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Magnetic iron oxides are of great scientific and technological relevance. Therefore, herein, we 
report the research on developing methodologies for their sustainable and reproducible preparation. 
We discuss the synthesis of iron oxides involving citrus pectin as a source of energy (42 MJ kg-1) 
to promote the formation of the magnetic phases. The method involved two simple steps: gelation 
of the pectin (80 °C, 4 h) with iron nitrate nonahydrate [Fe(NO3)3.9H2O], and calcination (600 °C, 
1 h). X-ray diffraction indicated the major formation of hematite (α-Fe2O3) and ferrite phases. 
Microscopy images show materials with an average size below 50 nm. Textural properties indicated 
pore sizes of 7-30 nm while magnetic measurements indicated the formation of soft and hard oxides 
(coercivity between 90 and 400 Oe) and high magnetization saturation (50 emu g-1).
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Introduction

The methods for preparation of magnetic materials 
are constantly evolving, particularly those based on iron 
oxides known as ferrites, one of the most intensively 
studied class of materials in the field of applied magnetic 
sciences. The weakly ferromagnetic properties of hematite 
(α-Fe2O3) at room temperature are different of those of the 
ferrimagnetic iron ferrite (magnetite, FeO·Fe2O3), cobalt 
ferrite (CoO·Fe2O3), and nickel ferrite (NiO·Fe2O3). On 
the other hand, spinels such as magnetite and maghemite, 
which are structurally equal, related to substituted cobalt 
or nickel ferrites, usually present a more complex inverse 
spinel cation distribution, where only half of octahedral 
and only 1/8 of tetrahedral sites are filled (1/4 of octahedral 
positions are occupied by divalent ions while trivalent 
ions are located in 1/4 of octahedral and 1/8 of tetrahedral 
sites).1-4

Spinel ferrites [M2+O·Fe2O3, where M = Fe, Co, Ni, Cr, 
Mn, etc.] have a broad range of applications, including hard 
and soft magnetic materials.5,6 These metal oxides, unlike 
alloys, present small Foucault’s current loss,7 thereby 

favoring applications as recording heads, converters, 
catalysts, molecules carriers, pigments, and magnetic fluids, 
among other applications.8-10 The most relevant among 
them is magnetite. Several synthetic routes have been 
reported for magnetite in the literature leading to materials 
with distinct magnetic, structural, morphologic, crystallite 
size distribution, electrical, chemical and physical 
properties. Examples of some of those synthetic routes 
include chemical co-precipitation, sol-gel method, forced 
hydrolysis, hydrothermal method, mediated surfactant or 
template synthesis, and biomimetic mineralization.11,12

Lately, because of the increasing environmental 
concerns, the development of fabrication processes with 
increasingly lower environmental impact, particularly on 
new materials, has received particular attention. Regarding 
the mediated nanostructured oxides, biopolymers is one of 
the most interesting topics, as far as the principles of green 
chemistry are concerned.13 Among biopolymers, the one of 
most interest is pectin taken into account its abundance and 
low cost.14 Pectin is a polysaccharide constituting about 
one-third of the dry weight of cell walls of many plants. For 
example, peels and apple pulps are low-cost by-products 
of food industry that can be used as an energy source on 
the preparation of new materials.
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Pectins are mainly composed by D-galacturonic acid 
(GalA) units linked by 1,4-glycosidic bonds, and exhibit 
carboxylic acid groups throughout the chain, that can be 
used to bind transition metal ions (Scheme 1). Also, they 
have a high power of colloid formation by gelification; 
property that depends directly on the source and the 
degree of esterification. If a pectin has more than 60% of 
its carboxylic groups esterified with methyl groups, it is 
characterized as being a high-methoxyl (HM) pectin,13,15 
and has lower metal ion coordination capability.

