Mechanochemical synthesis of MnZn ferrite nanoparticles suitable for

biocompatible ferrofluids

Mercedes Aranal, Paula G. Bercoffl*, SilviaE. J acoboz, Pedro Mendoza Zélis3, Gustavo A.

Pasquevich’

! Facultad de Matemética, Astronomia y Fisica, Universidad Nacional de Cérdoba. IFEG, Conicet.
Cérdoba, Argentina.
2 LAFMACEL, Universidad de Buenos Aires. INTECIN, Conicet. Buenos Aires, Argentina.
3 IFLP-Conicet. Departamento de Fisica, Facultad de Ciencias Exactas, Universidad Nacional de La

Plata, Argentina.

*Corresponding author. Telephone number: +54 351 4334051 (103)
Fax number: +54 351 4334054

Email address: bercoff @famaf.unc.edu.ar

Abstract

Mny 4Zng ¢Fe,O4 nanoparticles (NPs) were synthesized by the mechanochemical method, starting from
elemental oxides. Structural and magnetic properties of the NPs were investigated by X ray diffraction
(XRD), vibrating sample magnetometry (VSM) and both scanning and transmission electron
microscopy (SEM and TEM). XRD measurements show that MnZn ferrite is already present after 15
minutes of milling. After milling for 120 minutes, the resulting powder is almost completely single-
phase without the need of any thermal treatment. Magnetization curves for samples with different
milling times show saturation magnetizations ranging from 12.2 emu/g —after 15 min— to 50.3 emu/g
—after 120 min. Coercive field and remanent magnetization are negligible for all samples, in agreement
with a superparamagnetic behavior. NPs with mean size of 8 nm were separated by centrifugation and
were coated with chitosan for the preparation of a ferrofluid, which showed good stability for 12 hours.
The Intrinsic Loss Parameter (ILP) of this fluid indicates that the mechanochemical method can be a

good alternative for the synthesis of the usual Fe-oxides ferrofluids used in hyperthermia.
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1. Introduction

Mechanical milling in a high-energy ball mill is recognized as an effective way of producing solid-
state chemical reactions at low temperatures. This mechanical process induces chemical reactions in
powder precursors during the collisions with the grinding media, favoring the formation of fine
(nanosized) particles [1], [2]. The underlying mechanism of mechanochemical process is repeated
deformation, fracture, and welding of the powder charge during collisions of the grinding media.
Fracture of particles exposes fresh reacting surfaces and welding generates interfaces between reactant
phases across which short-range diffusion can occur, thus allowing chemical reactions to take place
without kinetic constraint. Diffusion rates are also enhanced by the high concentration of lattice
defects, which provide shorter diffusion paths [3], [4].

The mechanochemical synthesis process is appropriate to produce soft magnetic materials such as
ferrites [S]. From a stoichiometric mixture of simple oxides as precursors in most of the
mechanochemical reactions produced in a high-energy ball mill (in dry or wet mediums) an 80 — 95%
of spinel phase can be produced, while the single ferritic phase can usually be obtained only with a
posterior thermal annealing [5]. A drawback of the mechanochemical technique is that it is very
difficult to obtain a localized size distribution [6] and that the particles exhibit a strong tendency for
agglomeration [7]. In some cases, the wide size distribution and the agglomeration must be sorted out
in order to make the particles useful for some particular applications, such as preparing ferrofluids. In
this case, sonicating the resulting powder from the milling can break the agglomeration and
centrifugating can allow the separation between microsized and nanosized particles.

On the other hand, while some chemical synthesis methods are appropriate for preparing
nanoparticles with a sharp size distribution, most of them are very expensive and can provide only
small amounts of powder. In this sense, milling is an economic alternative technique for the synthesis
of nanoparticles on a larger scale.

