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Abstract

The synthesis of Mn,Zn,_Fe,O, ferrites (x = 0.4, 0.5 and 0.6) by means of the co-precipitation method is reported.
Furthermore, a composite of Mn 4Zn, (Fe,O /activated carbon was prepared with the mechanosynthesis method.
The magnetic, structural, morphological and chemical properties were analyzed by means of VSM, XRD, SEM, FTIR
and Boehm’s titration. The heating capacity was evaluated under a magnetic field using solid-state induction heating
equipment, in addition a hemolysis test was performed using human red blood cells. With regard to the synthesis of
manganese-zinc ferrite, the results indicated that Mng 4Zn (Fe,O, ferrite showed higher saturation magnetization
(64.48 emu/g) than the other ferrite obtained, with superparamagnetic behavior. The Mn, 4Zn (Fe,O,/activated
carbon composite was able to heat in concentrations of 10 mg/ml under a magnetic field (10.2 kAm-! and frequency
200 kHz), increasing the temperature up to 42.5 °C. The hemolysis test indicated that the presence of activated
carbon reduces the hemolytic behavior of the ferrite. Thanks to its heating capacity and non-hemolytic activity, the
Mng 4Zng (Fe,0 /activated carbon composite is a potential candidate for use in biomedical applications.

Keywords: Mn-Zn ferrite, superparamagnetic, activated carbon, composite, hemolysis.

I. Introduction

The development of magnetic nanoparticles has been
studied extensively with regard to their utilization in
biomedical applications because of their suitable mag-
netic properties and ability to function at the cellular and
molecular level of biological interactions 1. All synthet-
ic magnetic nanomaterials present advantages depending
on their structural, morphological, chemical composi-
tion, and magnetic properties 2. Magnetite (Fe3O4) and
maghemite (y-Fe,O3) are the ferrites more commonly
used in biomedical applications, however, recent stud-
ies have reported the synthesis of compounds related to
magnetite (inverse spinel), with the substitution of Fe2+
ions by metallic ions such as cobalt, nickel, manganese and
zinc 3.

Manganese-zinc ferrites represent an important class of
soft-magnetic materials. They are preferred over other fer-
rites because of their high saturation magnetization 4, high
initial permeability, low losses, and relatively high Curie
temperature, having wide applications such as soft-mag-
netic powders, hyperthermia, magnetic fluids, heat trans-
fer systems °.

These materials are obtained with several methods, how-
ever, the co-precipitation technique is a simple, low-cost
and viable method for the synthesis of ferrites. Zhang
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et al. ¢ synthesized manganese-zinc ferrites with cobalt
doped by means of co-precipitation. Gopalan et al. 7 ob-
tained Mn_,Zn,Fe,O,4 by means of co-precipitation us-
ing metallic chlorides. Elahi et al.8 obtained manganese-
zinc ferrites with a particle size around 27 nm, they also
utilized co-precipitation. Shijie et al. ? synthesized man-
ganese-zinc ferrites by means of co-precipitation and im-
proved the heating treatment. It is important to note that
the synthesis of Mn-Zn ferrites with the co-precipitation
method implicates the use of thermal treatment at temper-
atures above 1150 °C, this being a disadvantage on account
of the energy consumption. In this work, we present a
rapid and direct route for the synthesis of Mn_,Zn,Fe,Oy4
with the co-precipitation method at pH 10£0.1. This syn-
thesis route exhibits advantages over other methods for the
preparation of Mn-Zn ferrites in that the process does not
involve high-temperature conditions for the production
of nanometric particles.

Furthermore, different studies are focused on the use of
these ferrites with coatings such as chitosan 19 and activat-
ed carbon 11,12 for biomedical applications. Activated car-
bon offers an attractive and inexpensive option for coat-
ing owing to its large surface area and porous structure 13.
These characteristics have prompted many authors to use
activated carbon and ferrites for drug delivery 14-16 owing
to the adsorptive properties. Since it has been demonstrat-
ed that diverse types of activated carbon are biocompati-



290 Journal of Ceramic Science and Technology —J.C. Rios-Hurtado

ble 17,18 itis possible to coat ferrites with activated carbon
for biomedical applications.

