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a b s t r a c t

Magnetic colloids containing superparamagnetic Fe3O4 nanoparticles have been prepared by co-precipi-
tation method. Three samples of citric acid coated magnetic colloids containing magnetic nanoparticles
(ultra-fine particles of Fe3O4) have been obtained following three different preparation protocols. Phys-
ical tests have been performed on these samples of the magnetic colloids prepared by us (consisting
mainly of Fe3O4 ultra-fine particles stabilized with citric acid (C6H8O7) and immersed in water), in order
to reveal their microstructural and rheological features. Transmission electron microscopy (TEM) and
magnetic measurements were the investigation methods used for the assessing of the magnetic nanopar-
ticles size. The dimensional distribution of the ferrophase physical diameter was comparatively pre-
sented using the box-plot statistical method. Infrared absorption spectra have been recorded aiming to
get some information on the magnetic fluid composition.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The interest in magnetic fluid preparation arises from the fact
that they exhibit rheological properties of fluids from the dynamic
viewpoint, but can be controlled directly by the application of a
magnetic field – which can not happen with any natural fluid. Mag-
netic fluids are stable colloidal dispersions of ultra-fine (mostly)
spherical ferro- or ferri-magnetic particles, such as magnetite
(Fe3O4) or maghemite (c-Fe2O3), in a nonmagnetic liquid carrier
[1], which may be chosen to conform to a particular application.
The dispersion of the ferrophase is ensured by coating the nano-
particles with adequate surfactant (able to assure steric or electro-
static stabilization) [2].

Thus, the attraction forces between magnetic dipoles as well as
the Van der Waals forces can be balanced while the tendency of
precipitation in gravitational or magnetic field could also be com-
pensated – the magnetic colloid stability being assured [3]. The
magnetic properties of magnetite, that make it a desirable compo-
nent of magnetic fluids, are derived from its crystal structure. Mag-
netite crystallizes in the inverse spinel structure [4], consisting of
iron oxide ions in a cubic close-packed arrangement. The 1/4 of
the octahedral holes are occupied by Fe2+ ions while the Fe3+ ions
ll rights reserved.
are equally divided between 1/8 of the tetrahedral holes and 1/4 of
the octahedral holes; electron spins of Fe3+ ions in octahedral holes
are aligned anti-parallel to those in tetrahedral holes while the Fe2+

ions tend to align their spins parallel with those of Fe3+ ions in
adjacent octahedral sites, leading to a net magnetization.

The properties of magnetic fluids have been intensively studied
due to their multiple applications [5,6], in both technical and life
sciences. Magnetite nanoparticles with superparamagnetic proper-
ties have great potential to achieve convenient properties for bio-
medical applications due to their biocompatibility, it is known
that the human body contains around 3 g Fe within the proteins
like ferritin, hemosiderin, transferritin and hemoglobin and, also
that the iron oxides are gradually recycled naturally.

Various synthesis methods, adequate for magnetic nanoparticle
preparation have been described in literature, like chemical co-
precipitation [7,8], sonochemical reactions [9], sol–gel [10], micro-
wave heating [11], mechanochemical [12], micelle microemulsion
[13,14] or solvothermal reduction [15]. Compared to other meth-
ods, chemical routes have often been found as most convenient
methods used for the production of high quality magnetic
nanoparticles.

In the present work, we describe the differences evidenced in
the properties of three samples of biocompatible magnetic fluid
prepared by different protocols, using citric acid for magnetite
stabilization.
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2. Materials and methods

Three samples of magnetic fluid containing magnetic nanopar-
ticles (mostly ultra-fine particles of Fe3O4) coated with citric acid
have been obtained following three different preparation protocols
[16–18]. The first magnetic fluid sample (A) was prepared by mix-
ing FeCl3 and FeSO4 in the presence of excess ammonia, according
to [16]. Ferrophase was precipitated by dissolving 5.6 g FeS-
O4 � 7H2O and 10.8 g FeCl3 � 6H2O in 300 ml deionized water, heat-
ing up to 80 �C and adding 200 ml of 25% NH4OH under vigorous
and continuous stirring for 60 min.