The pectin chain folds approaching distant carboxylate 
groups creating chelating coordination sites, making them 
able to capture transition metal ions in aqueous solution. 
Pectins are extraordinarily stable in solution at temperatures 
from 10 to 80 °C and in a pH range of 2.5 to 4.0, making 
them very useful in various fields of applied science.16,17 
However, to the best of our knowledge, there is no report 
dealing with the use of pectin for the production of porous 
and nanostructured materials.

This paper describes a facile method,18 to prepare 
mesoporous ferrite using citrus pectin to produce the gel 
precursor, which after calcination generates Fe-MIO, 
Fe80Co20-MIO, and Fe80Ni20-MIO, where MIO stands for 
magnetic iron oxide. The MIOs were duly characterized 
in order to check for the influence of their stoichiometry 
on the composition of the materials that exhibited 
unique magnetic, morphologic, and structural properties 
suggesting potential as pigments.

Experimental

Materials and reagents

The magnetic iron oxides (MIOs) were prepared by 
using the following commercially available reagents in 
analytical grade, purchased from Vetec Fine Chemicals 
and Sigma-Aldrich Company: iron(III) nitrate nonahydrate 

[Fe(NO3)3·9H2O], cobalt(II) nitrate hexahydrate 
[Co(NO3)2·6H2O], and nickel(II) nitrate hexahydrate 
[Ni(NO3)2·6H2O]. The citrus pectin (PA grade) with 
approximately 67.3% of its carboxylic groups esterified 
by methoxyl groups,19 consisting of poly(galacturonic 
acid) connected by 1,4-β-glucoside bonds. The minimum 
formula is [C5H7O4(COOH)m-1(COOCH3)m]n, where 
m refers to the degree of esterification as deduced from the 
formula (14.02m + 176.13) and n is the average number of 
repeating units.20 The pectin used in the experiments has 
a molecular weight of about 185.57 g mol-1. All reagents 
were used as received. The solutions were prepared using 
ultrapure water from a Quimis Model Q842 reverse-
osmosis system.

Synthesis of the magnetic iron oxides (MIO)

Initially, a solution was prepared by adding 4.0 grams 
of citrus pectin in 200 mL of preheated water (60 °C) 
generating a 2% solution (m/m). Then, 20.79 g of iron 
nitrate dissolved in 20 mL of water were added under 
constant stirring and heating. The solution was kept at 
80 °C for about 2 hours until the volume was reduced 
to its half. The gelation was then complete; the colloid 
was calcined in a muffle oven at 600 °C, leading to 
the formation of Fe-MIO. For the preparation of other 
ferrites, it was added an equal volume (20 mL) of ferric 
nitrate (20.79 g) plus cobalt nitrate (6.81 g) or nickel 
nitrate (6.82 g), leading to the formation of FeCo-MIO 
or FeNi-MIO, respectively.

The complexation of the transition metal ions is 
proposed to take place forming an egg-box-shaped 
arrangement characteristic for HM-pectin,15 as shown in 
Scheme 1. The relatively large chains with a high degree of 
esterification and relatively separated coordination sites is 
essential to the formation of homogeneous and translucent 
gel precursors.21,22 These were dried, and the temperature 

Scheme 1. Mesoporous iron oxides and ferrites based on calcination (600 °C) of citrus pectin gel precursors. Left: scheme showing the possible coordination 
environment around transition-metal ions in citrus pectin with high methoxylation content (egg-box-shaped containment of the ions). Right: powder 
attracted by a permanent magnet (Nd2Fe14B). The predominant component of the reddish solid is hematite (α-Fe2O3) with magnetic profile due to mass 
ratio hematite:magnetite of 14:1, and sponge-like structure.
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was increased up to 600 °C in a furnace using a heating 
ramp of 10 °C min-1 generating a soft and easily pulverized 
solid labeled “puff” after combustion. The very fast reaction 
and associated high temperatures concomitantly with the 
gas release (CO, CO2, and water vapor) are responsible 
for controlling the degree of crystallinity and morphology 
of the resultant materials. The magnetic monometallic 
(Fe-MIO) and bimetallic (FeCo-MIO and FeNi-MIO) were 
prepared using the above-described procedure involving a 
coordination/gelation step followed by calcination.