The in vitro cytotoxicity assays are the primary biocom-
patibility screening tests for a wide variety of materials
used in medical devices. Current experience indicates that
a material judged to be non-toxic in vitro will also be non-
toxic in 72 vivo assays 19.

Hyperthermia is one of the clinical tools used as coad-
juvant therapy for cancer treatment. A clear synergistic
effect has been demonstrated when it is combined with
radiotherapy, and enhancing effects have been observed
with numerous cytotoxic drugs. The viability of the can-
cerous cells is reduced and their sensitivity to chemothera-
py and radiation is increased by raising the temperature of
the target tissue to 42 —46 °C 20. Hyperthermia can be in-
duced using magnetic nanoparticles, in a treatment known
as magnetic hyperthermia. The nanoparticles can be intro-
duced into the human body in the region surrounding the
cancer tumor and then heated with the help of an exter-
nal magnetic field. One of the crucial steps for magnetic
hyperthermia application is the temperature control of the
magnetic nanoparticles iz vivo to avoid any damage to the
surrounding normal tissue as a result of overheating. One
possible approach to control the temperature is to design
the materials in such a way that it exhibits temperature-
sensitive magnetic properties 21.

The aim of this work was to obtain Mn-Zn ferrites by
means of a rapid and easy co-precipitation method with-
out thermal treatment; the Mn-Zn ferrites were to exhib-
it high saturation magnetization in order to improve the
heating properties. Additionally, with the aim of increas-
ing the activity of synthesized Mn Zn_ Fe,O4 materials,
Mng 4Zng ¢Fe,O4 was mixed with activated carbon to ob-
tain a new magnetic composite that can be used in biomed-
ical applications such as the hyperthermia technique for
cancer treatment.

II. Experimental

(1) Mn-Zn ferrites synthesis with modification of the
manganese and zinc proportions

In accordance with the process reported in the literature
by Zhang er al. ¢, the manganese-zinc ferrite was synthe-
sized. In a 500-mL ball flask, ammonium hydroxide and
ammonium bicarbonate solution were placed in a ratio of
1.2 mL of NH,HCOj for each mL of NH,OH (pH 10
+0.1) at 50 °C under constant stirring. Simultaneously, a
solution containing metal ions Fe*+2 (FeSO4-7H,0), Zn+2
(ZnSO47H,0) and Mn+2 (MnSO4H,0) was prepared.
The stoichiometric ratios were varied in order to obtain
the ferrites summarized in Table 1. The solution contain-
ingions was added drop by drop to the flask and constant-
ly stirred for one hour. To complete the process, the pre-
cipitate obtained was washed with deionized water to re-
move the residual sulfates and allowed to dry at room tem-
perature for three days. Finally, the precipitate was washed
with ethanol and allowed to dry for 24 h at room temper-
ature.
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Table 1: Synthesized ferrites.
Sample Mn Zn Fe
(mol) (mol) (mol)
Mno_4Zno‘6FeZO4 0.4 0.6 2
MnO.SznO.SFCZO4 0.5 0.5 2
MHO.6ZHO‘4F6204 0.6 0.4 2

(2) Mngy 4Zng Fe,0,/GAC composite mechanosynthe-
sis

The obtained Mn-Zn ferrite with the highest satura-
tion magnetization (Mng 4Zng ¢Fe,O,4) and the granular
activated carbon (GAC) were placed into an agate con-
tainer of a FRITSCH planetary mill (Pulverisette 6) for
mechanosynthesis treatment. A mass proportion of 60 %
Mng 4Zng ¢Fe,O4and 40 % GAC were used. The pro-
cedure was conducted at 400rpm for 3 h. Finally, the
composite (Mng 4Zng Fe,O4/GAC) was washed with
deionized water and allowed to dry at room temperature.

