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Magnesium Doped Hercynite: Preparation and Formation Mechanism
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We investigated the formation mechanism of magnesium doped hercynite during reaction sintering process at 1400 °C. A
two-step synthesis procedure based on combining of spinel and ferrous chloride was considered here. Firstly, magnesium
aluminate spinel was prepared by sol-gel method, using Al and Mg chlorides as raw materials. Then, the powder particles
were dispersed in an aqueous solution of ferrous chloride in 1.5:1 molar ratio and the solution was stirred at 60 °C. After
solvents removal, the thermal properties of a sample of the dried specimens were studied, using simultaneous thermal
analysis (STA) method. Afterwards, the specimens were calcined at 400, 800, 1100 and 1400 °C for 1, 3 and 6 hrs, under
air atmosphere. X-ray diffraction (XRD) analysis, field emission scanning electron microscope (FESEM) and X-ray
fluorescence spectroscopy (XRF) were used for characterization of the specimens. Study of the obtained results leads us
to conclude that hercynite was formed thorough a diffusion-based mechanism, when heated to high enough temperatures.
After heating for a prolonged period (6 hrs.) at 1400 °C, hercynite decomposes into its constituent oxides and also a new
crystal phase appears. This new phase was identified as FeAlOs. The modified Scherrer, Williamson-Hall and Rietveld
methods are also used to estimate the crystallite size of the as-synthesized magnesium doped hercynite.
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1. INTRODUCTION

Hercynite (FeAl,Os) is a mixed oxide compound with
normal spinel structure. The normal spinel structure is
known with its general formula AB2O4 and huge unit cell
that includes eight face centered cubic (FCC) units where A
and B are 2 and 3 valence cations respectively and O is
oxygen. The 3 valence cation occupies octahedral sites and
the 2 valence one sits in tetrahedral sites while oxygen
occupies FCC sites. In this structure one eighth of
tetrahedral sites are occupied by Fe?* and half of octahedral
sites are occupied by AI®* cations [1, 2]. The most common
method of preparing hercynite is heating of initial oxide
mixture (Fe;O3 & Al,O3) at high temperatures (> 1300 °C)
for extended period (16 hrs) in oxygen partial pressure-
controlled atmosphere [3]. Hercynite can be used in various
applications such as chrome free magnesia refractory bricks
for cement rotary kilns (magnesia-hercynite bricks) [4],
ceramic bounding in MgO-CaZrOs refractories [5] and
ceramic pigments [6]. Besides, it has attracted extensive
interests due to its potential application as a magnetic
material [7]. The major drawbacks of producing of hercynite
are the need of high temperature, entailed by the necessity
of controlled atmosphere [1-7].

Botta et al. reported synthesis of hercynite from
mechano-chemical activated method under an atmosphere
of argon, using aluminum and magnetite as starting
materials [3]. Chen et al. applied nitrogen gas flow in
synthesis of hercynite by the reaction sintering method,
using industrial alumina, mill scale (FeO + Fe;O3) and
carbon black as raw materials. They found that only the
sample heated at temperatures as high as 1550 °C, could
produce high purity and well crystallized hercynite [4].
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Dutta and Sharma synthesized hercynite by heating of
corresponding iron and aluminum acetylacetonate
complexes [7]. Jastrzebska et al. prepared FeAloOs-
MgAI.0; solid solution, using APS method. The product of
their work was a compound of spinel with chemical formula
as F62+o,599|\/|go,301A|1,941Fe3+o,05904 [8]. Sako et al.
investigated magnesium aluminate (MA) spinel formation
mechanism. They found that Kirkendall effect plays an
important role during the in-situ formation of spinel [9].
Jastrzgbska et al. [10] also suggested a mechanism for
decomposition of hercynite into FeAl,04.Fe304, FesO4 and
v -Al;0s3, during heating at 1000 °C for 24 hrs.