In the ferrophase synthesis process, the first step was hydrolysis
of the iron salts, following the equations:

2FeCl3 þ 6H2O! 6Cl� þ 6Hþ þ 2FeðOHÞ3 ð1Þ
FeSO4 þ 2H2O! SO2�

4 þ 2Hþ þ FeðOHÞ2 ð2Þ

The NHþ4 cations combined with the anions resulted on the iron
salts hydrolysis:

8NHþ4 þ 6Cl� þ SO2�
4 ! 6NH4Clþ ðNH4Þ2SO4 ð3Þ

The process of the Fe3O4 nucleation achieved following the
reaction:

2FeðOHÞ3 þ FeðOHÞ2 þ 8OH� þ 8Hþ ! Fe3O4 þ 12H2O ð4Þ

After the washing of magnetite – up to neutral pH – it was sta-
bilized with 5 g of citric acid in 10 ml deionized water at the tem-
perature of 90 �C.

For the second sample of magnetic fluid (B), aqueous solutions
of 4.16 g FeCl2 � 4H2O and, respectively 10.44 g FeCl3 � 6H2O in
380 ml deionized water, were heated at 80 �C and mixed under
vigorous and continuous stirring with 40 ml of 25% NH4OH as pre-
cipitant agent [17].

In the ferrophase synthesis process the first step was hydrolysis
of the iron (II) and iron (III) salts, following the Eq. (1) and:

2FeCl2 þ 4H2O! 4Cl� þ 4Hþ þ 2FeðOHÞ2 ð5Þ

Further, the NHþ4 ions combined with the Cl� anions resulted
from the iron salts hydrolysis:

NHþ4 þ Cl� ! NH4Cl ð6Þ

The process of the Fe3O4 nucleation occurred following the
reaction:

2FeðOHÞ3 þ FeðOHÞ2 þ 2OH� þ 2Hþ ! Fe3O4 þ 6H2O ð7Þ

Finally, 5 g of citric acid in 10 ml deionized water was added to
the well-washed ferrophase and the temperature was raised to
90 �C under continuous stirring for 60 min.

The third sample (C) was synthesized via a controlled chemical
precipitation approach, at room temperature under acidic condi-
tions as described by Berger et al. [18]. Acidic solutions of ferric
Fig. 1. TEM image for citric acid coated magnetic fluid
and ferrous salts were prepared in 2 M HCl instead of deionized
water since the acidic conditions prevent the formation of iron
hydroxides. We have mixed 1.0 ml of 2 M stock FeCl2 solution
and 4.0 ml of 1 M stock FeCl3 solution under continuous magnetic
stirring for 60 min by adding 50 ml of 0.7 M aqueous NH3 solution.
The synthesis based on co-precipitation of iron (II) and iron (III)
ions in an aqueous ammonia solution, resulting in Fe3O4 precipita-
tion, following the equation:

2FeCl3 þ FeCl2 þ 8NH3 þ 4H2O ! Fe3O4 þ 8NH4Cl ð8Þ

The iron oxide particles obtained this way, were non-magneti-
cally mixed with 6 ml citric acid 25% solution. All three types of
fluid magnetic systems are assumed to contain mainly magnetite
as ferrophase – though maghemite presence is not excluded due
to the unavoidable oxidization processes – colloidal particle dis-
persion being ensured by the same type of stabilization – the elec-
trostatic repulsion that occurs due to the charges of citrate ions
adsorbed on the magnetic particle surface.

Physical tests have been performed on the three magnetic fluids
prepared by, in order to reveal their microstructural and rheologi-
cal features. The magnetic fluid density (picnometric method), vis-
cosity (capillary method) and surface tension (stalagmometric
method) have been measured using standard methods. The pH
measurements were carried out with universal indicative paper
(Merck). Transmission electron microscopy (TEM) was the main
investigation method for the assessing of the physical size of the
magnetic nanoparticles. TEM photographs were provided by a TE-
SLA device (sample deposition of collodion sheet after 104 dilu-
tions). The dimensional distribution of the ferrophase physical
diameter was comparatively presented using the box-plot statisti-
cal method [19]. Measurements of magnetization and magnetic
susceptibility were performed revealing the suitability of the aque-
ous magnetic fluid for magnetic carrier utilization, following the
Gouy method at constant normal temperature. Infrared spectra
have been recorded aiming to get some information on the mag-
netic fluid composition. The IR investigation was carried out using
a Perkin–Elmer 580 device for the scanning of the magnetic fluid
dispersion in KBr after previous thermal treatment at 100 �C up
to constant weight. All reagents were high purity substances from
Merck Company.