Characterization

X-ray diffraction (XRD) was performed on a Bruker 
D2 Phaser diffractometer equipped with a copper cathode 
(Cu Kα, λ = 1.541838 Å), operating at 30 kV and 10 mA, 
using a working window of 2° to 90° (2θ) and at a scanning 
rate of 0.2° s-1. The collected data were numerically treated 
using the EVA software (Bruker version 1.1) and the 
diffraction peaks indexed according to ICDD-PDF2-2009 
cards. The thermal behavior was recorded in a Seiko Model 
6300 simultaneous thermal analyzer (STA). The samples 
were heated in aluminum pans from 30 to 1200 °C, using 
a heating rate of 20 °C min-1 in compressed-air atmosphere 
(0.2 L min-1). Scanning electron microscopy (SEM) images 
were registered in a JEOL FEG-JSM-7401F equipment. 
The specific area, average pore size, and pore volume 
was determined by nitrogen adsorption. The adsorption/
desorption isotherms were recorded at liquid nitrogen 
temperature (77 K) using a Quantachrome Nova 2000e 
equipment and samples pre-treated at 180 °C under 
vacuum. The specific area was determined using the 
Brunauer-Emmett-Teller (BET) method with p/p0 ≤ 0.3. 
The pore volume and pore diameter were determined by 
the Barrett-Joyner-Halenda (BJH) adsorption method.

The near-infrared (NIR) spectra were obtained in a 
fiber optic spectroradiometer model Fieldspec 3 from 
Analytical Spectral Devices. The average of twenty spectra 
was recorded in the range of 900-2500 nm to improve 
the signal to noise ratio, resolution of 1 cm-1. The Raman 
spectra were recorded using a confocal Raman microscope 
(Witec Alpha 300R), using a 532 nm laser (power was set to 
0.2 mW cm-2) and a 100× objective. Electronic spectra were 
obtained using an Ocean Optics spectrophotometer (Model 
USB 2000), equipped with a tungsten-halogen lamp (UV-Vis, 
350-720 nm) connected to a fiber-optic probe operating in 
diffuse reflectance mode. From the electronic spectra, the 
energy band gap (EBG) was calculated by Tauc method; 
the spectra were converted using reflection R in absorption 

coefficient with Kubelka-Munk equation ( � �
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Graphs were plotted in (f(R) × hν)n as a function of 
energy (hν) and EBG calculated by linear regression.18

The electronic paramagnetic resonance (EPR) were 
obtained with a Bruker equipment, model EMX operating 
frequency of ca. 9.5 GHz (X-band) with frequency modulation 
of 100 kHz, amplitude modulation of 8 kG and microwave 
power of 20 MW. Magnetic properties were measured with 
a vibrating sample magnetometer (VSM), with maximum 
applied field of 20 kOe. In both cases (EPR and VSM), 
powder samples were placed in capillary tubes parallel to 
the field, and the measurements were performed at 300 K.

In vitro, cytotoxic effects were evaluated using 
erythrocytes from healthy volunteers. Blood samples 
were collected in heparin, centrifuged, and the plasma 
and leukocytes removed by aspiration. The erythrocytes 
were then suspended in 10 mM sodium phosphate buffer 
(pH = 7.4) and incubated with 1, 5, and 10 mg of MIO 
for 4 and 24 hours at 37 °C in a shaker. Subsequently, 
the suspensions were centrifuged, and the amount of 
hemoglobin released into the supernatant due to hemolysis 
was determined spectrophotometrically. The measurements 
were carried out at 540 nm in a Max 190 Molecular Devices 
Spectra UV-Vis spectrophotometer.

