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Abstract

MFe;04 (M = Co, Fe, Mn) compounds were synthesized using a hydrothermal treatment in
the presence of medicinal cotton. Two sets of nanoparticles were produced for each
composition and subsequently characterized by XRD, TEM and SEM. The nanoparticles
obtained from the solution display the expected spinel structure and different mean sizes
(below 16 nm); the nanoparticles embedded in cotton were submitted to a calcination process
for cotton elimination. Regarding these calcinated samples, the spinel structure was
maintained for CoFe;04, a mixture of phases was identified for M = Mn sample and, in the
case of iron, the magnetite phase was converted to hematite (a-Fe,O3;). After cotton
elimination the samples exhibit a morphology which evidences the role of cotton as template.
To evaluate the quality of the nanoparticles for hyperthermia, SQUID magnetometry and
Mossbauer spectroscopy were used to perform the magnetic characterization of all products
and specific loss power (SLP) was determined by induction heating measurements. All the
ferrite NP obtained by hydrothermal synthesis in the presence of cotton display good
hyperthermia performance. MnFe,O4 nanoparticles exhibit the highest SLP value, 90 W g'l,
followed by Fes;.<O4, and CoFe;O4. In the case of CoFe,0y, the specific loss power of the NP
obtained after cotton elimination is enhanced by 50% which is explained by the NP

morphology adopted from the cotton template during the synthesis.
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1. Introduction

Metal oxide nanoparticles with the spinel structure, AB,O4, have been largely investigated
due to their potential for magnetic storage applications and, more recently, as excellent
candidates for contrast enhancement in magnetic resonance imaging (MRI), drug delivery,
and other biomedical uses. Taking advantage of their magnetic features, magnetic ferrites
have also been explored as catalysts in processes such as methanol decomposition or
hydroformylation reactions ', as well as chemosensors and adsorbents in environmental and
biological fields. > The biocompatibility of iron oxide nanoparticles associated with the
attractive magnetic properties of some ferrites, have led to the discovery of new applications
of nanoparticles in the medical field. *'° One of these applications is magnetic hyperthermia
for cancer therapy, using the magnetic nanoparticles in an external oscillating magnetic field
as local heat dissipating agents. H

Spinel ferrite nanoparticles have been synthesized by several methods such as co-
precipitation, hydrothermal synthesis, thermal decomposition of suitable precursors,
combustion reaction, sol-gel methods, reverse micelles technique, among others 12'17, the
most common methods being the co-precipitation and thermal decomposition. Usually
thermal decomposition provides a better way for tailoring the characteristics of the
nanoparticles (NP), including the morphology, dimension and size dispersion. However, the
costs associated and the use of hazardous reagents and solvents are negative points of this
kind of synthesis. On the other hand, the co-precipitation method is one of the simplest,
cheapest and most eco-friendly procedures. '*'7 Although the control of particle size and
crystallinity is not well established, hydrothermal treatments can improve the magnetic

properties of the NP due to the synergistic effect of temperature and pressure. '’
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The use of hydrothermal treatments to obtain magnetite, maghemite or other ferrites has
been largely explored and it has been shown that the temperature, treatment time and pH

values influence the size of the obtained nanoparticles '*'**'

. For instance, magnetite
nanoparticles with a mean size of 39 nm were obtained using a hydrothermal treatment at
250 °C for 24 h " while performing a treatment of 2h at 200°C resulted in maghemite
nanoparticles with sizes between 10 and 110 nm, depending on the incubation time (at 200°C)
an the pH of the solution. '® In the case of the cobalt ferrite, nanoparticles with mean sizes
from 10 nm to 13 nm were obtained depending on the thermal treatment (100 °C; 2 h and 200
°C; 120 h respectively) *° while MnFe,04 nanorods with an average diameter of 20 nm and
250 nm of length were synthesized by a hydrothermal process at 180 °C after 12 h. **

In an attempt to explore new synthesis methods to control the nanoparticles size and
morphology in the search for suitable materials for magnetic hyperthermia, cotton was used
as a template to prepare MFe,O4 (M = Fe, Co, Mn) ferrites. This easy and inexpensive

2325 allowed to

method, previously reported for the synthesis of NiO, MnO, and NiFe,O4
obtain nanoparticles with enhanced properties (such as antibacterial activity, magnetism and
photocatalytical performance), when compared to the material synthesized without the cotton
template. These results were attributed to the samples microstructure induced by this
methodology.

The structure and morphology of the synthesized MFe,O4 (M = Fe, Co, Mn) ferrites were
investigated by powder X-ray diffraction and by scanning and transmission electron
microscopy (SEM and TEM), and their magnetic properties by SQUID magnetometry and
*’Fe Mossbauer spectroscopy. Besides, the heating efficiency of the samples under the

influence of an alternating magnetic field was evaluated in order to investigate their potential

for magnetic hyperthermia.
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2. Experimental

2.1 Synthesis of MFe;O4 nanoparticles (M = Fe, Co and Mn)

All compounds were synthesized by a standard precipitation method followed by a
hydrothermal treatment during 3h at 150°C, adopting a procedure already reported 1 this
time in the presence of medicinal cotton.