Ferrofluids (FF) are stable colloidal dispersions of very fine magnetic particles with sizes in the
lower nanometer range. The design and production of ferrofluids is currently under intensive
investigation due to the broad applicability of such materials. Specifically designed FF are used in
biomedical branches such as the cancer treatment by hyperthermia [8], MRI contrast agent [9], drug
delivery [10], DNA hybridization [11] and cell separation [12]. One of the sound applications of
biocompatible FF is magnetic hyperthermia. This effect relies on the ability of magnetic nanoparticles
(NPs) to absorb power from a radio frequency (RF) field. This property is expressed by the specific
absorption rate (SAR), which is the power absorbed per unit mass of magnetic NPs upon an ac field
application. SAR depends on the amplitude and frequency of the RF field and on several properties of

the NPs, such as saturation magnetization, magnetic volume, magnetic anisotropy and hydrodynamic



volume; among others. The application of FF for hyperthermia treatment was investigated in the work
of Chan et al. [13] and Jordan et al [14] in 1993. These studies experimentally prove the high
efficiency of a superparamagnetic crystal suspension to absorb the energy of an alternating magnetic
field and convert it into heat. Given that tumoral cells are more sensitive to a temperature increase than
healthy ones [14], this property can be used in vivo for increasing the temperature of tumoral tissue
and, in this way, destroy the pathological cells. Many efforts have been devoted in the last 20 years to
improve hyperthermia for clinical applications. This technique is promising for cancer treatment
because of the ease in targeting the cancerous tissue and hence having fewer side effects than
chemotherapy and radiotherapy.

While the commonly used nanoparticles for hyperthermia are iron oxides such as maghemite and
magnetite, in this work we propose the use of MnZn ferrites nanoparticles as an alternative,
considering this compound has a high saturation magnetization, chemical stability and good
biocompatibility.

This paper describes the evolution of the structure and magnetic properties during the
mechanochemical processing of traditional precursors to form Mng 4Zng ¢Fe,O4 nanoparticles. The
smallest NPs were selected and modified in order to prepare a biocompatible and rather stable
ferrofluid, suitable for hyperthermia treatments. It is shown that the mechanochemical method proves
to be an interesting alternative to the wet-chemical processes for the synthesis of nanoparticles

appropriate for this kind of applications.

2. Experimental

MnZn ferrite (Mng 4Zn cFe,04) NPs were synthesized by the mechanochemical method in a Fritsch
Pulverisette 7 high-energy ball mill. The milling was performed at 600 rpm, with a ball/powder mass
ratio of 20, in stainless steel vials with balls of the same material. The precursor powders of reagent
grade —hematite (Fe,03), zinc oxide (ZnO) and manganese oxide (MnO)— were milled from 15 to 120

minutes in stoichiometric proportions, according to the following reaction:

Fe, O3 + 0.6ZnO +04 MnO — Zno ¢Mng 4Fe>Oj. (1)

The samples resulting from the milling were named OX-z, being ¢ the milling time in minutes (=
15, 30, 45, 60, 90 and 120).

The samples’ structural characterization was performed by X ray diffraction (XRD) with a Philips
PW 3830 diffractometer, using Cu-K, radiation. The magnetic properties were determined with a Lake
Shore 7300 vibrating sample magnetometer (VSM) at room temperature, with a maximum applied

field of 1.5 kOe (1200 kA/m), and as a function of temperature with a Cryogenics cryostat. The size



distribution and the morphology of samples were investigated with a field emission scanning electron
microscope, FE-SEM SIGMA, Zeiss (LAMARX facilities). Transmission electron microscopy (TEM)
was performed after dispersing the particles on carbon-coated copper grids using a high-resolution
electron microscope EM 10A/B (Zeiss) with operating voltage of 60 kV.

SAR (specific absorption rate) values were determined through time-dependent calorimetric
measurements. SAR experiments were conducted in a clear Dewar glass containing 1 ml of FF located
at the center of a 5 turns duty coil (25 mm inner diameter). The coil was fed with a 265 kHz ac current.
In order to study the SAR dependence on field amplitudes (Hy), several measurements were performed
at 150, 250, 400 and 500 Oe (12.2, 20.0, 31.7 and 39.4 kA/m, respectively). The temperature was
determined with optic fiber sensors in contact with the FF and connected to a calibrated signal
conditioner (Neoptix) with an accuracy of 0.1 K. The FF temperature was kept below 40 °C in order to

minimize the fluid’s evaporation and prevent its destabilization.