Results and Discussion

The novel synthetic route to create mesoporous iron 
oxides (in this text, referred to as magnetic iron oxides, 
MIOs) resulted from a combination of citrus pectin and 
transition metal ions nitrates followed by a gelation 
process (80 °C) and subsequent calcination (600 °C). The 
homogeneous gel associated with its high organic and 
energy content favored the formation of porous oxides, 
but without extensive nanoparticles sintering. Thus, the 
products were obtained as finely divided powders, without 
needing further processing in a mortar or mill, after the 
calcination in the muffle furnace. Similar methods of 
preparation are found in the literature.19 However, they 
involve a greater number of reagents (i.e., oxidizing or 
reducing agents, binders, organic solvents, polymerizing 
agents) and require special handling conditions (i.e., 
controlled atmosphere and humidity) or a greater number 
of steps (i.e., mixing, heating, volume reduction, grinding, 
sieving).23-25 This pectin-induced method is a much simpler 
and inexpensive alternative, which adds value to the organic 
residues from the fruit pulp industry.

Structural and thermal properties

The powder XRD patterns shown in Figure 1 
shows typical characteristics of crystallographic phases 
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corresponding to iron oxides. Fe-MIO (Figure 1a) was 
indexed as a mixture of phases according to ICDD 
cards to hematite (PDF 00-033-0664) and magnetite 
(PDF 01-071-6336). The hematite is characterized by 
two reflection peaks at 2θ 24° (012) and 33° (104) in 
a rhombo.H.axes unit cell with the lattice parameters 
a = 5.0356 Å (167), c = 13.7489 Å pointing to R-3c space 
group. On the other hand, magnetite is characterized by a 
reflection at 2θ 36° (311) in a cubic unit cell with the lattice 
parameters a = 8.3778 Å (227) of the Fd-3m space group. 
From the characteristic peaks, it was estimated a mass ratio 
hematite:magnetite of 14:1, which is sufficient to explain 
the magnetic behavior of the Fe-MIO.

The Fe0.8Co0.2-MIO (Figure 1b) was identified and 
indexed as cobalt ferrite (PDF card No. 01-070-8729) in 

a cubic unit cell with the lattice parameters a = 8.4030 Å 
(227) of the Fd-3m space group. The Fe0.8Ni0.2-MIO 
(Figure 1c) was identified and indexed as nickel ferrite 
(PDF card No. 01-070-8730) in a cubic unit cell with the 
lattice parameters a = 8.3420 Å (227) also of the Fd-3m 
space group. For the two ferrites (cobalt and nickel) prevail 
intense peaks at 2θ 35.4° (311), 30° (220); while the peaks at 
57° (511) and 62.5° (440) are more intense than for Fe-MIO. 
From indexing the phases, it is possible to identify the degree 
of crystallinity and mean coherence length (MCL) by the 
Scherrer equation and full-width at half-maximum (FWHM) 
parameters.25 The Fe-MIO has higher crystallinity (84%) 
followed by cobalt ferrite (21 nm) whereas nickel ferrites 
(16 nm) exhibited the lowest MCL and degree of crystallinity 
(77%). The degrees of crystallinity for the MIO’s decreased 
when a second metal ion was added as expected for the higher 
complexity and the longer time for the components to diffuse 
and crystallize. This difference in crystallinity also can be 
associated with the formation of smaller crystallites during 
the inhomogeneous calcination process.26

The energy supplied by combustion of pectin during 
MIO preparation was estimated in 42 MJ kg-1 by integration 
of the exothermic peaks in the differential DTA curve (gray 
area in Figure 2a).

The three MIOs have similar thermal behavior 
(Figure 2b) as characterized by three distinct events 
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Figure 1. Powder XRD patterns for (a) Fe-MIO containing the α-Fe2O3 
(hematite) as the major phase. The dominant phases for the (b) cobalt and 
(c) nickel ferrites are marked.
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Figure 2. Thermal behavior of (a) pectin gel used as a reference for 
determination of combustion energy (fuel) and (b) MIOs show similar 
behavior for both, dehydration and loss of the residual organic material. All 
thermal curves were performed in a dynamic air atmosphere at 10 °C min-1.

