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A B S T R A C T

In this study, the Mg1−xZnxFe2O4 nanoparticles (x=0–0.9) were prepared by sol-gel method. These ferrites
exhibit an inverse spinel structure and the lattice parameter increases as the substitution of Zn2+ ions is
increased. At lower Zn content (0.1≤x≤0.5), saturation magnetization (Ms) increases, while it decreases at
higher Zn content (x≥6). The remnant magnetization (0.17–2.0 emu/g) and coercive field (6.0–60 Oe) indicate
a ferrimagnetic behavior. The average core diameter of selected ferrites is around 15 nm and the nanoparticles
morphology is quasi spherical. The heating ability of some Mg0.9Zn0.1Fe2O4 and Mg0.7Zn0.3Fe2O4 aqueous
suspensions indicates that the magnetic nanoparticles can increase the medium temperature up to 42 °C in a
time less than 10 min

1. Introduction

Magnetic nanoparticles with a general formula of MFe2O4 (M=Fe,
Mn, Zn, Mg, Co, Ca) have been studied for biomedical applications due
to their biocompatibility, chemical stability under physiological condi-
tions and superparamagnetic properties [1,2]. The incorporation of
magnesium ions into the spinel structure of iron oxide leads to a
magnetic magnesium ferrite (MgFe2O4) that possesses thermal and
chemical stability and improved electric and magnetic properties
compared to the bulk material [3]. Magnesium ferrite nanoparticles
are used in a wide variety of applications, including heterogeneous
catalysis, sensors, magnetic technologies and biomedicine. This ferrite
has an inverse spinel structure and shows a ferrimagnetic behavior. In
addition, it has been investigated as a potential candidate for the cancer
treatment by hyperthermia therapy due to its appropriate biocompat-
ibility and heating ability [3]. Kassabova et al. [4] reported the
synthesis of Mg-Zn ferrites by a citrate method followed by heat
treatment at 450 or 1200 °C. They obtained ferrites with a single
spinel crystalline structure and the crystallite size was in a range within
5 and 8 nm, however the particle size was not evaluated. Kassabova
et al. [4] reported that these ferrites can be suitable for hyperthermia

applications, nonetheless the heating ability of these materials was not
evaluated. The substitution of Mg ions by non-magnetic ions such as
Zn2+, Ca2+, Ti4+, Zr4+, Al3+, etc., into a magnesium ferrite structure
may increase Ms value due to the increase in the net magnetic moment
between Fe and Mg ions [5,6]. This work reports the synthesis of
Mg1−xZnxFe2O4 (with x=0.0–0.9) nanoparticles by the sol-gel method
and the effect of zinc incorporation on the crystalline structure,
magnetic properties and heating ability of the obtained materials for
their potential use as thermoseeds in hyperthermia treatment.

2. Materials and methods

The Mg1−xZnxFe2O4 (x=0.0–0.9) ferrites were prepared by sol-gel
method according to the stated in the literature [7] and using
Fe(NO3)3·9H2O, Mg(NO3)3·6H2O, Zn(NO3)3·6H2O in a molar ratio of
2:1 (Fe:Mg-Zn) and ethylene glycol (C2H6O2) as reaction medium. The
obtained powder were heat treated at 500 °C for 60 min. Synthesized
nanoparticles were characterized by X-ray diffraction (XRD, X'pert,
Philips 3040), Fourier transform-Infrared spectroscopy (FT-IR, Nicolet
Gemini, 550 C) and transmission electron microscopy-energy disper-
sive spectroscopy (TEM-EDS Titan 80-300) for the determination of
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the crystalline structure, size and morphology. The magnetic para-
meters of saturation magnetization (Ms), remnant magnetization (Mr)
and coercive field (Hc) were measured by vibrating sample magneto-
metry (VSM, Quantum Design, 6000) at room temperature and 12 kOe
using powder samples. The heating capacity was evaluated by solid
state magnetic induction for 10 min (Ambrell, Easy Heat 0224,
10.2 kA/m, 354 kHz) using suspensions of 2.0, 4.0, 6.0, 8.0, and
10.0 mg of ferrite per mL of deionized water. The heating efficiency,
specific absorption rate, (SAR) was calculated by direct calorimetric

measurement according to Eq. (1) [8–11].

SAR T
t

C
m

=Δ
Δ

*
(1)

wherem is the ferrite mass in the fluid per unit mass of fluid, ΔT/Δt
is the slope of the temperature vs time curve and C is the heat capacity
of the fluid per unit mass of fluid.

