C3-U0-30 were synthesized using
the 3rd method using different post-synthesis coating tempera-
tures of 90 �C, 70 �C, 50 �C and 30 �C, respectively. The weight per-
centage of the iron oxide cores in the samples C3-U0-90, C3-U0-70,
C3-U0-50, and C3-U0-30 were approximately 94.8%, 95.3%, 96.2%
and 96.5%, respectively (Fig. 3). The decrease of the citric acid coat-
ing content could be observed from 5.2% to 3.5% as the post-syn-
thesis coating temperature decreased from 90 �C to 30 �C. The
formation of a citric acid coating layer on the particle surface is
known to be the chemical bond formation between the carboxyl
groups of citric acid on the Fe-OH sites of the iron oxide nanopar-
ticles [28]. Since the chemical reaction rate increases with temper-
ature, the adsorption of citric acid onto the particle surface could
be enhanced by the increased coating temperature. Thus, the in-
creased coating temperature could enhance the citric-acid coating
rate, and here it was found that the sample C3-U0-90 with coating
temperature of 90 �C contained the highest surface coverage of cit-
ric acid on the nanoparticles.

The average hydrodynamic sizes weighted by intensity and
polydispersity values of these samples are reported in Table 2.
The hydrodynamic size of C3-U0-90 (52.9 nm), C3-U0-70
(69.1 nm), C3-U0-50 (91.1 nm), and C3-U0-30 (132.9 nm) in-
creased as the coating temperature decreased from 90 �C to
30 �C. Since the iron oxide core sizes in these samples were the
same as the uncoated nanoparticles U0 (13 nm, Fig. 2d), their in-
creased hydrodynamic size with decreased post-synthesis coating
temperature could be explained by a reduction in the citric acid
coating on the iron oxide cores as the temperature decreased,
which was confirmed by the TGA results (Fig. 3). The nanoparticle
clusters could be formed when there were not enough surfactants
to keep them separated, and the clustering could increase the
hydrodynamic size of nanoparticles [29]. The nanoparticles (U0)
with no coating aggregated into large clusters in DI water with
hydrodynamic sizes of tens of micro-meters. The size distribution
of the samples is expressed in the polydispersity index (P.I.), which
corresponds to the variance of the size distribution of the nanopar-
ticles. The P.I. value of the samples with citric acid coating at differ-
ent temperature, C3-U0-90, C3-U0-70, C3-U0-50, and C3-U0-30,
were 0.22, 0.16, 0.25, and 0.26, respectively. However, it should
be noted that the size distribution of these samples does not have
a simple correlation with the citric acid surfactant coverage around
nanoparticles alone. The C3-U0-90 contained the highest content
of citric acid surfactant coating in these four samples as indicated
by TGA result (Fig. 3) but showed less homogeneous nanoparticle
size distribution (0.22) than the one of C3-U0-70 (0.16) while the
C3-U0-70 displayed the smallest P.I. value among these four sam-
ples in our study. For the sample hydrodynamic size distributions,
part of the dispersity was resulted from polydispersity in the single
citric-acid coated iron oxide nanoparticles while some dispersity
may be caused by variations in the nanocluster sizes. On one hand,
the size distribution of the individual nanoparticles became nar-
rower as the surfactant-to-water ratio decreased [24]. Thus as
the content of citric acid decreased in the final products, the size
distribution of the single citric acid-coated iron oxide would be



Fig. 2. TEM images of synthesized citric acid coated iron oxide nanoparticles through three methods and uncoated iron oxide nanoparticles (a) C1, (b) C2, (c) C3-U0-90, and
(d) U0.

Fig. 3. TGA results of iron oxide nanoparticles coated with citric acid at different
temperature in the 3rd method (C3-U0-90, C3-U0-70, C3-U0-50, and C3-U0-
30).[See the electronic version of the Journal for a color version of this figure.].

Table 2
Hydrodynamic size of iron oxide nanoparticles coated with citric acid at different
temperatures, in DI water.

Samples Mean diametera (nm) and polydispersity indexb

C3-U0-90 52.9 [0.22]
C3-U0-70 69.1 [0.16]
C3-U0-50 91.1 [0.25]
C3-U0-30 132.9 [0.26]

a Mean particle size result from three measurements, weighted by intensity.
b Polydispersity index values (P.I.), given in brackets, range from 0 to 1; a higher

value indicates a less homogeneous nanoparticle size distribution.
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narrower. On the other hand, when there were not enough surfac-
tants to keep the nanoparticles separated, fractal aggregates could
be formed with a wide size distribution [25]. As such, as the con-
tent of citric acid decreased in the final products, the size distribu-
tion of the nanoclusters would become broader. Due to these two
effects, the size distribution of the final samples does not have a
simple correlation with the content of citric acid surfactant
coating.
3.3. Influence of post-synthesis coating with citric acid on magnetic
behavior