(a)

(b)

(c)

10 20 30 40 50 60 70

0

3k

5k

0

3k

5k

0

3k

5k

2 / degrees�

C
o
u
n
ts

 /
 a

.u
.

PDF-01-071-6336 - Magnetite

PDF-00-033-0664 - Hematite

PDF-01-079-1744 - (CoFe )O2 4

PDF-01-0708730 - (NiFe )O2 4

100 300 500 700

0

25

50

75

100

(a)

(b)

Fe

FeCo

FeNi

50 300 550 800 1050

94

96

98

100

Temperature / °C

-400

-250

-100

50

++
-520 V s mg� -1

ENDO

ENDO

-60

-40

-20

0

D
T
A

/
V

�
D

T
A

/
V

�

Temperature / °C

M
a

s
s
 l
o

s
s
 /

 %
M

a
s
s
 l
o

s
s
 /

 %



Facile Synthesis Strategy to Create Mesoporous Magnetic Iron Oxides Using Pectin-Based Precursors J. Braz. Chem. Soc.1260

(mass loss), associated with exothermic processes or phase 
transitions (DTA), and a total weight loss ranging from 2.8 
to 5.8%, depending on the transition metal ion.

The first event was attributed to dehydration, with 
the mass variation calculated from the initial (30 °C) and 
final (300 °C) temperatures (Toffset = 150 °C). The second 
event (Toffset = 400 °C) was due to thermal decomposition 
or combustion of residual organic material; the third event 
(Toffset = 915 °C) was typical of a phase transition. The 
Fe-MIO showed the lowest amount of residual organic 
material (1%), reinforcing the conclusions drawn from 
the respective XRD, which indicated a higher degree of 
crystallinity. The cobalt and nickel ferrites were found 
to contain only about 2% organic impurities, wich may 
be responsible for lowering the degree of crystallinity. 
Noteworthy was the absence of thermal events (DTA curve) 
that can be associated with a mixture of phases.

Textural and morphological properties

The MIO’s surface area was analyzed by nitrogen 
physisorption. The results of BET curves are consistent with 
type-IV adsorption and desorption hysteresis in the 0 to 
1 torr range, typical of mesoporous materials (Figure 3a). 
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Figure 3. (a) BET-surface-area analysis showing the typical profiles of mesoporous materials. SEM images of (b) Fe-MIO; (c) FeCo-MIO and (d) FeNi-MIO.

The pore sizes were calculated using the BJH method with 
distribution in the 7 to 30 nm. Surface area measurements 
by BET can be used to estimate the relative humidity and 
also to understand the porous nature.26 Fe-MIO was found 
to have a higher pore size (15.1 nm) and smaller relative 
humidity (1.06%) than other ferrites. For cobalt ferrite, 
pore size was estimated to be 12.9 nm involving 1.6% 
relative humidity, whereas the pore size of nickel ferrite was 
estimated to be 9.1 nm and 3.2% relative humidity. Those 
pore size values are larger than for zeolites and silicates 
used in heterogeneous catalysis,26 but analogous to that 
found in silica gel,27 as shown in Figure 3a.

The size and shape of the particles or agglomerates 
can lead to different properties of each material,28 as in 
the case of MIO which morphology and particle size are 
different. SEM image of the Fe-MIO (Figure 3b) shows 
agglomerates in the form of typical ellipsoids of α-Fe2O3 
phase, with particle sizes ranging from 30 to 100 nm. These 
characteristics are similar to those reported in the scientific 
literature for nanosized mesoporous materials containing 
iron oxide.28 SEM image of the FeCo-MIO (Figure 3c) 
shows agglomerates of 60 to 200 nm and particles smaller 
than 20 nm, formed by the phase identified by XRD as 
being cobalt ferrite (Figure 1b). From SEM images of the 
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FeNi-MIO (Figure 3d), the particles have polyhedral shapes 
and a particle size between 10 and 100 nm. In general, the 
MIO’s obtained with average sizes lower than 50 nm, can 
be classified as nanomaterials or as nanometric materials.