In the case of magnetite, stoichiometric amounts of iron chloride (FeCl;.6H,0O, Sigma-
Aldrich), and iron sulphate (FeSO4.7H,0, Merck) were dissolved in distilled water under a
nitrogen atmosphere and magnetic stirring. In the case of M = Co and Mn, iron nitrate
(Fe(NO3)3.9H,0) and cobalt nitrate (Co(NO3)3.6H,O from Sigma-Aldrich), and manganese
chloride (MnCl,.4H,0) from Riedel-de-Haén, were used in stoichiometric amounts. In each
synthesis, after complete dissolution of the two salts, ammonia solution (25%, Scharlau) was
added to induce the formation of a precipitate. This mixture (precipitate and the remaining
solution) was then transferred to an autoclave where medical cotton (around 3.5 g) was
immersed, the complete procedure sequence being illustrated in figure 1. The autoclave was
placed in an oven at 150 °C for 3 hours. After cooling down to room temperature, the wet
dark cotton was separated from the solution that clearly showed the presence of a magnetic
black powder. This powder was separated using a commercial magnet, washed with distilled
water until a neutral pH was obtained and dried at 60 °C. As for the cotton embedded
nanoparticles product, it was also washed and subsequently calcinated at 550 °C for 6 hours
in air, in order to eliminate the cotton. The temperature value of 550°C was chosen after
several tests with pure cotton in air, and corresponds to an almost complete elimination of

cotton (less than 1% residues). Attempts to eliminate the cotton by thermal decomposition in
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inert atmosphere were unsuccessful. Thus, each synthesis gave rise to two products, as

summarized in table 1.

Ny

/{1
Solution
containing the
appropriate
reagents for

\ each synthesis |

+NH,OH

Precipitate
+

Solution

Autoclave
L 1
I ]

+ = 3 g cotton
150°C, 3 h

]

NPs obtained Cotton impregnated
from the solution with NPs
Calcination
550°C,6h

NPs without cotton

Figure 1- Schematic procedure of the MFe,O4 (M = Fe, Co, Mn) nanoparticles synthesis.
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Table 1. Products obtained from the synthesis of MFe,O4 (M = Fe, Co, Mn) in the presence
of cotton, following the procedure explained in the text and in figure 1. <Dxgrp> is the

nanoparticles average diameter calculated from the XRD data using the Scherrer equation.

M Sample obtained Product identified by XRD <Dxgrp>/nm

from the solution Fe;xO4 13

Fe
after cotton elimination a-Fe, 05 43
from the solution CoFe0y4 7

Co
after cotton elimination CoFe0y4 24
from the solution MnFe,;04 16

Mn
after cotton elimination Mixture of phases --
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2.2 Structural and magnetic characterization

The structural characterization of all products was carried out by X-ray diffraction (XRD)
using a Philips Analytical PW 3050/60 X’Pert PRO diffractometer equipped with a
X’Celerator detector and with automatic data acquisition (X’Pert Data Collector software). A
monochromatized CuKa radiation was used as incident beam. The diffractograms were
obtained by continuous scanning in a 26 - range from 10 to 80 °, with a scan step time of 40 s.
The cell parameters were obtained by Rietveld refinement using the Fullprof software. *° The
average crystallite sizes were calculated from the broadening of the X-ray diffraction peaks
using the Scherrer formula, D = 0.89 1 / f cos 6, where 4 is the wavelength of CuKa
radiation and £ is the full width at half maximum of the peak after line broadening correction.

The morphology of the samples was accessed by Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM) using a JEOL 7001F and a Hitachi 8100 with
digital image acquisition microscopes, respectively. The particles size distribution of the
samples was determined statistically from the TEM images with the program Imagel, by
measuring the size of around 100 nanoparticles for each sample.

Magnetic characterization of all samples was performed using a SQUID magnetometer
(QD-MPMS) and *’Fe Méssbauer spectroscopy. Magnetization measurements were carried
out as a function of temperature between 10 K and 400 K, at 5.0 mT, after cooling from room
temperature in zero magnetic field (zero field cooled - ZFC) and after cooling under the
measurement field (field cooled - FC). Hysteresis curves were obtained at different
temperatures for applied magnetic fields up to 5.5 T. The >'Fe Mdssbauer spectra were
collected at room temperature in transmission mode using a conventional constant-

acceleration spectrometer and a 50 mCi *’Co source in a Rh matrix. The velocity scale was
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calibrated using an a-Fe foil. The spectra were fitted to Lorentzian lines, with distributions of

the magnetic hyperfine field when justified, using the WinNormos Program.