The influence of post-synthesis coating with citric acid at 90 �C
in the 3rd method (two-step process) on the magnetic behavior of
the nanoparticles was investigated on two kinds of uncoated iron
oxide nanoparticles with different sizes of 9 nm (U9) and 25 nm
(U25). As determined from TEM images (Fig. 4a and b), the iron
oxide core sizes of the citric-acid coated samples C3-U9-90 and
C3-U25-90 were still around 9 nm (mean size of sample U9) and
25 nm (mean size of sample U25), respectively. It indicates that
the surfactant coating did not induce significant change of the
nanoparticle core sizes. The magnetic behaviors of the samples
were measured using the VSM at room temperature, as shown in
Fig. 4c and d. The saturation magnetization (Ms) for the iron oxide
cores of the citric acid coated samples C3-U9-90 and C3-U25-90
was determined to be 50 emu/g and 46 emu/g, almost the same
as the Ms of the corresponding uncoated iron oxide nanoparticles
U9 (51 emu/g) and U25 (46 emu/g), respectively. They are less than



Fig. 4. TEM images and VSM results of citric acid coated iron oxide nanoparticles with core sizes of 9 nm and 25 nm in 3rd method. (a and b) TEM images of (a) C3-U9-90 and
(b) C3-U25-90. (c and d) VSM results of (c) C3-U9-90 and (d) C3-U25-90. The insets in (c) and (d) are the corresponding magnified views of the M–H loops in the low magnetic
field.

L. Li et al. / Microelectronic Engineering 110 (2013) 329–334 333
the Ms for bulk Fe3O4 (92 emu/g) and the Ms for bulk c-Fe2O3

(74 emu/g) [30], but are comparable to the experimental values
for Ms of magnetite nanoparticles spanned the 30–50 emu/g range
[31]. The insets in Fig. 4c and d were the corresponding magnified
views of the M–H loops in the low magnetic field. Both of the un-
coated sample U9 and the citric-acid coated sample C3-U9-90 dis-
played a superparamagnetic behavior with negligible coercivity.
The coercivity of uncoated sample U25 and citric-acid coated sam-
ple C3-U25-90 was 46 Oe and 38 Oe, respectively. The coercivity
decrease of U25 after coated with citric acid could be attributed
to the increased distance between the nanoparticles caused by cit-
ric-acid coating, which led to the reduction of the inter-particle di-
pole–dipole interaction and thus smaller coercivity [23]. For iron
oxide nanoparticles with size smaller than 20 nm, the thermal en-
ergy overcomes the dipole–dipole interaction, and the thermal
fluctuations can change the direction of magnetization of the entire
crystal. [32] Thus, the uncoated 9-nm nanoparticles in sample U9
exhibit a superparamagnetic behavior with no coercivity at room
temperature. Even though the citric-acid coating can increase the
distance between the nanoparticles and reduce the inter-particle
dipole–dipole interaction, the superparamagnetic nature of the
9 nm nanoparticles does not change and thus the coercivity of
the citric acid coated sample C3-U9-90 stays to be zero. Therefore,
the citric-acid coating did not alter the superparamagnetic behav-
ior of the iron oxide nanoparticle with size close to 9 nm, and could
reduce the coercivity of iron oxide nanoparticles with size close to
25 nm.
4. Conclusion

This study demonstrates the effect of the synthesis conditions
including the addition of citric acid and the coating temperature
on the properties of citric-acid coated iron oxide nanoparticles.
The core sizes of the citric-acid coated nanoparticles could be ad-
justed from around 6 nm to 13 nm by adding the citric acid at dif-
ferent stage in the synthesis process: pre-addition into ferrous and
ferric solution (1st method), post-addition when nanoparticles
precipitated (2nd method), and post-synthesis coating after un-
coated nanoparticle synthesized in a two-step process (3rd meth-
od). In the two-step process for synthesis, the decreased coating
temperature resulted in increased hydrodynamic sizes of the syn-
thesized citric-acid coated nanoparticles. Thus, the influences of
the addition of citric acid and the coating temperature on the size
of the final products were revealed. For the small sized (�9 nm)
uncoated iron oxide nanoparticles with a superparamagnetic
behavior, the citric-acid coating would not affect its superpara-
magnetic feature. For the larger sized (�25 nm) iron oxide nano-
particles with coercivity, the citric-acid coating would decrease
their coercivity. This work indicates the synthesis conditions could
be appropriately controlled to fabricate the citric-acid coated
nanoparticles for a specific purpose.
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