3. Results and discussion

The aqueous magnetic fluid samples prepared as described
above were dark-brown colloids that exhibited positive magnetic
behavior in the presence of a permanent magnet. In Fig. 1, TEM im-
age of the magnetic nanoparticles coated with citric acid is shown.

Image analysis was accomplished upon about 1000 particles per
every magnetic fluid sample (Fig. 1). The results of all TEM image
measurements on the physical diameter value ranged between
10.65 and 11.45 nm as presented in Table 1, exhibiting mostly
samples, synthesized by three different protocols.



Table 1
The physical properties, volume fraction data and mean physical diameter of magnetic nanoparticles.

Magnetic fluid sample U (%) Density (kg/m3) Surface tension (�10�3 N/m) Viscosity (�10�3 kg/ms) pH aTEM (nm)

A 4.7 1081.57 71.18 1.78 6.0 10.7
B 4.0 1030.64 72.48 1.45 6.5 10.6
C 5.0 1088.26 76.24 2.77 6.5 11.4

Fig. 2. Histograms for the analyzed magnetic fluids – ‘‘a” being the physical
diameter.

Fig. 3. The box-plot representation of physical diameter distribution. In the box-
plot representation the point marked within the box length represents the average
dimension of magnetic nanoparticles while the points drawn exteriorly represent
exceptionally small or large values of particle physical diameter (‘‘a”).

Fig. 4. Magnetization curves of magnetic fluid samples.
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spherical shape. Some large aggregates and particle chains have
been also observed.

Also, the results of the physical properties investigations as well
as the volume fraction, U; of ferrophase in the magnetic fluid sam-
ples are presented in Table 1. The average values calculated follow-
ing ten repetitions of every measurement are given. The highest
values of physical properties analyzed in this study, were revealed
for C sample, synthesized at room temperature (Fig. 2).

As already know the control on the particle size and size distri-
bution is strongly dependent on the particularities of the prepara-
tion protocol. The method involves co-precipitation from Fe2+ and
Fe3+ aqueous salt solutions by addition of a base – ammonium
hydroxide, sodium hydroxide, etc. – usually a thigh temperatures
but not compulsory. Co-precipitation consists of two processes:
nucleation (formation of centers of crystallization) and particle
growth. The relative rates of these two processes determine the
size and polydispersity of iron oxides particles. Polydispersed col-
loids are obtained as a result of simultaneous formation of new nu-
clei and growth of the earlier formed particles. Less size dispersed
colloids are formed when the rate of nucleation is high and the rate
of particles growth is low, this situation corresponding to a rapid
addition and a vigorous mixing of reagents. Slow addition of re-
agents in the co-precipitation reaction leads to the formation of
bigger nuclei. An increase in temperature (in the range 20–
100 �C) significantly accelerates formation of ferrite particles. Var-
iation of the pH value of the reacting solution also results into dif-
ferent size of precipitated particles. Regarding the three
preparation protocols applied by us the rapid addition of reagents
was assured in all cases but the pH of the reaction medium varied
considerably as well as the reaction temperature.

The histograms of particle size were transformed into rectangu-
lar boxes in order to accomplish comparative analysis of the mag-
netic fluid samples. In Fig. 3 the box-plot diagram is presented for
comparative discussions of dimensional distributions of the three
biocompatible magnetic fluid samples.



Table 2
The dimensional analysis and magnetic properties data.

Magnetic fluid sample UM (%) aTEM (nm) aM (nm) alayer (nm) MS (kA/m) v0

A 4.3 10.7 5.6 2.5 21.08 0.097
B 3.5 10.6 5.7 2.4 17.25 0.082
C 4.7 11.4 5.6 2.9 23.00 0.099
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One can see that the box corresponding to sample A, synthe-
sized utilizing excess ammonia, is the narrowest (4.8 nm of box
length). In comparison to this sample the magnetic fluids B and C
have larger box length values and higher exceptional diameter val-
ues especially for sample B (22.0 nm) but also for sample C
(20.8 nm) in comparison to 18.0 nm for sample A). The relatively
small values of the box edges as well as of the relative small value
of the median confirm that the ferrophase size of the magnetic
fluid samples is convenient for biological uses.