Spectroscopic behavior

Electronic and vibrational spectroscopies are relevant 
to the phenomena involved in atomic and molecular 
interactions as well as in charge transfer processes. The 
Fe-MIO and ferrites spectra in the NIR region showed a 
characteristic low-intensity band at 1950 nm (5130 cm-1), 
attributed to water O–H bond stretching mode (Figure 4a).29 
Also of significance is the absence of sharp bands that are 
characteristic of C–C and C−H bonds in the 1000-1700 cm-1 
range and eventual M−C and M−N bonds in the region 
below 1000 cm-1, suggesting that only little amounts of 
organic material are left over in the ceramic materials after 
calcination at 600 °C.30

In fact, the Fe-MIO Raman spectrum is similar to that 
of a material with predominant hematite phase (D6) with 
seven well-defined active phonons: two A1g modes (225 and 
500 cm-1) and five Eg modes (a shoulder at 248 cm-1, two 
overlapping bands at 293 and 299 cm-1, and two bands at 
410 and 611 cm-1). There was still a low-intensity band at 
1320 cm-1 attributed to the formation of a magnon due to 
the presence of nearby antiparallel spins in hematite. The 
additional broad, low-intensity bands at 670 and 512 cm-1 
have been assigned to magnetite (present in small amounts) 
phonons with A1g and F2g

 symmetry, respectively.29,31

The Raman spectra of ferrites FeCo-MIO and 
FeNi-MIO were very similar and showed five active 
phonons around 200 and 300 cm-1, assignable to the T (F2g) 
and v2 (Eg) modes, respectively. They also had further 
vibrational modes at 475, 600, and 700 cm-1 assigned to 
v4 (F2g), v3 (F2g), and v1 (A1g) modes, respectively.32 The 
iron ferrites showed a magnon band at 1350 cm-1, associated 
with the collective spin movement.33 All active vibrational 

Figure 4. Spectra of (a) NIR with absorbance between 0 < abs < 1; (b) Raman obtained with a blue laser (473 nm); (c) the UV-Vis absorbance mode, and 
(d), (e) and (f) direct optical-gap calculations using the TAUC method.
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modes of the binary oxides were characteristic of crystalline 
materials belonging to the cubic group.34

Figure 4c shows the UV-Vis spectrum of MIOs. The 
absorption spectrum of Fe-MIO (Figure 4c, circle line) 
shows two bands at 550 and 660 nm, typical of α-Fe2O3. 
The transition type 6A1 d-d > 4T2 (4G) occurred between 
400 and 600 nm, and is consistent with the first band 
centered at 550 nm. The ligand-to-metal transition and the 
pair resulting from the interaction between the two metal 
centers (Fe-Co or Fe-Ni) occurred in the region between 
600 and 750 nm, attributed to 6A1 > 4T2 (4G), as observed 
at 660 nm. The small amount of magnetite identified by 
XRD was not enough to change the hematite electronic 
spectrum significantly.