Recently, Otroj [11] found that calcined alumina +
hematite + MgO could form hercynite, using a reaction
sintering process at temperature over 1450 °C under air
atmosphere. Also, Baghaei et al. prepared hercynite by co-
precipitation method, using AlCls-6H,0, FeCl,-4H,0O and
MgCl; as raw materials [12]. They investigated the effects
of addition of MgO on the formed hercynite. They reported
that more addition of MgCl leads to the higher formation
of hercynite, due to the increasing the amount of formation
of spinel structure. In this article, along the line of our
previous works [11, 12], a different wet mixing and blending
was carried out before the reaction sintering of hercynite,
using a solution of ferrous chloride and powder of MA
spinel. Because crystal structure of hercynite is similar to
that of MA spinel, therefore the similarity in their XRD
patterns makes distinguishing them very difficult. So, we
calculated the lattice parameter of specimen by using the
Reitveld method, to ensure that hercynite is formed. To
gather information about the mechanism of forming of
magnesium doped hercynite, the effects of time and
temperature of the reaction sintering were also studied.



2. EXPERIMENTAL

A two-step synthesis procedure based on combining of
spinel and ferrous chloride was considered here. Firstly,
MgAl,O, spinel was prepared by sol-gel method, using
aluminum chloride (purity: > 98 %, Merck, Germany) and
magnesium chloride (purity: > 99 %, Kimia Mavad, Iran) as
raw materials. The aqueous reaction mixture contains
stoichiometric amounts of aluminum and magnesium
chlorides, was stirred at 60 °C for 1 hr. The mixture was
placed in a drying oven for 24 hrs at 110°C and
subsequently, the resulting yellow substance was calcined
for 6 hours at 600 °C. After milling the synthesized spinel
powder in an alumina mill for 2h, the phase composition of
the samples was investigated, using XRD method
(Asenware AW-XDM300, Cuy,, China).

In the next step, the synthesized powder was dispersed
in an aqueous solution of iron (1) chloride tetrahydrate
(purity: > 99 %, Merck, Germany) in 1.5:1 molar ratio and
the solution was stirred at 60 °C, using a magnetic stirrer.
The stirring was continued until all the water of solution was
evaporated. After solvents removal, the thermal properties
of a sample of the dried specimens were studied, using
simultaneous thermal analysis (STA) method. The data
obtained were used for the selection of the most appropriate
thermal regimes of calcination. Afterwards, the dried
specimens (the mixture of spinel and iron chloride) were
calcined, at 400, 800, 1100 and 1400 °C for 1, 3 and 6 hrs,
to study the effects of temperature and heating time on the
formation of hercynite. Besides, FTIR spectroscopy
(Hartman & Braun MB-series 100, Canada) was carried out
on the specimens, before and after the heating process.

The microstructure of the fired specimens was also
investigated by FESEM (MIRA3 TESCAN, Czech),
equipped with energy dispersive X-ray spectroscopy.
Furthermore, the chemical compositions, determined by X-
ray fluorescence spectroscopy (XRF) (PW2404, PHILIPS).
Finally, the phase compositions of the fired specimens were
identified by XRD, using Cuk, radiation with a step size of
0.02°. The crystallite size of the synthesized hercynite was
also calculated, using different XRD-based methods. For
this purpose, Rietveld, Williamson-Hall and modified
Scherrer methods were applied, using XRD patterns [13].

3. RESULTS AND DISCUSSION

Fig. 1 shows the X-ray diffraction (XRD) pattern of as-
synthesized MA spinel.
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Fig. 1. XRD pattern of as-synthesized magnesium aluminate
spinel

As can be seen from this pattern, a pure MA spinel
phase is synthesized. XRD patterns with broad background
are normally found in powders where synthesized from
precipitation method [14]. Thus crystalline phases are
mixed with amorphous solid within the as-precipitated MA
spinel sample.