3. Results and discussion

3.1 Structural characterization

X ray diffractograms of the resulting powders from the milling are shown in Fig. 1. It is evident from
the figure that the expected chemical reaction (equation 1) starts before ¢t = 15 min. The presence of
hematite in the mixture decreases with milling time up to 120 min, when the remaining Fe,O3 is almost

completely consumed by reaction (1).
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Figure 1. Diffractograms of samples OX-t, with 7 =15 to 120 min.



The measured diffractograms prove that a Mn-Zn ferrite powder can be obtained directly from the
milling without a thermal treatment in a very short time, since from 60 min of milling only 12% of
hematite is present and wiistite has completely been removed from the powder. After 120 min of
milling, only a small fraction (< 5%) of hematite remains in the powder.

The samples’ crystal sizes were calculated using Scherrer’s formula:

b - 0.881
ol (FWHM - F,, )cos(6) ?)

b

being D.yqq the crystallite size, A the diffractometer wavelength, FWHM the full width at half the
maximum of the diffraction peak, F, the experimental width in radians and & the Bragg angle.

The calculated values of crystallite sizes using equation (2) for all samples take values around 12
nm (see Table I in Section 3.3). These values agree with results obtained in similar works in which the
milling times are longer than 120 minutes [15]. Despite the milling, crystallite sizes remain almost
unchanged from 15 to 120 min. At this point, it is worth mentioning that the values obtained with
Scherrer’s formula are estimative of the smallest crystallite sizes, which are usually smaller than

particle sizes in polycrystalline powders.

3.2 Magnetic characterization
3.2.1 Magnetization vs. applied field
The specific magnetization (o) as a function of the applied magnetic field (H) for samples OX-t was

measured and is shown in Fig. 2 for all the samples.
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Figure 2. o vs. H curves for samples OX-t, for = 15 to 120 min. The inset shows the specific

saturation magnetization values os as a function of milling time, 7.



A significant increase in ¢ is observed when increasing the milling time from 15 to 120 minutes.
This effect is due to the increase of the ferrite percentage with milling time, in detriment of secondary
phases.

The inset in Fig. 2 shows that the specific saturation magnetization (os) as a function of ¢ ranges
from 12.2 emu/g after 15 min to 50.3 emu/g after 120 min of milling. It is remarkable that after 60 min
of milling, gg is about 70% of the highest attained value (50.3 emu/g) which is in good agreement with
earlier works for similar NPs [16] and with bulk material [17]. During the milling process, the
superficial chemical bonds are bound to be broken, thus resulting in a decrease of saturation
magnetization. However, in this case, the very short time of synthesis prevents this effect, which is
reflected in saturation magnetization values comparable to the bulk material.

Coercive fields H¢ and remanent magnetization My, are nearly zero for all samples, in agreement
with a superparamagnetic behavior. In order to have a deeper insight into the superparamagnetic effect,

ZFC and FC curves were measured.

3.2.2 Magnetization vs. temperature
A superparamagnet has no remanence or coercivity and there is a temperature below which
ferromagnetic order reappears, known as the blocking temperature (7). The maximum in the zero
field cooling (ZFC) curve indicates the average blocking temperature, corresponding to the mean-sized
particles. Below the blocking temperature, the effects of thermal energy decrease and ferromagnetic
order is regained. The field cooling (FC) curve joins the ZFC curve in the superparamagnetic state at
the irreversible temperature (77,). In most nanoparticulate magnetic systems, it is accepted that if Tj is
higher than T3, the NPs are non-interacting [18].

ZFC-FC measurements of sample OX-120 were performed from 30 K to 280 K with an applied
field of 200 Oe (16 kA/m). Specific magnetization G as a function of temperature in the ZFC and the

FC modes are shown in Figure 3.
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Figure 3. o vs. T curves for sample OX-120.

The average blocking and the irreversible temperatures were determined from Figure 3, resulting Ty
=143 K and Tj; = 263 K. A wide Ty dispersion is observed, indicating a wide range of particle sizes.
As the ZFC and FC curves separate at 263 K, the NPs are non-interacting above this temperature,

which provides further evidence that the system is superparamagnetic at room temperature.

3.3 Particle size analysis
The analysis of the particle sizes and their distribution was performed using Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) data.