(3) Characterization

The obtained Mn-Zn ferrites nanoparticles and the com-
posite Mng 4Zng ¢Fe,O4/GAC were analyzed with x-
ray diffraction (XRD) (Siemens Mod. D-5000). Magnetic
properties of the samples were measured with a SQUID
Quantum Design magnetometer (VSM) in applied fields
from -20 to 20 kOe at room temperature. The GAC and
composite surface were studied by means of field emis-
sion scanning electron microscopy (SEM) (JEOL JSM-
7401F). Moreover, in order to determine the active sites
in the GAC and composite surface, FTIR analysis and a
Boehm’s titration study 22 were conducted.

(4) Tests for biomedical applications

The synthesized materials (Mng4Zng¢Fe,Oy4and
Mng 4Zng ¢Fe,0O4/GAC) were tested in order to deter-
mine the effectiveness of heat generation under a magnetic
field. Tests for heating capacity were conducted as re-
ported in our previous work 23, using a magnetic field of
10.2 kA/m and a frequency of 200 kHz.

Moreover, in order to determine the biocompatibility
of Mng4Zng ¢Fe,O4/GAC with erythrocytes, hemoly-
sis tests were conducted, using human red blood cells
from healthy non-smoking donors, following the proper
guidelines for studies using human specimens. The pro-
cedure was conducted as reported by Muzquiz-Ramos
et al. in 2014 19, Erythrocytes suspensions were incubat-
ed with the Mng 4Zng 4Fe,O, ferrite and the composite
(Mng 4Zng ¢Fe,O4/GAC). Three concentrations of parti-
cles were tested: 0.5,2.0 and 3.0 g/L.

III. Results and Discussions

(1) Ferrite properties

Since it has been demonstrated in the hyperthermia tech-
nique that the saturation magnetization (Ms) is directly
proportional to heating capacity for hyperthermia 21, the
magnetic properties of the synthesized ferrites were deter-
minate. As it is well known, for all cases of ferromagnetic
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spinels with a cubic system, the magnetic order is main-
ly due to a super exchange interaction mechanism occur-
ring between the metal ions in the A and B sublattices. The
substitution of nonmagnetic ion such as Zn, which has a
preferential A site occupancy, provokes the reduction of
the exchange interaction between A and B sites. Hence,
by varying the degree of zinc substitution, it is possible to
vary the magnetic properties of the synthesized ferrites.

Fig.1 shows the dependence between magnetic field
and magnetization (M-H curve) at room temperature for
the synthesized Mn-Zn ferrites for different manganese
and zinc substitutions, where an increase in Zn substitu-
tion reaches a maximum value of 64.48 emu/g for x = 0.4
(Fig. 1a) and the hysteresis loops show low coercivity and
high magnetic permeability.
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Fig. 1: Hysteresis loops for Mn-Zn synthesized ferrites

The saturation magnetization (M), remanence magne-
tization (M,) and coercivity (H_) values are summarized
in Table 2. As observed, the saturation magnetization de-
creased and the coercivity values increased when values of
manganese were higher. Caltun ez al. suggested that varia-
tion of the saturation magnetization depends on the cation
distribution in a spinel lattice 24. Moreover, the magne-
tomechanical hysteresis, which depends on the magne-
tocrystalline anisotropys, is therefore expected to decrease,
as the coercivity does 23.

Fig. 2 shows the XRD patterns of synthesized Mn-Zn fer-
rites. The indexed diffraction peaks for Mng 4Zng (Fe,Oy
ferrite were consistent with the standard JCPDS data of
inverse spinel ferrite (Card no. 19-629), revealing a cu-
bic spinel crystal structure. No other diffraction signals

Table 2: Magnetic properties of synthesized Mn-Zn ferrites.
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were detected. The crystallite size calculated with Scher-
rer’sequation was 9.43 nm, which canbearesultof the syn-
thesis method. It is important to mention that this ferrite
was synthesized without thermal treatment.

o

*Inverse spinel (19-629)
°Metallic carbonates

Intensity (a.u.)