FTIR spectroscopies of the mixture of spinel and iron
chloride, before and after the calcination process are shown
in Fig. 2. Before calcination, strong absorption bands in
region 38003200 cm™ and 17001600 cm™ are resulted
from hydration of iron chloride stretching and bending
motions of H-O-H bands, respectively. Besides, the broad
band centered at 3400 cm™ is related to hydroxyl groups
[15]. Moreover, absorption band in range 900—430 cm
may be due to Al-O stretching motions [16]. After heating
the specimen at 400 °C for 3 hrs, the intensity of hydroxyl
peaks decreases but there are still short absorption peaks,
which indicates small amounts of persisted hydrates in the
specimen (Fig.2). The result of EDX chemical
spectroscopy analyzing of this sample is indicated that the
chlorine of the sample at was removed, when it was heated
at 800 °C for 3 hrs.
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Fig. 2. FTIR spectroscopy spectra of the specimen (the mixture of
spinel and iron chloride) before and after the heating at
400 °C for 3 hrs

Simultaneous thermal analysis and thermo-gravimetery
analysis of this sample are also measured and the results are
shown in Fig. 3.
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Fig. 3. Simultaneous STA/TG thermal curves of the mixture of
spinel and iron chloride

Fig. 4 show the XRD patterns of the specimens calcined
at various temperatures for 3 hrs. The peaks of hematite and
spinel phases remain unchanged in the spectra of specimens
until 1100 °C. With increasing the temperature until



1100 °C, the existing phases in the sample are remained
unchanged, as the results of EDX chemical analysis was
confirmed. Comparing Fig. 4 b and a as well as d and c, one
can conclude that present phases do not change, when the
time of heating prolonged from 3 to 6 hrs. In contrast, it was
found that increasing temperature of calcination leads to
some changes in the XRD patterns and so it was concluded
that increasing the calcination temperature would favor
formation of hercynite. When the calcination temperature is
increased and reached to 1100 °C, corundum peaks appear
in the XRD pattern and intensity of hematite peaks decrease
(Fig. 4 c). As spinel heated up to 1100 °C, the aluminum
diffuses out of its structure, as the only source of aluminum
atoms, and forms corundum phase [17]. Besides, quantities
of phases of the specimens calcined at 800 to 1100 °C were
calculated from the XRD patterns, using Rietveld method
(MAUD software). The results show that the amount of
spinel does not change while the values of Hematite reduces
during higher temperature calcination of the specimen. So,
one can conclude that iron cations diffused from hematite
into spinel structure [10, 18].
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Fig. 4. XRD patterns of the specimens calcined at 800 °C for
3 hrs (a) and 6 hrs (b) as well as that of the specimens
calcined at 1100 °C for 3 hrs (c) and 6 hrs (d)

There were also not observed a detectable change in the
XRD measurement, when the sintering temperature is raised
to 1300 °C. Fig.5 compares the XRD patterns of the
specimens calcined at 1400 °C for 1, 3 and 6 hrs. There are
not any peaks of MA spinel and corundum phases and the
peaks of hercynite are clearly visible in the XRD spectra of
the sample calcined for 1 hr (Fig. 5 a). The composition of
this specimen is shown in Table 1.

Table 1. The chemical composition of hercynite powder, wt.%

Al,03
43.97

Fe203
37.01

SiO2
2.06

CaO
0.93

Na20
0.05

MgO
15.84

Besides, there are slight peaks of hematite along with
hercynite, indicating that some hematite remained during
the reaction sintering period. The data would seem to
suggest that the mixing of the starting materials in the
solution state leads to formation of a rather homogeneous
mixture and thus, it could be expected that a lower
processing temperature. This could be due to superior
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reaction between raw materials, because of their higher
contact surface area between the components, than that of
the custom mixing method.
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Fig. 5. XRD patterns of the specimens calcined at 1400 °C for
1hr (a), 3 hrs (b) and 6 hrs (c)

On the other hand, when comparing the XRD patterns
of Fig. 5, the peak intensity of hercynite decrease and a new
phase appears. Annealing of hercynite for a long time at a
high temperature in air leads to alteration of its phase
composition [10]. In conjunction with the mentioned
decomposition, a crystal phase appears, indicating a phase
change. The chemical formula of this new phase was
identified as FeAlOs.