SEM images of samples OX-45, OX-90 and OX-120 are shown in Fig. 4 a to ¢ in the left panels.
These images show that the powder resulting from the milling is composed of faceted particles which
reduce their size as the milling time increases (as expected). The center panels of Fig. 4 (a) to (c) show

TEM images of the same powders.
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Figure 4. Left panel: SEM images of the powders OX-t, for = 45 (a), 90 (b), and 120 min (c). Center

panel: TEM images of OX-t, for r = 45 (a), 90 (b), and 120 min (c). Right panel: histogram of the

corresponding sample.

The particles diameters were measured from several TEM images. Over 200 particles were

measured for each sample, with the aid of the ImageJ software[19]; the resulting histograms are shown

in the right panels of Fig. 4 (a) to (c). TEM images analyses indicate that the particle size distributions

are log-normal with average particle diameters Dpy that vary from 20 nm for sample OX-45 to 15 nm

for sample OX-120. Size values with the corresponding uncertainties and standard deviations, A7,

obtained from Fig. 4 (a) to (c) are presented in Table L.

The obtained particles sizes explain the superparamagnetic behavior observed in Figures 2 and 3, as

it has been reported previously[20] that the superparamagnetic limit for Mn-Zn ferrite particles is 20

nm.



Table I: Crystal sizes calculated from Scherrers’s formula (Derysta), and particle sizes and size
distribution widths, from TEM measurements (Dpr and 4y), for different milling times, ¢.

t [mln] Dcrystal [nm] DPT [nm] A T [nm]

30 12+2 - -
45 12£2 20+ 1 10
60 12+1 19+1 11
90 11+1 - -
120 11+1 15+ 1 9

Table I shows that no significant size decrease as a function of milling time in the crystallite sizes
Derysial (calculated using Scherrer formula) is observed, although this theoretical method is not sensitive
to size distributions, and gives a size estimate of only the smallest particles in the powders. However,
a decrease in mean particle size is observed from the values obtained from TEM measurements.

Despite the mean particle sizes of the powders are small enough for several applications (and in
particular for hyperthermia) the rather large particle size distribution —inherent to the ball milling
process— is undesirable for most of them. In order to solve this issue, the smallest particles were
separated from the powders after the milling by centrifugation, using a mixture of hexane and ethanol
with volume ratio of 1:2 as solvent [21].

The separated particles of sample OX-120 were chosen for the preparation of a ferrofluid.

3.4 Ferrofluid preparation

Surface activation of the nanoparticles for the coating procedure was first carried out in a basic media.
The smallest particles of powder OX-120 were sonicated for 20 min in a 50% ammonia solution. After
liquid decantation, the particles were suspended in a 2% chitosan solution in acetic acid sonicating for
6 hours in order to coat the particles surfaces with the biopolymer.

Fig. 5 shows a TEM image of coated Mn-Zn ferrite nanoparticles, named OX-120C, where the NPs

are well-coated and more disperse than before the coating (Fig. 4) and with a mean size of (8 + 2) nm.
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Figure 5. TEM image of MnZn ferrite NPs with chitosan coating, OX-120C.

The coated particles were then re-suspended in a 0.5% chitosan solution. Stable solutions (for 12
hours) were obtained with a concentration of 5.1 mg/ml. These results confirm that centrifugation of
the powders is a good method for selecting the smallest particles and narrowing the dispersion.

In order to investigate the possibility of using this fluid for hyperthermia applications, Specific

Absorption Rate (SAR) measurements were performed.

3.4.1 SAR results
The SAR of the nanoparticles in the fluid was retrieved from measurements of temperature 7" of the
ferrofluid as function of time #, while an alternating magnetic field (AMF) was applied. The SAR of

the NPs in the fluid was calculated from the measured slopes, AT/At, at 25 °C, using the expression

[22]:

saR=CATinn, g=""w
¢ mFF

where C is the FF specific heat, mpr is the mass of the ferrofluid (1 mg) and myp is the mass of the
magnetic NPs in the Dewar. For the studied ferrofluid, C was taken as that of water (4.1813 J/gK),

being that a very good approximation owing to the low ¢ value ( 5.1 x 107).