The d-d transitions allow calculating the band-gap 
energy in the UV-Vis absorption spectrum for hematite 
and magnetite. Thus, mathematical tools must assist the 
interpretation of data. For instance, the Tauc method can 
be used to determine the energy of the band gap transitions 
(photoelectric energy) (Figures 4d, 4e, 4f).35 Typically EBG 
values of pure hematite are found in the 2.14 to 2.22 eV 
range (580-558 nm), but for mixed phase materials, the 
value might be lower.36 In fact, the EBG for the hematite-rich 
sample with 6.7% of magnetite, as determined by XRD 
analysis, was found to be 1.83 eV, as shown in Figure 4d. 
The similar tendency was observed for the nickel-ferrite 
spectrum (Figure 4f) that exhibited two absorption bands 
at 550 and 650 nm, and the respective EBG was evaluated as 
1.59 eV. Cobalt ferrite (Figure 4e) showed a band at 715 nm 
(1.73 eV) indicating a higher effect of Co2+ than Ni2+ in 
decreasing the band-gap energy, probably due to an inverse 
spinel structure where Co3+ ions can occupy tetrahedral 
sites. In fact, the EBG value of 1.73 eV is in agreement with 

the value reported in the literature (EBG = 1.70 eV) for the 
4A2 to 4T1 (P) transition, typical of Co3+ ions in tetrahedral 
sites, thus reinforcing that hypothesis.35

Magnetic properties

The isothermal behavior of the magnetization under 
applied magnetic field was determined from VSM 
measurements at room temperature and 20 kOe range. 
Figure 5a shows magnetic hysteresis loops in the plot of 
magnetization as a function of the applied field. Parameters 
such as saturation magnetization Ms (maximum magnetization 
value), remanent magnetization Mr (magnetization at zero 
field), coercivity Hc (necessary magnetic field to reduce the 
magnetization to zero), and quadrature rate (Ms/Mr), were 
determined from the magnetic hysteresis curve. All those 
parameters indicated that the Fe-MIO has small remanent 
magnetization, characteristic of soft magnetic materials.

The Fe-MIO exhibited low coercivity (40 Oe) 
and low saturation magnetization, characteristic of 
non pure hematite (10 emu g-1).37 On the other hand; 
FeCo-MIO showed higher coercivity (93 Oe) and saturation 
magnetization (50 emu g-1), but lower than that found 
for FeNi-MIO (400 Oe and 60 emu g-1, respectively). 
The saturation magnetization is intrinsically dependent 
on the type of material, the average number of magnetic 
domains per grain and thus on crystallites size.38 In the 
case of ferrites, the magnetization is mainly due to the 
spins associated with Fe2+ in octahedral sites whose 
magnetic moment is not canceled out by coupling with 
Fe3+ spins in tetrahedral sites. Hematite has a low saturation 
magnetization as compared with cobalt and nickel ferrites 
such that the measured magnetization probably is due to 
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Figure 5. (a) Typical magnetic conduct of soft ferromagnetic materials (Fe-MIO) with small remanent magnetization. The inset shows the maximum 
remaining magnetization; (b) the EPR spectra show the typical resonant conduct of paramagnetic materials; the curve shows symmetry (circles), and the 
G1-G4 points are the inflections used to determine g factor of each oxide.
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the presence of magnetite (6.7%). The Hc of hematite, with 
particle sizes between 0.01 and 20 μm, was 30 to 400 Oe, 
but can decrease to 2.5 Oe in mixed ferrites presenting a 
typical antiferromagnetic hysteresis loop.39

The magnetization curve of Fe-MIO resembles that 
of superparamagnetic materials at room temperature, 
as expected for α-Fe2O3 nanoparticles and magnetite 
nanoparticles.40 In this case, the magnetic dipoles of 
magnetite would not influence the orientation of hematite 
spins in the crystalline network.41 Table 1 summarizes the 
structural, morphological and magnetic properties of iron 
oxide and ferrites.

Magnetic properties can be calculated from the 
respective EPR spectrum shown in Figure 5b. It features a 
pattern of two lines at room temperature (300 K), and the 
Fe-MIO (Figure 5b, circle) shows a paramagnetic profile.42 
For α-Fe2O3 (Figure 5b, G1) is expected to exhibit a strong 
resonance band (ΔH = 1800 G), indicating magnetic 
anisotropy as well as geffective factor of 2.10. This parameter, 
determined from hv/bH, evidences a strong interaction 
between Fe3+ ions in Fe2O3, as its g factor was equivalent 
to that of a free electron. For all the spectra, the extension 
of the bands indicated greater magnetic anisotropy (Ma), 
following the trend Fe-MIO < FeNi-MIO < FeCo-MIO, in 
agreement with the values from the VSM data (Table 1).