The intensity of (042) plane of FeAlOs in the XRD
patterns of sintered hercynite for various time was used as a
direct indicator of kinetic of formation of FeAlOs at 1400
°C. In this respect, after sintering the ratios of the peak
intensities of FeAlOs; and hercynite in the XRD patterns
(loa2)renioad | 311)Hercynite) Were extracted from XRD patterns of
Fig. 5. These values of sintered samples vs. sintering
duration at 1400 °C, are presented in Fig. 6.
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Fig. 6. The relative intensity of (042) plane of FeAlOs (two
teta=53.86°) on (311) plan of hercynite (two
teta = 36.63°) in XRD patterns of synthesized specimens
after sintering at 1400 °C at various times

From these results, it seems most likely that formation
of FeAlOs is most probably the result of decomposition of
hercynite and it seems a time dependent mechanism. It also
could be explained by thermodynamic evaluation. FeAlO3
can be formed from aluminum and iron oxides as shown in
the following reaction:

Al>,O3(s) + Feo03 (s) = FeAlOs (5). Q)



Because AG =— 71086 + 11.89T, when the temperature
increased, AG < 0, and so Fe;03 reacts with Al,O3, forming
FeAlO; [18]. Consequently, under increasing time and/or
temperature, the FeAlOs; spinel content increased (see
Fig. 6). Hematite and corundum have the same crystalline
structure, which favors the formation of solid solutions
between the two end members [18]. A recent review of the
literature on the issue associated with the temperature range
of stability of ternary Al-Fe-O system [20] showed that the
AlFeQO3 oxide could be stable together with two corundum
phases and the spinel phase in the rang 800-—1495 °C.
Majzlan et al suggested that, although all optimized FeAlO3
structures are higher in energy than a mechanical mixture of
hematite and corundum, but the slow diffusion of ions
through the structure prohibits the structure to achieve any
lower-energy, ordered state, even at 1500 °K and at low
temperatures, when the driving force for ordering might
increase [17]. Meanwhile, MgAl,O4 can be formed from
aluminum and magnesium oxides as shown in the following
reaction [21]:

Al203(s) + MgO(s) = MgAl20sa (5). (2)

As Tong et al [22] recently reported, because for the
above reaction: AG=-23604-5.91T, and under
increasing temperature: AG <0, thus MgO reacts with
Al20s, forming MgAIl204, and hence the MgAl20a4 spinel
content also increases. Given that Mg-containing spinel has
similar elemental compositions and that their crystal
boundaries can be partly fused together, they are impossible
to distinguish in SEM images, as confirmed by the XRF
results in Table. 1.

The crystallite sizes of the hercynite, which was calcined
at 1400 °C for 1 hr, were also estimated, using different
XRD-based methods. The calculated crystallite sizes were
about 28.1, 57.7 and 84 nm, using modified Scherrer,
Williamson-Hall and Rietveld methods, respectively. This
confirms that the crystalline size of the produced hercynite
solid solution is less than 100 nm.

Further tests carried out with FESEM method
corroborated with our initial findings. Micrographs of
specimens calcined at different temperature and times are
shown in Fig. 7. The micrograph of the sample calcined at
lower temperatures than 1400 °C show spinel and hematite
particles, which have hexagonal and spherical features [12],
respectively (see Fig.74a,b,c,e and f). As the XRD
examinations showed, many ultra-fine rectangular particles
of hercynite were formed (see Fig. 7.d, g and h), when
calcination was carried out at 1400 °C. The micrograph of
Fig. 7 g shows well crystallized grains of hercynite are
formed and connected with each other, indicating that the
nano-crystaline hercynite was synthesized, when the
specimens calcined at 1400°C for 1hr. With
microstructural evaluation of the specimens calcined at
1400 °C for 1 and 6 hrs (in Fig. 7 h and g, respectively), one
can see that, upon prolonged heating at this temperature, not
only the grain size of the formed hercynite is increased, but
also very fine new particles (FeAlQOs) are appeared.

