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EFFECT OF THE MODIFIER ION ON THE PROPERTIES OF MgFe,04
AND ZnFe,O4 PIGMENTS
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Magnesium and zinc ferrites have been prepared by the polymeric precursor method. The organic material decomposition was stud-
ied by thermogravimetry (TG) and differential thermal analysis (DTA). The variation of crystalline phases and particle morphology
with calcination temperature were investigated using X-ray diffraction (XRD) and scanning electronic microscopy (SEM), respec-
tively. The colors of the ferrites were evaluated using colorimetry. Magnesium ferrite crystallizes above 800°C, presenting a yel-
low-orange color with a reflectance peak at the 600-650 nm range, while zinc ferrite crystallizes at 600°C, with a reflectance peak

between 650—-700 nm, corresponding to the red-brick color.
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Introduction

Mixed oxides with spinel structure have several appli-
cations. They are known as pigments with high ther-
mal chemical stability, thus suitable for coloring
enamels and ceramics [1]. Some spinel type com-
pounds are also excellent refractory [2], magnetic [3]
and catalytic materials [4, 5].

The spinel structure is made up by a face-centered
cubic close-packed oxygen sublattice in which a frac-
tion of the tetrahedral (T) and octahedral (O) sites are
filled [6]. The crystal structure of spinel ferrites can be
formulated in greater detail as (M, ;Fe;)[M;Fe; ;]04.
The parentheses and the square brackets denote cation
sites of fourfold (T) and sixfold [O] oxygen coordina-
tion, respectively [7]. A represents the so-called degree
of inversion (defined either as the fraction of the (T)
sites occupied by Fe’ cations or as the fraction of
the [O] sites occupied by M cations. It is widely appre-
ciated that the cation distribution in spinel ferrites, upon
which many physical and chemical properties depend
[8], is a complex function of processing parameters.

Magnesium ferrite, MgFe,Oy, is a soft magnetic
n-type semiconducting material [9], which finds a
number of applications in heterogeneous catalysis,
adsorption, sensors, and in magnetic technologies.
The structural formula of magnesium ferrite is usually
written as (Mg;_, Fe,)[MgFe, ]04[10].

The structural formula of zinc ferrite is usually
written as (Zn}";Fe;" )(Zn; Fej’; )O; . There are two
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ordered configurations stable at low temperature, the
one with =0 (normal spinel) and the other with 6=1
(inverse spinel) [6].

Different techniques have been reported for the
synthesis of ferrites. The ceramic method [11-13], in
which the components are thoroughly mixed and cal-
cined at high temperatures, is the most common one,
but the high temperatures involved lead to grain
growth. Other methods that have been reported are
high-energy ball milling [11], sol—gel [ 14], co-precip-
itation from salts followed by calcinations at high
temperatures [15-18] and hydrothermal routes
[19-22]. Recently, the liquid mix process (the
so-called polymeric precursor method) has also been
successfully used for the preparation of ferrites [23].
In this process, an intermediate precursor of metallic
salt and iron is formed using citric acid and ethylene
glycol, which, on calcination, breaks down to yield
the ferrite [24].

In the present investigation, we synthesized
magnesium or zinc ferrites by the polymeric precursor
method, in order to evaluate the effect of the divalent
cation (the modifier ion) on the structural, morpho-
logical and optical properties of the ferrites.

Experimental

Ferrites were synthesized by the polymeric precursor
method. More details of the preparation method can be
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found in [25]. The starting materials were citric acid
(Vetec, 99.5% purity), iron nitrate (Vetec, 98.0% pu-
rity) and magnesium carbonate (Aldrich, 99.0% purity)
or zinc acetate (Vetec, >98.0% purity). A stoichio-
metric proportion of 3:1 citric acid:metal molar ratio
was used. For citric acid:ethylene glycol (Vetec,
99.5% purity), a mass proportion of 60:40 was used.

The thermal decomposition of the powder precur-
sors was studied by thermogravimetry and differential
thermal analysis using TA Instruments, SDT-2960.
About 10 mg of the material were weighed in alumina
crucibles and heated at 10°C min" up to 1000°C under
air atmosphere at a flow rate of 50 mL min ™.

After heat treatment between 600 and 1000°C, the
pigment was obtained. The evaluation of the crystal-
line phases and the determination of the lattice parame-
ters were carried out by X-ray diffraction (XRD), using
SiO; as an external standard. The measurements were
obtained using a D-5000-Siemens diffractometer with
CuK,, radiation, at room temperature.