10
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Figure 6. Temperature increase due to the heating of 1 ml of OX-120C ferrofluid in a 265 kHz
external alternating magnetic field, for several amplitudes: 12, 20, 32 and 40 kA/m (150, 250, 400 and
500 Oe, respectively).

The SAR of the nanoparticles in the ferrofluid was measured for different AMF amplitudes (Hy =
12, 20, 32 and 40 kA/m or 150, 250, 400 and 500 Oe, respectively) at the same frequency (265 kHz).
The measured curves of T vs t are shown in Figure 6. The SAR values as a function of the square of

the AMF amplitude are shown in Figure 7.
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Figure 7. SAR values as a function of H g . The dotted line indicates the linear fit below 20 kA/m,

obtained by means of a linear regression model without the intercept term.
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The highest SAR (of 80 W/g) was observed for the highest AMF amplitude. The obtained value is
within the range of values observed in the literature for iron oxide nanoparticles [23], [24].

Since SAR is strongly influenced by extrinsic parameters such as the AMF amplitude and
frequency f, using the Intrinsic Loss Power (ILP) parameter [25] to compare the dissipation of
different nanoparticle systems is more adequate [26], [27]. This parameter is defined as ILP =
SAR/HOZ f and it becomes quite independent of Hy and f. However, it should be noted that this is not
fully true [25], [27]. This proclaimed independence is valid only in a region of low Hy, where the
linear response theory is valid [22] and the SAR becomes proportional to the factor Hy? f. Above this
limit, the slope of the SAR dependence on Hy? begins to diminish (see Figure 7 above 500 (kA/m)?) as
consequence of the saturation behavior of the magnetic loop M(H) [23], [24]. Yet independence of
frequency is still not ensured. Even for low AMF amplitudes, where a linear regime is valid, ILP
depends on the out-of-phase magnetic susceptibility y'(f) which, in fact, depends on the frequency.
Arguing about this point and considering Rosensweig's simulations [22], Kallumadil et al. —when
proposing the ILP as a good comparison parameter [25]— assure that for polydisperse nanoparticles
with polydispersity index greater than 0.1, the ¥'(f) spectrum is broadened enough so as to make

negligible the frequency dependence in a region of clinical interest (between 100 and 900 kHz).

Having these concepts in mind, the ILP for OX-120C was calculated from SAR vs Hy? data
(Figure 7) in the linear response region (below 20 kA/m). In this region, the slope was determined
using the least squares estimator of a linear regression model without the intercept term. The dashed
line in Figure 7 represents the fitting. The ILP, obtained by dividing the slope of the fitted line by the
frequency of the magnetic field, gives (0.40 + 0.03) nH m’kg™". Kallumadil et al. [25] made exhaustive
ILP measurements for different commercially available iron oxide nanoparticles with different
diameters and coatings, finding a good correlation between the ILP and NPs diameters [25]. The ILP
value obtained for OX-120C is in good agreement with iron oxide nanoparticles having diameters

between 7 and 9 nm [25] (see Figure 8).

12
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Both the OX-120C ILP and mean diameter (8 nm) determined in section 3.4 are in very good
agreement with the data from Kallumadil et al. This good agreement confirms a similar quality of this

ferrofluid and nanoparticles when compared to well-established commercially available ones.

4. Conclusion

Mechanochemistry has proven to be effective for synthesizing ferrite nanoparticles in a short time.
This low-cost technique can easily be implemented for obtaining large quantities of powder. Even
when the repeated collisions with the balls produces structural damage on the nanoparticles, the same
process leaves the particles’ surface prone to be modified for coating and functionalization, making the
NPs suitable for ferrofluid preparation. A wide particle size distribution can be overcome by
performing a selection amongst the particles discarding the largest ones by centrifugation and keeping
nanometric, rather monodisperse particles.

A biocompatible ferrofluid with the smallest NPs obtained from milling was successfully prepared.
The magnetic nanofluid was stable for 12 hours and shows a good performance for hyperthermia
according to ILP results ((0.40 + 0.03) nH mzkg'l), making this fluid an excellent alternative to the

usual and the commercially available Fe-oxides ferrofluids used in this field.
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