20 30 40 50 60 70

20
Fig. 2: X-ray diffraction patterns for the synthesized materials. (a)
Mn0,4Zn0.6 F6204' (b) MI’IO.SZI’le FeZO4. (C) MIIO.()ZI’IOA F6204.

When manganese substitution increases, new signals ap-
pear, revealing the presence of metallic carbonates, as Fe-
COj3 and MnCOj (Figs.2b and 2c). This implies that a
higher manganese concentration produces a mix of this
species and the inverse spinel ferrites; this is the reason
why Ms decreases. Finally, on the basis of its high magne-
tization saturation and low coercivity it is possible to con-
clude that the best ferrite was Mng 4Zng ¢Fe,Oy4, which
may be useful for magnetic hyperthermia treatment.

(2) Composite characteristics

The magnetic hysteresis loop (Fig. 3) of the composite is
presented. A decrease in Ms (37.76 emu/g) is observed ow-
ing to the presence of the GAC. In Table 3 a comparison
of magnetic properties of the Mng 4Zng ¢Fe, O ferrite and
composite is presented. The registered values indicate that
adecreaseinall magnetic properties occurs, which is due to
the incorporation of activated carbon, since it is a diamag-
netic material. It is relevant that this type of material has
no coercivity nor remanence, which means that when the
external magnetic field is switched off, the internal mag-
netic dipoles randomize again and no extra energy is re-
quired to demagnetize the material and hence the initial
zero net magnetic moment is spontaneously recovered 26.
This characteristic is important for the use of the materials
in biomedical applications.

Ferrite Magnetization M, Remanence M, (emu/g) Coercivity H,
(emu/g) (Oe)
Mng4Zng ¢ Fe,O4 64.48 0.88 9.61
Mng 5Zng 5 Fe,Oy 24.69 0.48 19.86
Mng ¢Zng 4 Fe,O4 30.71 0.12 43.09
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Table 3: Comparison of magnetic properties of Mng 4Zng ¢ Fe,O,4 ferrite and Mng 4Zng (Fe,O4 /GAC composite.

Ferrite Magnetization M, Remanence M, (emu/g) Coercivity H,
(emu/g) (Oe)
Mno_4Zno‘6 FeZO4 64.48 0.88 9.61
Composite 37.76 0.28 0.01

Fig. 4 shows an SEM micrograph of a representative sam-
ple of the composite, which confirms uniform, spherical-
shaped and agglomerated particles. The surface morphol-
ogy shows compactand regular arrangement of nanoparti-
clesin the GAC surface. It can be concluded that the parti-
cles and the agglomerates were anchored to the GAC sur-
face. The agglomerates are structures consisting of many
smaller ferrite units. Spherical particles predominate, with
a size between 8 —15 nm. These values were comparable
with the crystallite size obtained with Scherrer’s equation
(9.43 nm).
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Fig. 3: Magnetic hysteresis loop of Mng 4Zng ¢ Fe,0O4/GAC com-
posite.
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Fig. 4: SEM image for Mng 4Zng ¢ Fe,0,/GAC composite surface.

In order to determine the interaction between the
GAC surface and the ferrite, shown in Fig.5 are
the FTIR spectra of the GAC and the composite
(Mng 4Zng ¢Fe,O4/GAC) at room temperature in the
frequency range of 4000 -600 cm-!. For the GAC sample,
a series of absorption bands corresponding to symmetric
vibration of COO group between 1750-1600cm™! are
observed and one more at around 3500 cm™! correspond-
ing to the symmetric vibration of the O-H group.

Mn ,Zn, Fe O,/GAC

GAC

Transmitance (%)

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig.5: IR-FT spectra for GAC and for Mng 4Zng 4 Fe,04,/GAC
composite.

On the other hand, in the composite the absorp-
tions bands between 1750 and 1600cm-! show low-
er intensity and seems to be united in a stretch band
near 1633 cm-1, indicating a possible anchorage of the
Mng 4Zng ¢Fe,Oy ferrite in oxygenated groups of the
GAC surface. Furthermore, a band near 600 cm-! appears
for the composite, which is ascribed to the stretching vi-
bration of octahedral and tetrahedral metal-oxygen bonds.
These results allow us to propose that the formation of
Mng 4Zng ¢Fe,O4/GAC composite has occurred.