Scanning electronic microscopy (SEM) was
used to characterize the morphology of the pigments
using a 1430-LEO equipment.

The L*, a* and b* color parameters of samples
were measured using the Gretag Macbeth Color-eye
spectrophotometer 2180/2180 UV, in the 360750 nm
range, using the D65 illumination. The CIE-L*a*b*
colorimetric method, recommended by the CIE (Com-
mission Internationale de I’Eclairage) was followed. In
this method, L* is the lightness axis [black (0)
white (100)], b* is the blue (-) yellow (+) axis and a*
is the green (—) red (+) axis [26].

Results and discussion

TG/DTA curves of the MgFe,O, and ZnFe,O, precur-
sors are illustrated in Fig. 1 and Table 1. For the
MgFe,0,4 precursors, two decomposition steps were
observed. The first peak about 100°C, is related to the
loss of water and some gases adsorbed on the surface.
The second peak about 461°C is due to the decomposi-
tion of the organic matter. For ZnFe,O, four decompo-
sition steps were observed, the first peak about 78°C is
also related to the loss of water and some gases ad-
sorbed on the surface and the remaining three peaks
(339, 425 and 489°C) are due to the decomposition of

Table 1 Data taken from TG and DTA curves

Sample Step  Ti/°C T,/°C T/°C  Am/%
1 40 100 (endo) 237 105
MeFe:Os  on 237 46l(exo) 471 538
" 44 78(endo) 158 9.8
2" 158 339(ex0) 373 232
ZnFe0s 3 393 A5(exo) 460 39.2
4 460 489 (exo) 507 2.4
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Fig. 1 TG/DTA curves of the powder precursors calcined at
300°C for 1 h; a— MgFe,O,4 and b — ZnFe,0,

the organic matter. For both precursors, the DTA
curves showed sharp exothermic peaks, due to the
combustion reaction of the organic matter. Consider-
able mass loss corresponds to the combustion of the or-
ganic material, which began at around 221°C for the
magnesium ferrite and at 150°C for the zinc ferrite and
finished below 500°C for both ferrites [24].

XRD patterns are presented in Figs 2a and b, for
MgFe,0,4 and ZnFe,0,, respectively. MgFe,0O, crys-
tallization starts at about 600°C, but a high crystalline
material is only observed above 800°C. On the other
hand, ZnFe,O,4 presents a high crystallinity even a
temperature as low as 600°C. Both materials did not
present intermediate phases. At 1000°C, the peaks are
well defined, as a consequence of the organization of
the material structure.

It may be observed that crystallization does not
depend only on the elimination of the organic mate-
rial. The two ferrites are thermally stable above
500°C, as indicated by TG, but the crystallization pro-
cess is quite different, due to the properties of the
modifiers. In the present case, magnesium leads to
more covalent bonds than zinc. As covalent bonds are
more directional than the ionic bonds, the crystalline
structure presents a higher distortion, being more dif-
ficult to crystallize.
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Fig. 2 XRD patterns of the materials as a function of the heat
treatment temperature; a — MgFe,04 and b — ZnFe,0,

Using XRD results, the crystallite sizes were cal-
culated, as presented in Fig. 3. The organization of the
material is a thermally activated process, as indicated
by the crystallite size increase with temperature. It
may also be observed that the crystallites of zinc fer-
rite are bigger than the ones of magnesium ferrite.
This is also related to the covalent character of mag-
nesium, what makes crystallization more difficult,
leading to smaller crystallites.

The lattice parameter values are presented in
Fig. 4. The theoretical data were obtained in JCPDS
cards 36-0298 and 22-1012 for MgFe,04and ZnFe,O,,
respectively. The small lattice parameter value of
MgFe,O, at 600°C is probably due to the low
crystallinity of this material, with high amount of de-
fects, as indicated by the XRD pattern and FWHM
value. For ZnFe,O,, a high crystallinity is observed at
600°C, leading to a lattice parameter similar to its theo-
retical figure. Both ferrites presented this similarity
at 700 and 800°C, indicating that the materials have al-
ready a high crystallinity. A decrease in the lattice pa-
rameter values is observed at 900°C, for both materi-
als. According to the literature, this behavior may be
related to order—disorder phase transitions or to nor-
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Fig. 3 Crystallite size as a function of the heat treatment
temperature, for 1 — MgFe,O4and 2 — ZnFe,O4 powders
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Fig. 4 Lattice parameter as a function of the heat treatment
temperature, for 1 — MgFe,O4and 2 — ZnFe,O4 powders

mal-inverse spinel transitions, as a consequence of
temperature increase [27-29].