The g factor of approximately 2.1 also indicated that 
M2+ was substituted in the ferrites (MO·Fe2O3), as shown 
in the EPR spectrum of ferrites (Figure 5b, square and 
triangle lines). The iron oxides characteristic spectra 
consist of a single line with a width ranging from 700 
to 6000 G and a g factor with values between 2.00 and 
10.00, depending on the composition of the sample. The 
presence of spin coupled Fe2+ and Fe3+ ions in octahedral 
sites (ferromagnetic phase) is readily identified in the 
X-ray diffraction pattern, but cannot be distinguished in 
the EPR spectrum at room temperature, maybe due to the 
relatively small crystal field splitting and superimposition 
of the energy levels or experimental resolution reflecting on 
signal broadening generating an envelope extending over 
the spin rotation network. Both events would preclude the 
observation of the Fe2+ resonance frequency, whose peak 
should appear at lower temperatures. Fe3+ is an ion with 

3d5 configuration giving an effective spin of 5/2 or 1/2 
depending on the ligand field.

The low field ground state (6S5/2) with no orbital angular 
momentum and spin degeneracy of six times should result 
in extremely low spin interactions in the crystal field, and 
the g values are very close to those expected for the free 
electron spin.43,44 The band broadening and shifting of the 
g factor can be assigned to the higher anisotropy of the 
material. The same happened for ferrites samples since the 
samples that showed fewer crystalline phases were those 
with larger anisotropies in their EPR spectra.

Analysis of cytotoxicity

Finally, toxicity tests are necessary when evaluating 
new materials or compounds that can be applied in many 
technological fields such as pigments, catalysts, and carriers 
of medical drugs.12 In applications such as these, the use 
of nontoxic materials is generally of supreme importance. 
Thus, an hemolysis assay was performed to give a 
preliminary indication of their cytotoxicity, and the results 
are shown in Figure 6. According to the data, none of the 

Table 1. Structural (XRD), magnetic (VSM) and morphological (BET and SEM) parameters of magnetic iron oxides (MIO)

MIO sample
XRD VSM

ΔHc / Oe
BET

Pore size / nm
SEM

Particle size / nmSpace group Crystallite size / nm Cristallinity / %

Fe Fd-3m (227) 41.0 84.1 40 15.1 65

FeCo R-3m (166) 21.0 77.0 93 12.9 90 or 10

FeNi Fd-3m (227) 16.3 76.3 400 9.1 18
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Figure 6. Cytotoxicity analysis of MIOs in which the maximum value 
recommended for nontoxic samples is an absorbance of 1.0 a.u.
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oxides reached the recommended limits in arbitrary units 
(1.0 a.u.). This analysis pointed to potential applications 
as carriers of drugs, as contrast materials for magnetic 
resonance measurements, and as miscible ferrofluids in 
both aqueous and nonpolar media.42

Conclusions

The method involved two steps (gelation and calcination) 
and proved feasible in preparing magnetic iron oxides with 
intrinsic properties determined by the nature of the transition 
metal ions involved (Fe2+, Fe3+, Co2+, Co3+, Ni2+, etc.). SEM 
images and BET analysis show the formation of mesoporous 
materials with nanometric dimensions obtained by a singular 
synthesis route. The low magnetic properties of Fe-MIO is 
consistent with the fact that is largely constituted by hematite 
with less than 10% of magnetite. The difference between the 
magnetic properties and the degree of toxicity within the 
recommended limits put the MIOs a potential candidates 
for development of materials for application in the medical 
area as fluid or iron for image contrast.
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