3. Results

The XRD patterns of Mg1−xZnxFe2O4 samples with x=0, 0.2, 0.4, 0.6
and 0.8 of Zn2+ are show in Fig. 1. The reflections observed correspond
to those of MgFe2O4 (x=0 of Zn2+, JCPDS 88-1935). A slight displace-
ment of these reflections to the left was observed when Mg2+ ions are
substituted by Zn2+ ions. This indicates that the incorporation of Zn
into the Mg ferrite is taking place. The displacement is due to the larger
ionic radius of Zn (0.82 Å) in comparison to those of Fe (0.67 Å) and
Mg (0.66 Å) ions. A secondary phase, ZnO, was detected when the Zn
content was higher than 0.4 (x > 0.4). Some authors have reported that
Zn2+ ions located into a spinel ferrite show a strong preference for
tetrahedral interstitial sites (A-sites) and can replace both Mg2+ and
Fe3+ ions located in A-sites [12,13].

Measured magnetic parameters (Ms, Mr and Hc), crystallite size
calculated by Scherrer equation [14] and lattice parameter of all
samples are listed in Table 1. The lattice parameter value increases
from 8.37 to 8.43 Å which indicates the incorporation of Mg2+ ions into
the inverse spinel crystalline structure. Additionally, an increase in Ms
is observed as the content of Zn2+ increases (x=0.1 to 0.5) reaching at
maximum value of 42.85 emu/g (emu/g is magnetic moment per mass
of magnetic material) for x=0.4, while for x > 0.6 Ms decreases
probably due to the ZnO secondary phase, which was also observed
by Hanjarpour et al. [15], and other authors [5,16]. It has been
reported in the literature that Zn2+ ions can replace Mg2+ ions in A-
sites, while simultaneously migration of Fe3+ ions from A sites to B
sites occur, concluding that the variation in Ms is a result of the net
magnetic moment between Fe3+ ions located into A and B sites [5,15].
As observed Mr and Hc vary with no tendency, which it is usually
related to the magnetic anisotropy change as a result of the different
possible orderings that can take place during the cations incorporation
into the magnetic spinel. According to the magnetic parameters (high
Ms, Mr and Hc close to zero), the magnetic behavior (ferrimagnetic
state) and the absence of secondary phases (ZnO), Mg0.9Zn0.1Fe2O4

and Mg0.7Zn0.3Fe2O4 were selected for further investigation.
In Fig. 2 the hysteresis loops (a) and the FT-IR characterization (b)

of selected samples are presented. From the hysteresis loops and the
Mr and Hc values it is possible to confirm that the synthesized samples
show a ferrimagnetic behavior. According to the FT-IR spectra, the

Fig. 1. XRD patterns of Mg1−xZnxFe2O4 samples with x=0, 0.2, 0.4, 0.6 and 0.8 of Zn2+.

Table 1
Magnetic properties, crystallite size (D) and lattice parameter (a) of Mg1−xZnxFe2O4

(x=0–0.9 of Zn2+) samples.

Sample Ms (emu/g) Mr (emu/g) Hc (Oe) D (nm) a (Å)

Mg1.0Zn0Fe2O4 27.81 0.47 9 18 8.374
Mg0.9Zn0.1Fe2O4 38.45 0.98 42 17 8.374
Mg0.8Zn0.2Fe2O4 39.21 0.56 20 17 8.363
Mg0.7Zn0.3Fe2O4 42.22 0.49 6 18 8.332
Mg0.6Zn0.4Fe2O4 42.85 2.00 45 20 8.386
Mg0.5Zn0.5Fe2O4 42.33 0.40 10 19 8.403
Mg0.4Zn0.6Fe2O4 38.07 0.62 10 19 8.415
Mg0.3Zn0.7Fe2O4 26.41 1.61 28 17 8.415
Mg0.2Zn0.8Fe2O4 18.61 1.10 60 20 8.415
Mg0.1Zn0.9Fe2O4 15.57 0.17 17 22 8.432

Fig. 2. Hysteresis loops (a) and FT-IR spectra (b) of Mg0.9Zn0.1Fe2O4 and Mg0.7Zn0.3Fe2O4 samples.
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absoption band located at 537 cm−1 indicates the stretching vibrations
of M-O bonds (metal-oxygen) corresponding to the A and B sites of the
spinel structure [3,13]. Additional adsoption bands were also identifed,
one corresponding to atmospheric CO2 (2338 cm−1) and two corre-
sponding to either symmetric or asymmetric stretching vibrations of
CH2 and CH3 functional groups (1590–1370 cm−1) from residual
ethylene glycol used as reaction medium [17].