2.3. Heating efficiency

Induction heating of the nanoparticles was performed using an Easy Heat 0224 device
(Ambrell), under an AC field of 9.8 kA m” amplitude and 276 kHz frequency. Each
compound was dispersed in 3 ml of a 5 % solution of sodium citrate in a glass container in a
concentration of 1 mg/ml, sealed and immersed in an ultrasonic bath for 60 min. The bath
temperature was kept constant by a continuous isothermal water flow. Immediately after, the
samples were submitted to the magnetic oscillating field for 5 minutes while registering the
dispersion temperature with an optical fiber probe (0.1 °C accuracy).

Special care was taken in evaluating the energy exchanges between the system (sample +
container) and the environment, particularly to isolate the system from external heat sources.
It was verified that although permanently cooled with running water the induction coils
temperature attains high values (above 50°C) and therefore should not be in direct contact
with the solid thermal isolation. Energy exchanges under induction heating are much reduced
by suspending the sample inside the coil and keeping it apart from the cooled coil by a 4 mm
thick air layer plus a 12 mm thick thermal insulator layer and a 7 mm thick air layer. A
schematic view of the setup is displayed in figure 2. The ensemble is isolated from external
air convection by an acrylic box, and the environment temperature is monitored with a
thermocouple. Several materials were tested as thermal insulator layers (figure 2 — a)), trying
to improve the adiabatic conditions of the measurements. Figure 3-A compares the
temperature decreasing rate of distilled hot water, placed in our system (applied magnetic

field off) inside an eppendorf, for different insulator materials: expanded polyethylene (EPE),
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polyurethane (PU), expanded polystyrene (EPS) and three different grain sizes of Portuguese
cork (C1<C2<C3) (courtesy of Amorim Cork Composites). EPS and C3 are the materials that
display lower thermal conductivity. However, when the field is on (9.8 kA m™ amplitude and
276 kHz frequency), the specific capacity together with the thermal conductivity of C3 cork
makes it less sensitive to the heating by the hot coils than EPS (figure 3-B). Therefore, C3

cork (ref. 8002, Amorim Cork Composites) was chosen for the experimental set-up.

O.Em e) 3
a)
1.5cm
2.5cm ‘
_
: 5 cm , . .
AT D e O
o
(2]
B
O O
O O
{
coils coils

Figure 2 — Induction heating set-up: top (left) and axial (right) cross sections showing the
position of the sample, sample holder and isolation layers inside the AC magnetic field coils;
a) cork; b) air; ¢) nylon holder; d) sample in glass flask with lid; e) fiber optic temperature

SE€nsor.

10
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Figure 3- A) Evaluation of different materials for the thermal insulator a) in the set-up shown
in figure 2, by comparing the energy losses of distilled water at 60°C inside an eppendorf
placed at the sample position (magnetic field off): expanded polyethylene (EPE),
polyurethane (PU), expanded polystyrene (EPS) and three different grain size corks
(C1<C2<C(C3) (Portuguese cork - courtesy of Amorim Cork Composites). B) Influence of the

heat dissipated in the AC field coils (magnetic field on) on the temperature of distilled water

initially at room temperature.

3. Results and Discussion

MFe,;04 (M = Co, Fe, Mn) nanoparticles were synthesized using a standard precipitation
method followed by a hydrothermal treatment during 3h at 150°C in the presence of
medicinal cotton. As explained in section 2.1, this methodology gave rise to the production of
two sets of nanoparticles for each preparation: those obtained from the solution and those

embedded in cotton and further calcinated at 550 °C for cotton elimination.

3.1 Structural and morphological characterization

11
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Powder X-ray diffraction patterns of the products obtained from the solution revealed a
unique crystalline phase for all samples (figure 4), as all peaks were attributed to the MFe,0O4
spinel type structure (S.G. Fd3m). Mean particle sizes (<Dxgrp>) of 13, 7 and 16 nm were
estimated by the Scherrer equation, respectively for magnetite, Co and Mn ferrites (table 1).
The mean sizes of magnetite and cobalt ferrite are smaller than those obtained using different
hydrothermal treatments with higher temperatures 13,1820

The calculated cell parameters for MFe,04, 8.375(1) A, 8.370(1) A and 8.477(1) A for M
= Fe, Co and Mn, respectively, are slightly smaller than those reported for the correspondent
bulk ferrites, respectively, 8.396 A, 8.391 A and 8.499 A (JCPDS files 19-629, 22-1086 and
10-0319). In the case of magnetite, the cell parameter depends on the nanoparticles’ size and
also on the Fe*" content, the value determined for these samples being comparable to those
obtained for samples with similar mean size and surface oxidation. In fact, these compounds
have been better described as oxidized magnetite, Fe;<O4. 4%

The smaller values of the cell parameters of MnFe,0O4 and CoFe,O4 when compared with
those reported in the JCPDS files can be explained by a different distribution of the metal
ions among the tetrahedral and octahedral sites of the spinel structure. In the case of
CoFe;0q, a cell parameter value a = 8.3777 A, close to the one obtained in this work, was
reported for 6 nm nanoparticles prepared by thermal decomposition, for which the

distribution of the metal ions was determined by neutron diffraction as

(Fep.73C00.27)[Fe 63C0037]204. >

12
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Figure 4. XRD patterns of the samples obtained from the solution.