Magnetization curves are presented in Fig. 4. Using these exper-
imental data and considering the Langevin equation at high field,
the saturation magnetization values were obtained from magneti-
zation (M) versus 1/H curves, by extrapolating to 1/H = 0, while the
initial susceptibility values v0 were determined from slope of the
magnetization (M) versus magnetic filed (H) curves at low field.
The results are presented in Table 2. The magnetic susceptibility
versus magnetic field dependences is presented in Fig. 5.

Using magnetic measurements data, the average sizes of mag-
netic diameter (aM) can be calculated according to Langevin’s equa-
tion, follows:

a3
M ¼

18kBT
pl0Mb �Ms

dM
dH

� �
H!0

ð9Þ

where aM is the magnetic particle diameter, kB is Boltzmann’s con-
stant, T is the absolute temperature, Ms is the saturation magnetiza-
tion of the sample and l0 is the vacuum magnetic permeability.

Accordingly to Eq. (1) assuming a spherical particle shape and
Mb value of bulk magnetite (0.48 106 A/m) [1] we obtained for
average magnetic diameter (aM) of nanoparticles for magnetic fluid
samples analyzed in this study, the values presented in Table 2.

We can see that the smallest value of the physical diameter was
revealed for the magnetic fluid sample synthesized following
Goodarzi protocol [17], while the high magnetization value was ob-
tained for the magnetic fluid sample synthesized at room temper-
ature. The differences evidenced between aTEM values and aM

values, can be assigned to the size of the surfactant shell of the
magnetite core, the surfactant layer being often considered as a
Fig. 5. Magnetic susceptibility curves of magnetic fluid samples.
magnetically dead coating, which can affect the uniformity or mag-
nitude of magnetization due to quenching of surface moments
[20].

Further analysis was carried out by means of IR spectra. Fig. 6
shows the IR absorption recordings. Citric acid (Fig. 7) is a weak or-
ganic acid found, naturally, in citrus fruits. It is a natural preserva-
tive and also, is recognized as safe for use in foods by all major
national and international food regulatory agencies. It is naturally
present in almost all forms of life, the excess citric acid being read-
ily metabolized and eliminated from the body.

Non-significant differences between the IR spectra, for these
three magnetic fluid samples, were noticed (Fig. 6). The IR spec-
trum (4000–300 cm�1) of the citric acid coated magnetite dis-
persed in KBr revealed: (i) the large and intense band from 3200
to 3400 cm�1 corresponding to the symmetrical and asymmetrical
stretchings of OH group confirms the presence of non-dissociated
OH groups of the citric acid and water traces; (ii) the intense band
at 1600 cm�1 may be assigned to the symmetric stretching of CO
from COOH group, revealing the binding of citric acid radicals to
Fig. 6. IR spectra of the analyzed magnetic fluid samples stabilized with citric acid.

Fig. 7. Structural formula of citric acid (C6H8O7).
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the magnetite surface; (iii) the neighbor band at 1400 cm�1 to the
asymmetric stretching of CO from COOH group can be assigned;
(iv) the low-intensity bands between 400 and 600 cm�1 can be
associated with the stretching and torsional vibration modes of
the magnetite.

Thus, we can say that the citric acid binds chemically to the
magnetite surface by carboxylate chemisorption and citrate ions
are formed. The chemical adsorption is able to assure electrostatic
stabilization of the interaction forces preventing the agglomeration
tendency of the magnetic nanoparticles.
4. Conclusions

In this study, the physical properties of three samples of water
magnetic fluids synthesized by different protocols, all based on
iron oxides stabilized with citric acid, were comparatively dis-
cussed leading to the evidencing of the most convenient features
related to the stability and biological application suitability.

So, the highest density, viscosity, surface tension and volume
fraction were evidenced for the magnetic fluid sample C synthe-
sized in acidic conditions at room temperature while the physical
diameter measurements provided the narrowest distribution and
smaller values of the ferrophase physical diameter corresponding
to the magnetic fluid sample A synthesized utilizing excess ammo-
nia though sample C seems to be also convenient.
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