The morphologies of the powders are presented in
Fig. 5. At 1000°C, both materials are highly sintered
with the presence of aggregates, indicated by the neck
formation.

A higher diffusion rate occurs in ZnFe,O4 samples,
indicated by the lower porosity of the aggregate as a
consequence of the particle coalescence process. This
result agrees with the crystallite sizes observed (Fig. 3).

The reflectance curves of the MgFe,O4 and
ZnFe,04 samples in the visible region are presented in
Fig. 6. For MgFe,O,, a continuous increase in
reflectance is observed up to 700 nm, leading to a yel-
low-orange color with a high stability up to 750°C. For
ZnFe,0,4, the maximum reflectance occurs between
650-700 nm, leading to a red-brick color with a high
stability up to 600°C. Both temperatures of stability of
the color are evidenced by evolution of the crystalline
phases indicate on XDR patterns. According to
Sepelak, magnesium ferrite is an intermediate spinel,
with both cations occupying tetrahedral and octahedral
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Table 2 Colorimetric coordinates of ferrites calcined at different temperatures

MgFe204 ZHF6204
Temperature/°C
a* b* L* a* b* L*
600 21.36 31.53 47.67 16.73 18.32 43.36
700 21.62 26.57 44.09 17.17 19.89 42.63
800 23.37 33.16 50.69 15.84 16.32 40.59
900 18.21 19.84 38.39 13.50 12.34 38.56
1000 20.26 26.74 45.19 15.04 11.67 37.34
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401 1000°C
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Fig. 5 SEM of the ferrites heat treated at 1000°C; ~
a— MgFe,O4 and b — ZnFe,0,
101
sites [10]. On the other hand, zinc ferrite, is a normal
spinel, with zinc in tetrahedral and iron in the octahe- ode
dral sites [6]. So, when zinc is used as modifier, Fe** 300 400 500 600 700 800
presents only one coordination (6-fold), with one type Wavelength/nm

of splitting of the d orbitals. When Mg*" is used, two
coordination types are observed for Fe** (6-fold and
4-fold), with two types of splittings. Therefore, more
absorption regions are present in MgFe,O,4, with a
more defined reflectance region. On the other hand,
different synthesis procedures may lead to different
colors due to a change in the degree of inversion.

The colorimetric coordinates (Table 2) vary ac-
cording to the heat treatment temperature and to the
modifier cation. A randomic behavior is observed in
relation to temperature, probably due to crystalliza-
tion associated to phase transitions, changing the
ligand field around the chromophore ion (iron).

In relation to the modifier cation, Mg®" is more
covalent than Zn*" with more directional bonds. The
higher covalence increases the distortion of the unit
cell, leading to the Jahn—Teller effect, with a new split-
ting of the e, and t,, orbitals. As a consequence, new

712

Fig. 6 Reflectance spectra in the visible region of ferrites heat
treated at different temperatures; a — MgFe,0O4 and
b- ZnFezO4

energy levels are created within the band gap, causing
electron transitions with smaller energy and higher
wavelength. Hence, magnesium ferrite presents higher
a* and b* values, with more intense colors.

Conclusions

Magnesium and zinc ferrites were successfully ob-
tained using the polymeric precursor method. In spite
of the lower final temperature of mass loss, observed
in magnesium ferrite, a high crystallinity material is
only observed at around 750°C. For zinc ferrite, a
high crystallinity is already observed at 650°C.

J. Therm. Anal. Cal., 87, 2007
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The higher covalent character of the magne-
sium—oxygen bond leads to a lower long range peri-
odicity, increasing the crystallization temperature. As
a consequence a lower diffusion is observed, with
smaller crystallite size and a less sintered aggregated.

Different colors were obtained according to the
modifier ion and to the calcination temperature. In re-
lation to colors, the deformation of unit cell leads to
the Jahn—Teller effect, increasing the possible elec-
tronic transitions in visible region, forming more
intense colors.
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