From the wet black cotton, after cotton elimination by calcination in air at 550°C,
extremely fine powders were obtained in all cases. The powders were coloured black in the
case of the cobalt and manganese compounds, and brick red in the case of the iron compound.
The XRD analysis, figure 5, allowed to identify the cobalt and iron compounds as being
single phased CoFe,O4 and hematite (a-Fe,O3; rhombohedral structure), respectively, in
accordance with the JCPDS file n° 24-0072. The mean crystallite sizes for CoFe,O4 and
a-Fe,O3 were determined to be 24 nm and 43 nm, respectively. In the case of the manganese
compound, a mixture of Mn,0Os, hematite and magnetite type phases was detected in the XRD
diffractogram (not shown). As referred above, attempts to eliminate the cotton by thermal
decomposition under inert atmosphere, avoiding further oxidation or phase separation of the

materials, were unsuccessful.

13
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Intensity / a.u

Figure 5. XRD patterns of the samples obtained after calcination of the wet cotton
precursors: M = Co (up) and M = Fe (down), showing the characteristic peaks of a spinel

(CoFe,04) and hematite (a-Fe,O3) phases, respectively.

Figure 6 displays typical TEM images and the corresponding particle size distributions for
MFe;04 (M = Co, Fe, Mn) samples obtained from the solution, clearly showing the smaller
size of the CoFe,O4 nanoparticles. While Fe; O4 and CoFe,O4 nanoparticles are relatively
homogeneous, with mean sizes slightly smaller than those determined by XRD data, TEM
images of MnFe,04 reveal the presence of a bimodal distribution of nanoparticles centered in
~16 nm and ~5 nm. The value obtained by XRD data (16 nm) is in agreement with the

larger NP mean size.

14
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Figure 6. TEM images of the different nanoparticles obtained from the solution (left) and the
corresponding size distribution histograms (right): CoFe,O4 (up); Fe;Os (middle) and
MnFe;O4 (down). The histograms were fitted with one (CoFe;Osand Fe;O4) or two

(MnFe,0,) Log-Normal functions.

Representative SEM and TEM images of CoFe,O4 and a-Fe,O; obtained after cotton
elimination are shown in figure 7. The corresponding size distribution obtained for the
CoFe,04 sample is also displayed in figure 7.

The SEM image of CoFe,04 clearly shows that the sample exhibit a peculiar morphology,

indicating that the cotton shape was retained, as previously observed for NiO and MnO,. ****

15
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Instead of individual nanoparticles, TEM images reveal that the samples consist of coalescent
nanoparticles, with a mean size estimated to be around 8 nm for CoFe;O4. The significant
difference when compared to that obtained by XRD (24 nm) clearly shows that the individual
nanoparticles size is smaller than the crystallite size obtained by the Scherrer equation,
indicating structural correlation between the different nanoparticles associated with the
morphology of this sample. In the case of a-Fe,Os;, TEM and SEM images show elongated
coalesced particles making impossible the size distribution analysis, but clearly showing an

average size larger than the one obtained for CoFe,O,.

16
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Figure 7. Results for CoFe;04 (left) and o-Fe,O; (right) samples obtained after cotton
elimination: representative SEM (top) and TEM (middle) images and size distribution

histogram for the cobalt ferrite (bottom). The histogram was fitted with one Log-Normal

function.
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3.2 Magnetic characterization

The MFe,O4 (M = Fe, Co, Mn) nanoparticles were characterized by SQUID
magnetometry and >"Fe Mossbauer spectroscopy.

As expected, the magnetization results of the NP obtained from the solution show that all
samples are magnetic, the hysteresis curves being consistent with the ferrimagnetic behaviour
of the bulk compounds. The magnetic parameters obtained from the experimental results

(figure 8) are summarized in table 2.
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Figure 8. Temperature dependence of the magnetization (left) and hysteresis curves at 300 K

(right) for the MFe,O4 (M = Co, Fe Mn) samples obtained from the solution.