An image obtained by TEM, corresponding EDS spectrum, size

distribution and selected area electron diffraction pattern (SAED) of
Mg0.7Zn0.3Fe2O4 particles are shown in Fig. 3. The average diameter of
nearly spherical particles was 15 ± 5.4 nm, which is close to that
calculated by the Scherrer equation. As observed in this TEM image,
nanoparticles are agglomerated, which is due to the presence of strong
magnetic interactions, as well as Van der Waals forces and high surface
energy [18]. The only elements detected were Fe, Mg, Zn and O.

Fig. 4 shows the heating ability of the selected samples
(Mg0.9Zn0.1Fe2O4 and Mg0.7Zn0.3Fe2O4), dispersed in deionized water,
under the application of an AC magnetic field. In accordance with the
Ms values, heating ability increases as the Zn2+ content is increased
and this effect is due to the increase of Ms, as presented in Table 1. The
heating ability of samples show a similar behavior, temperature
increases with time, apart from the 2 mg/mL suspension, this is mainly
due to the fact that the starting temperature used was 36.5 °C and,
when the quantity of magnetic nanoparticles is ≤2 mg/mL, the
temperature increase is not enough to maintain the starting tempera-
ture and the sample tends to lose the initial heat. The heating capacity
is better for the Zn content of 0.3 (compared to Zn=0.1) and that it only

Fig. 3. (a) TEM image, (b) EDS spectrum, (c) SAED and (d) particle size distribution (log-normal shaped) of Mg0.7Zn0.3Fe2O4 nanoparticles.

Fig. 4. Heating ability of Mg0.9Zn0.1Fe2O4 (a) and Mg0.7Zn0.3Fe2O4(b) aqueous suspensions (10.2 kA/m, 354 kHz).

Table 2
SAR values of Mg0.9Zn0.1Fe2O4 and Mg0.7Zn0.3Fe2O4 nanoparticles.

Mg0.9Zn0.1Fe2O4 Mg0.7Zn0.3Fe2O4

Mass (mg) dT/dt SAR (W/g) Mass (mg) dT/dt SAR (W/g)

4.0 0.001 0.94 4.0 0.006 6.69
6.0 0.002 1.67 6.0 0.010 7.04
8.0 0.020 10.29 8.0 0.013 6.90
10.0 0.024 9.95 10.0 0.045 18.73
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requires 8 mg/mL to reach 42 °C within 600 s as compared to a particle
concentration of 10 mg/mL for the Zn=0.1 case. For the 10 mg/mL
sample, there is a two stage effect as observed by the change in slope at
about 50 s. This can be explained taking into account that highly
concentrated suspensions promote firstly an alignment of particles
under the applied magnetic field (first stage) and once this is
completed, the normal heating due to the hysteresis loss dominates
the process (second stage). In this work, the temperature increase is
due to the hysteresis loss as a result of the ferrimagnetic behavior of
nanoparticles. The heating ability of Mg0.9Zn0.1Fe2O4 and
Mg0.7Zn0.3Fe2O4 indicates that these nanoparticles can be adequate
materials for hyperthermia applications. The calculated SAR values are
within the range of 6.90 and 18.73 W/g (Table 2), which are con-
siderably lower than those reported in the literature [10,19,20]. This
may be due to the difference in core size diameter and the parameters
of the magnetic field used, particularly amplitude.

4. Conclusions

Magnetic Mg1−xZnxFe2O4 nanoparticles (x=0.0–0.9) were success-
fully synthesized by sol-gel method followed by a heat treatment at
500 °C for 60 min. In all the cases, an inverse spinel crystalline
structure was obtained. However, for x > 0.4 a secondary phase
(ZnO) was detected. The saturation magnetization values increase as
the Zn content is increased up to x≤0.4, while for x > 0.5, this value
decreases due to the formation of ZnO. The Mg0.9Zn0.1Fe2O4 and
Mg0.7Zn0.3Fe2O4 nanoparticles showed an average particle size of
15 nm and a near-spherical morphology. The temperature required
for hyperthermia applications (42 °C) was reached when aqueous
suspensions of 10 mg/mL for Mg0.9Zn0.1Fe2O4 and suspensions of 8
and 10 mg/mL for Mg0.7Zn0.3Fe2O4 were used. Specific heat absorption
rate increased as the concentration of ferrites in the suspensions was
increased. These results indicate that these two selected materials are
potential candidates as thermoseeds for magnetic hyperthermia treat-
ment.
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