MA spinel crystal structure, as a normal spinel, is made
by a primitive cubic that contains eight FCC unit cells. In
this structure, oxygen anions make FCC units and among 32
octahedral sites, one half of them are occupied by AI**. Also
Mg?* occupies only one eighth of 64 tetrahedral sites [4, 7].
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Fig. 7. FESEM images of calcined specimens for 3 hrs at 400 °C
(a), 800 °C (b), 1100 °C (c), 1400 °C (d), and for 6 hrs at
800 °C (e), 1100 °C (f), 1400 °C (g), and for 1lhr at
1400 °C (h)

There are many tetrahedral sites in spinel crystal lattice
hence entering iron (Il) cations into the tetrahedral sites
makes no changes in magnesium atoms location [4, 7, 10].
So, the hercynite-magnesium solid solution formed, when
aluminum atoms occupied octahedral sites and iron and
magnesium atoms located in tetrahedral sites [4, 7]. The
arguments given above prove that, the following mechanism
could be suggested for formation of the hercynite-based
solid solution: Iron chloride is deposited on the surface of
particles of MA spinel powder, when the solution of iron
chloride was dried. During the calcination of the samples at
400 °C, the structural water of the composition eliminates.
Furthermore, the chlorides remove after heating above



430 °C. The composition of the hematite and spinel phases
does not change in the specimens, which heated to about
800 °C.

At 1100 °C, iron cations diffuse into the MA spinel
crystal lattice and replace aluminum atoms in the octahedral
sites. The released Al atoms exit from their location and
form corundum phase. So, phase composition of the
calcined specimen at 1100 °C consists of spinel, hematite
and corundum. As the temperature increases to 1400 °C,
iron atoms move to the tetrahedral sites in the spinel
structure, where the magnesium cations are existing. So,
aluminum cations can return to the octahedral cation sites of
spinel structure. In this process, MA spinel prepares a
suitable base for iron cations. Diffusion of iron inside the
spinel leads to formation of hercynite-magnesium solid
solution under air atmosphere. As stated in the literature
review, the common synthesis process of hercynite needs a
reduction atmosphere to change iron valence, which leads
to inter reaction between iron oxide and corundum. In
contrast with the stated reduction process, only the direct
diffusion and mentioned replacements of the cations in the
exciting structure of the spinel, makes the formation of
hercynite  possible. However, some experimental
justification (such as Mdssbauer spectroscopy) for such a
theoretical assumption is needed.

4. CONCLUSION

In this study, nano-crystalline hercynite-magnesium
solid solution was synthesized in air atmosphere at 1400 °C,
using magnesium aluminate spinel and iron chloride as
precursors. Hercynite is usually prepared under inert or
reduction atmosphere with partial pressure of oxygen. The
results showed that during reaction sintering of MA spinel,
which was dispersed in iron chloride solution, a magnesium
doped hercynite (or a hercynite-based solid solution) is
formed. Study of the obtained results leads us to conclude
that hercynite was formed thorough a diffusion-based
mechanism, when heated to high enough temperatures.
Moreover, the synthesized hercynite decomposed into
aluminum and iron oxides, when subjected to a prolonged
heating period (6 hr) at 1400 °C. This decomposition could
offer an insight into the formation mechanism of FeAlOs;
from the mentioned oxides. Although this offered
mechanism is not entirely clear to be proposed, however,
this study serves as a beginning for further research. To sum
up, this study serves as a windows to gain an understanding
of benefits of using of wet mixing process in the reaction
sintering synthesis of hercynite, such as a shorter mixing
time and calcination period as well as higher efficiency than
that of common method.
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