The highest magnetization value (M) at 300 K obtained for Fe;O4 (75 A m> kg'l), 1S
around 80 % of the magnetite bulk value at room temperature (92 A m’ kg'1 at 290 K 29).
Cobalt and manganese ferrites NP display lower magnetization values, 60 A m? kg and 61 A
m?® kg at 300 K, respectively, in agreement with the lower bulk magnetization values for
these ferrites at 293 K (81 A m” kg for CoFe,O, *° and 80 A m” kg™ for MnFe,0, *'). The

manganese ferrite magnetization values are higher than the values obtained for nanoparticles

18
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32,33

with comparable mean sizes (16 nm) or larger. In the case of the cobalt ferrite the values

reported in literature are diverse ****°

and similar magnetization values were reported for
larger nanoparticles.

Only for the CoFe,04 nanoparticles the ZFC curve presents a well-defined maximum in
the temperature range of the measurements at 370 K. Only for the CoFe,0,4 nanoparticles the
ZFC curve presents a well-defined maximum in the temperature range of the measurements
at 370 K. The maximum of the ZFC curve is often attributed to the blocking temperature and
is very sensitive to dipolar interactions, being shifted to higher temperature with their
increasing strength. Therefore the observed ZFC curves obtained from powder samples are
consistent with NP exhibiting strong dipolar interactions. For both MnFe,O, and Fe; (O4 the
ZFC magnetization increases gradually at low temperatures, displaying about 45% of the FC
value at 100 K. For CoFe,O4 the ZFC magnetization is almost constant up to this temperature
and attains the 45% FC relative value only at 250 K. This behavior along with the TEM
results indicate a narrower distribution of magnetic moments in the case of the cobalt ferrite.

The highest coercivity shown by the CoFe,0,4 nanoparticles when compared to the other two

samples can be associated to a higher magnetic anisotropy.

19
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Table 2. Magnetic parameters at 300 K for samples MFe,O4 (M = Fe, Co and Mn) obtained

from the solution. Mj: saturation magnetization; pyH,: coercive field.

Sample M, /A m’ kg'1 wH /mT

Fe3_x04 75 1
CoFe;04 60 13
MnFe,04 61 <1

In general, in hyperthermia studies the AC magnetic field is far below the field needed to
saturate the samples, although the heat dissipation depends on the maximum magnetization
attained. It is therefore important to study the hysteresis loops in the range of magnetic field
values used in hyperthermia to access the maximum value expected for the magnetization as
well as to compare the DC energy losses. Although AC magnetic hysteresis areas are

3738 the DC minor cycles give information for the relative losses of the

expected to be larger
three compounds. In this work an alternate sinusoidal magnetic field with amplitude of 9.8
kA m™, corresponding to 12.3 mT, was used. Hysteresis cycles up to this value were obtained
and are shown in figure 9. Clearly the manganese ferrite attains the higher DC magnetization

value (11 A m” kg™), followed by magnetite (7.2 A m* kg™") while cobalt ferrite only reaches

2.8 Am’ kg'l. For the three ferrites the coercive field obtained is below 1 mT.

20
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101

M/Am kg
o

-15 -10 -5 0 5 10 15

Figure 9. Low fields hysteresis curves for the MFe,O4 (M = Co, Fe Mn) samples obtained
from the solution. The maximum magnetic field (12.3 mT) was chosen to match the

amplitude of AC field used in the hyperthermia measurements.

The CoFe,04 nanoparticles obtained after cotton elimination display a higher saturation
value as well as higher coercivity at room temperature (see figure 10), when compared with
the cobalt ferrite obtained from the solution. The higher magnetization is well explained by
the bigger size and lower surface/volume ratio of the particles that approach the bulk
behavior. A similar value was reported for nanoparticles with 60 nm diameter after sintering
at 1100 °C. ** A decrease of the coercivity would be expected for bigger particles, contrary to
what is measured experimentally. The increased coercivity is explained by the morphology of
these nanoparticles, which have the morphology imposed by the template threads, even after
its removal, and present an elongated shape, implying an additional magnetic anisotropy. *In
the low fields hysteresis cycle (figure 11) the magnetization value at 12.3 mT, 0.9 A m’ kg'l,
is three times smaller than the one of the particles obtained from the solution but is associated
with a higher coercivity (1.6 mT). Also, the cycle is not centered in zero magnetization but in

-0.1 Am® kg, indicating that a small fraction of the nanoparticles cannot be rotated up to

21
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12.3 mT, in agreement with the coercive field of 58 mT determined from the hysteresis curve

obtained for magnetic fields up to 5.5 T (figure 10).
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Figure 10. Temperature dependence of the magnetization (left) and hysteresis curve at 300 K

for the CoFe,04 nanoparticles obtained after cotton elimination.
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Figure 11. Low field hysteresis curve at 300 K for the CoFe,04 nanoparticles obtained from

cotton calcination.
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The Maossbauer spectra of the MFe,O4 (M = Fe, Co, Mn) nanoparticles obtained from the
solution are shown in figure 12 and the corresponding Mossbauer parameters are listed in

table 3.