Boehm’s titration was conducted to determine ac-
tive sites in the GAC surface and in the composite
surface, in order to confirm the anchorage of ferrite
Mng 4Zng ¢Fe,O4. In Table 4 the values of active sites are
summarized. All active sites decrease for the composite.
These results indicate that the acid-active sites of the GAC
surface bonded the Mng 4Zng 4Fe,O ferrite, the results
compared with those observed in infrared spectroscopy.
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Table 4: Surface-active sites in GAC and Mng 4Zng ¢Fe,O4/GAC composite.

Sample Carboxylic Lactonic Phenolic Total
(meq/g) (meq/g) (meq/g) (meq/g)

GAC 2.645 3.645 8.784

Composite 0.995 1.992 4.485

(3) Composite biomedical applications

In order to determine if the obtained magnetic nanopar-
ticles and composite can be used for hyperthermia treat-
ment, it is necessary to evaluate the heating capaci-
ty of the materials on application of a magnetic field.
Fig.6 shows the heating curves obtained under an ap-
plied magnetic field of 10.2 kAm-1 and frequency of
200 kHz, conditions within the range of that allowed
for human body. The measured concentrations were
6.5 mg/mL for Mng 4Zng (Fe,O, ferrite and 10 mg/mL
for Mng 4Zng ¢Fe,O4/GAC composite. The concentra-
tion of composite is increased since the GAC does not
have any magnetic properties. The behavior of the sam-
ples differs but the temperature reached after 15 min is
the same (42.5 °C). This temperature is adequate for mag-
netic hyperthermia for cancer treatment 20. The amount
of magnetic material required to produce the required
temperatures depends to a large extent on the method of
administration. A reasonable assumption is that 5—10 mg
magnetic material concentrated in each cm3 of tumor tis-
sue is appropriate for magnetic hyperthermia in human
patients. The concentration that we have tested is ade-
quate for a 1-cm3 tumor 27.
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Fig. 6: Heating curves of Mng 4Zng ¢ Fe,O, ferrite (6.5 mg/mL) and
for Mng 4Zng ¢Fe,O4/GAC composite (9 mg/mL)..

Fig.7 shows the hemolysis percentages caused by
Mng 4Zng ¢Fe,Oy4 ferrite and Mng 4Zng ¢Fe,O4/GAC
composite. It is observed that the hemolysis percent-
age increases at higher concentrations. A non-hemolyt-
ic material is described as a material that does not cause
more than 5 % hemolysis 28, Ming 4Zng (Fe,Oy4 ferrite can
be a hemolytic material in higher concentrations (up to
2.0g/L), however, when the ferrite is diluted with GAC
in the composite, the hemolysis percentage decreases, giv-

ing the Mng 4Zng ¢Fe,O4/GAC composite an excellent
characteristic for any biomedical applications, since the
hemolysis percentage is no higher than 5 % at concentra-
tions around 3.0 g/L.

] Mn4).4zn0.0Fezo4
[_IMn, 7Zn, Fe,0,/GAC

Hemolysis (%)

3.0
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Fig. 7: Hemolysis for Mng 4Zng (Fe,O 4 ferriteand Mng 4Zng (Fe,O 4/
GAC composite.

IV. Conclusions

Mng 4Zng ¢Fe,O4 was obtained with a simple co-precip-
itation technique without heating treatment. This mate-
rial and GAC were treated by mechanosynthesis to ob-
tain a composite (Mng 4Zng (Fe,04/GAC,) with appro-
priate magnetic properties. SEM images, FTIR spectraand
Boehm’s titration showed that the ferrites seem to be an-
chored to oxygenated functional groups in the GAC sur-
face. The composite might be a potential material for can-
cer treatment based on magnetic hyperthermia therapy,
since non-hemolytic behavior was observed and reached
a temperature of 42.5 °C under a low magnetic field.
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