Table 3. Mossbauer hyperfine fitting parameters for samples MFe,O4 (M = Fe, Co and Mn)
obtained from the solution. Bys magnetic hyperfine field; <Bndc)>: average magnetic
hyperfine field (and standard deviation) of the distribution of magnetic splittings; o: isomer
shift; e: quadrupole shift; AEq: quadrupole splitting; I': line width; I: relative area.

Uncertainties in I are less than 2%.

M Bu/T  <Bp(o)>/T &/mms’ g/mms’ AEQ/mmS'1 C/mms’  1/%

- 44(9) 030(1)  0.08(1) - 0.31 41
Fe - 43(7) 0.56(1)  -0.07(1) - 0.32 35
47.8(1) - 030(1)  -0.06(1) - 0.48(2) 24
Co - 39(11) 031(1)  0.00(1) - 0.40 100
- 40(11) 0.26(1)  0.01(1) - 0.30 54

Mn - 38(11) 0.48(1)  -0.04(2) - 0.30 40
- - 0.33(2) - 0.69(3) 0.5(1) 6
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Figure 12. °’Fe Mossbauer spectra collected at 290 K for samples MFe,O, (M = Fe, Co, Mn)
obtained from the solution. At the right-hand side of the spectra, the probability distribution

of By for the iron distributed sites is shown.

All spectra require distributions of the magnetic hyperfine field, By, to be properly fitted.
In the Fe and Mn compounds, two distributed sextets were adjusted, one with lower isomer
shift value (3) indicating the presence of iron in tetrahedral sites, and the other one with a
higher & value, typical of a mixture of Fe*" and Fe’" in the octahedral sites, although with
preponderance of Fe*'. Besides these two sextets, in the Fe;xOs spectrum, a third well
defined sextet involving around 24% of the iron atoms is also present, with hyperfine
parameters close to the ones of maghemite, frequently present in this type of NP. '**° In the

MnFe,O4 spectrum, a third well resolved component is necessary, in this case is a
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paramagnetic doublet. This paramagnetic component is attributed to the presence of very
small NP in the superparamagnetic regime, in agreement with the size distribution obtained
from TEM images. The CoFe,O4 spectrum is well fitted to a single symmetric and distributed
sextet (in accordance with the small size of the nanoparticles), and the hyperfine parameters
values indicate the presence of Fe*', both in the tetrahedral and octahedral sites of the spinel
structure.

The Mossbauer spectra of the samples obtained after cotton elimination are shown in

figure 13 and the corresponding Mossbauer parameters are listed in table 4.

Table 4. Mossbauer hyperfine fitting parameters for the samples obtained from cotton
calcination. By magnetic hyperfine field; <Byf{c)>: average magnetic hyperfine field (and
standard deviation) of the distribution of magnetic splittings; &: isomer shift; &: quadrupole

shift; I': line width; I: relative area. Uncertainties in I are less than 2%.

M Bu/T  <Buy(o)>/T &/mms’' e/mms’' T/mms' 1/%

Fe 51.7(1) - 0.37(1) -0.21(1) 0.32(1) 100
- 47(7) 0.37(1) 0.02(1) 0.32 62

Co
48.6(1) - 0.24(1) 0.01(1) 0.45(1) 38
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Figure 13. °'Fe M&ssbauer spectra collected at 290 K for samples obtained from cotton
calcination. At the right-hand side of the spectra, the probability distribution of By for the

iron distributed site is shown.

The results obtained for the sample M = Fe are in perfect accordance with the hyperfine
parameters of hematite, a-Fe,O3 41, corroborating the XRD results. In the case of the M = Co
sample, the Méssbauer spectrum is well resolved by two sextets with different isomer shifts,
both assigned to Fe*', in agreement with the results obtained for CoFe,;04 nanoparticles with
sizes around 20 nm. *° The subspectrum with 8 = 0.24 mm s is well defined, being attributed
to iron in tetrahedral sites; the one with & = 0.37 mm s™ is distributed and can be assigned to
iron in the octahedral sites of the spinel structure. From the relative amounts of each site the
formulation (Feg76C00.24)edFe124C0076)0cfO4 can be deduced, where fet and oct refer to
tetrahedral and octahedral sites, respectively, a distribution close to one previously

reported. 2
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3.3 Magnetic hyperthermia performance

The magnetic hyperthermia performance of the different nanoparticles was evaluated by

induction heating as described in the experimental details section.

5 = Fe; O,
e CoFe,0,
4+ 4 CoFe,0y (cotton calc.)
5 v MUF6204
¥
S 2
14
04

0 50 100 150 200 250 300
t/s

Figure 14. Temperature variation due to magnetic heating over time for MFe,O4 (M = Fe,
Co, Mn) nanoparticles extracted from the solution and CoFe,O4 nanoparticles obtained from

cotton calcination.

The temperature evolution curves illustrated in figure 14 allowed to evaluate the specific
loss power (SLP) for each type of nanoparticles. Several measurements of the temperature
evolution with time were obtained for each sample. The results were fitted considering a
constant magnetic heating power supplied by the nanoparticles, and assuming linear
exchanges between the sample and the environment, whose temperature was assumed to vary

linearly between the initial and final recorded temperatures. The fitting expression is

T = Toe Bt 4 (Toe’“ + h"T“) (1—eBE) ta(t —ty) (eq 1)
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where /4 and B stand, respectively, for the magnetic heating power and linear losses
coefficient (both divided by the system heat capacity), 7T is the sample temperature at instant
t, To and T,™" are the initial sample and environment temperatures at #, and alpha is the
linear coefficient for the environment temperature variation.

From the fitted parameter 4 the specific loss power is calculated using the expression:

h
SLPrit = Cyse —— (eq.2)
myp

where Cy4. is the heat capacity of the water and the container and myp the mass of the
magnetic nanoparticles. The values obtained for the different measurements of the same
compound were averaged and the final result in each case is listed in table 5. In this table the
average SLP obtained from the temperature variation for the first 100 s, a procedure often
found in published works, is also presented, along with the magnetic parameters

characterizing the low fields hysteresis loop associated with the AC magnetic field amplitude.
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Table 5. Specific loss power and magnetization parameters for the MFe,O4 (M = Fe, Mn and
Co) samples. SLPg: results taking into account heat exchanges with the environment;
SLPjgs: values from the temperature variation for the first 100 s; M,y and poHe: maximum
value of the magnetization and coercive field of the low fields hysteresis cycle at 300 K;
Ajoop: integral of the minor hysteresis loop; HLP: hysteresis loss power; <Dtgv> - average NP

sizes extracted from TEM results.

<Dtem> SLPge  SLPygg Mipax HOHc Aloop HLP

Sample /nm Wg' /Wg' /Am’kg! /mT /mikg’ /Wg'
Fe;.4O4 10 53 54 7.3 0.5 13.5 3.7
from k0, 4 10 7 2.8 0.5 42 1.2
solution
MnFe,04 5/16 92 88 11 0.9 25 6.9
after
cotton CoFe, 04 8 14 14 0.9 1.6 3.1 0.78
elimination

The results show that the manganese ferrite presents the highest SLP values, 92 W g'l,
followed by the magnetite nanoparticles, with a SLP of 53 W g. The two cobalt ferrite
samples display the lower SLP values.

For the nanoparticles obtained from the solution, the Néel and Brown relaxation times
were calculated in water, as reported by Dutz and Hergt *, using the K¢ determined from the
maximum in the magnetization curves and assuming a hydrodynamic radius of 1 nm above
the NP radius. For a distribution of cobalt ferrite nanoparticles with average diameter of 4
nm, in water, the relaxation contribution is mainly due to the Néel mechanism. The magnetic

power associated with the DC hysteresis losses (HLP) was calculated from the minor cycle
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area multiplied by the AC field frequency (see table 5). In the case of the cobalt ferrite this
contribution is 1.2 W g™ that accounts for 14(2) % of the SLP indicating a significant amount
of heat coming from magnetic losses, and supporting the major contribution of magnetization
relaxation, since for AC measurements a broadening of the hysteresis curve that increases
with frequency is expected. *” The Brown relaxation must be very small although cannot be
completely excluded. Both for the MnFe,O4 and Fe; O4 nanoparticles the calculated DC
hysteresis losses are a smaller fraction of the measured SLP (about 7%) indicating a smaller
contribution of magnetic losses in these samples as compared to cobalt ferrite and
corroborating the lower magnetic anisotropy of these samples.

The manganese ferrite has the lower effective magnetic anisotropy and higher SLP. From
the TEM images, the MnFe,O4 sample can be characterized as having a bimodal size
distribution with two average sizes of 16 nm and of 5 nm. Mdéssbauer data indicates the
presence of 6 % of paramagnetic iron nuclei, which was assumed to correspond to the
fraction of iron in the smallest MnFe,O4 NP. Taking into account the volume ratio of the two
groups of nanoparticles and the ratio of the Mossbauer Fe relative fractions, the proportion
found between the number of NP in each group, N(5 nm)/N(16 nm) ~ 4, agrees with the TEM
results (see figure 6). The ZFC curve shape also hints the existence of two types of particles
having different behaviours. A fit of this curve allows extracting temperature maxima at 126
K and 400 K that are associated with the magnetic behaviour of the two average sizes NP
identified, 5 nm and 16 nm, respectively. Even considering dipolar interactions, the smaller
particles are superparamagnetic at 300 K and have a major contribution of Néel losses, while
for the larger nanoparticles Brown losses with relaxation times of the order of magnitude of
the experimental AC field period, can also contribute to the higher SLP value obtained for
this compound. This last conclusion is supported by the measurements carried out in different

4
solvents .
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The values of specific loss power reported in the literature depend on the synthesis
methods and experimental conditions of the hyperthermia measurements, namely the medium
and AC field parameters used.

The Fe; 404 SLP value is higher or similar to several reported results, taking in account the
different experimental conditions of the hyperthermia measurements. Magnetite and
maghemite are the most extensively studied NP having different SLP reported values. Using
conditions closer to ours, values between 40-90 W g'l (765 kHz and 15 kA m™) ** and 46 W
g'l (12 kA m™ and 10 kA m™ with 300 kHz and 249 kHz **) that are below the results
obtained in this work, were reported. Higher values, between 80 and 95 W g' (10 kA m™
and 249 kHz) * were obtained for higher concentrations of Fe;0,, namely 4 mg ml™ and 6
mg ml™”.

The comparison of the SLP results obtained for the two CoFe,O4 nanoparticles shows that
the nanoparticles with morphology determined by the cotton template have higher power
losses, exceeding in ~50% the value of the smaller ones (obtained from the solution), while
the corresponding average NP size changes by a factor of two. Brown relaxation losses scale
with the hydrodynamic volume, but the organization of the particles in the form of the cotton
threads, promotes interactions between the nanoparticles that will reduce the mobility of the
particles limiting this term. On the other hand, the coercive field increases, contrary to what
would be expected considering only the volume increase of the magnetic nanoparticles that
would imply a decrease of the magnetic anisotropy. Therefore, the higher SLP result of the
CoFe,04 obtained after cotton elimination is explained by the NP shape modification induced
by the cotton role during the synthesis.

In the case of CoFe,04, values of 0.07 W g at 500 kHz and 5.4 kA m™ were reported for
samples with a mean diameter of 8.4 nm *® and 0.5 W g at 111 kHz and 3 kA m™ ¥’. The

largest reported value, around 400 W g, was obtained at a frequency and magnetic field
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significantly higher (500 kHz and 37.3 kA m™) * than those used in this work. Thus,
although exhibiting the smallest SLP values of the three prepared ferrites, the CoFe,O4 NP
obtained in the present work exhibit good characteristics for magnetic hyperthermia

applications.

4. Conclusions

MFe,04 (M = Co, Fe, Mn) nanoparticles were synthesized using a hydrothermal treatment
in the presence of medicinal cotton. This methodology gave rise to the production of two sets
of nanoparticles for each preparation. Nanoparticles of Fe; (O4, CoFe,04 and MnFe,0,4 with
the characteristic spinel structure and mean sizes of 10nm, 4nm and 5nm/16nm,
respectively, were obtained from the solution. Nanoparticles embedded in the cotton were
calcinated in air at 550 °C for cotton elimination, and CoFe,O4, hematite (a-Fe,O3) and a
mixture of phases were obtained for the Co, Fe and Mn based samples, respectively.

The Mdssbauer results confirmed the production of oxidized magnetite Fe; ,O4 and the
presence of iron in both tetrahedral and octahedral sites of the Co and Mn ferrites. For
CoFe,O4 obtained after cotton elimination, the Mdossbauer results allowed to deduce the
composition (Fey 76Co0.24)se(Fe1.24C00.76)0cO4-

All the ferrite nanoparticles preserve the ferrimagnetic ordering. The average size and
magnetic behaviour indicate that the nanoparticles have single domain magnetic structure.

The ferrite nanoparticles obtained from the solution display good hyperthermia
performance, with specific loss power values generally higher than those previously reported
for similar nanoparticles measured under comparable conditions. The hyperthermia studies of
these samples allow to conclude that the manganese ferrite has the highest specific loss power
values, 90 W g™, although the saturation magnetization value at 300 K is much smaller than

the one of the Fe;Os4 nanoparticles. This result is in agreement with the high initial
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susceptibility obtained for the manganese compound, and is also an indication that Néel
losses, attributed to the small nanoparticles with superparamagnetic behavior (<Dtgy> ~ 5
nm), play an important role.

The two compounds obtained from the cotton calcination (CoFe,O4 and a-Fe,03) exhibit a
peculiar morphology resulting from the coalescence and organization of the nanoparticles
along threads, highlighting the role of cotton as template. For the threaded cobalt ferrite, the
specific loss power values under AC magnetic field are enhanced by 50% when compared to
those obtained for the nanoparticles caught from the solution, result that is attributed to the
characteristic morphology of the samples.

The use of cotton merged with hydrothermal synthesis turns out to be a simple
methodology both to obtain small ferrite nanoparticles (those in solution) and to obtain
hematite and CoFe,O4 with characteristic threadlike morphology, the latter with higher
specific loss power. The results obtained in this work show that the methodology used for
samples preparation is promising and should be explored through the fine tuning of the
experimental conditions to produce nanoparticles with high performance for magnetic

hyperthermia applications.
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