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The present short communication reports an original experimental calcination method to synthesize
magnetic materials with high thermal stability such as magnetite (Fe3O4) with typical spinel and atypical
crystal shape, sub-micrometric rounded crystals of ceria (CeO2) and magnetite-ceria composites with
varied shape and size of crystals. Shape and size depending on the nature of mineral precursors (goethite,
siderite or ferrihydrite). Herein, it was demonstrated that cooperative redox reactions and simple vacuum
can be used to synthesize magnetic composite materials by calcination of nanostructured mineral precur-
sors. In this way, bastnäsite mineral (CeCO3F) is a powerful reducing agent to synthesize magnetite from
reductive dehydration of ferric oxyhydroxides.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Synthetic ceria (CeO2) and magnetite (Fe3O4) are crucial oxi-
des in many industrial and/or medical applications related to
their extraordinary chemical properties (acid-base and
oxidation-reduction behavior), thermal stability and oxygen
mobility [1–6]. Both minerals have found their applications in
catalysis (photo-), luminescent materials, fuel cell, free radical
scavenger, gas sensor, cosmetic material, optical additives, pol-
ishing materials, water splitting, ceramic pigments, biomedicine,
magnetic storage media, etc. [1–6]. In general, magnetite or ceria
are independently used; however, recently their association as
magnetite-ceria composites have been also explored in catalytic
reactions, for example, in the degradation of organic molecules
[7], in Fenton reactions [8], in multicomponent redox reactions
[9] and in the dephosphorylation of phosphopeptides [10]. In
this way, the improving of existing methods and/or developing
innovative routes to obtain well-controlled crystal shapes and
sizes remain important challenges in materials science. The pre-
sent short communication reports an original calcination method
to synthesize magnetite, ceria and magnetite-ceria composites
with high thermal stability and probably with relevant catalytic
properties by using dynamic vacuum (�5 � 10�6 mbar) and
bastnäsite (CeCO3F) nanostructured mineral as reducing agents.
In fact, four nanostructured minerals goethite (FeO(OH)), siderite
(FeCO3), ferrihydrite 6-lines and bastnäsite (CeCO3F) were syn-
thesized at low T (<95 �C), methods already published by my
group [11–14]. Then the obtained nanostructured minerals are
used as powdered precursors in order to synthesize magnetite
from reductive dehydration of goethite or from oxidative decar-
bonation of siderite, ceria from oxidative decarbonation of
bastnäsite and magnetite-ceria composites from cooperative
and/or competitive redox reactions. Mineral composition and
crystal shape and size were mainly determined by XRD and
FESEM.
2. Materials and methods

2.1. Synthesis of mineral precursors and nano-magnetite reference

Goethite, siderite, ferrihydrite and bastnäsite minerals were
synthesized by using already published methods [11–14]. In sup-
plementary information, only the overall reaction of synthesis of
precursor and magnetite reference, including a basic characteriza-
tion by XRD and FESEM are provided (Fig. SI-1).
2.2. Synthesis of magnetite, ceria and magnetite-ceria composites

2.2.1. Magnetite from oxidative decarbonation of siderite
2 g of dry siderite placed in an alumina ceramic crucible were

calcinated at 500 �C under secondary vacuum (�5 � 10�6 mbar)
for 5 h by using a quartz tubular reactor. A heating rate of 30 �C/
min was performed in all experiments. At the end of experiment,
the calcinated product were cooled under dynamic vacuum at
room temperature (~19 �C).
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2.2.2. Magnetite from reductive dehydration of goethite
1 g of dry goethite and 1 g of dry bastnäsite placed indepen-

dently in an alumina ceramic crucible (e.i. without solid–solid con-
tact) were calcinated at the same above conditions. In this case, the
bastnäsite transformation into ceria (CeO2) improves the reducing
conditions in the reactor allowing complete goethite transforma-
tion into magnetite.

2.2.3. Ceria from oxidative decarbonation of bastnäsite
2 g of dry bastnäsite placed in an alumina ceramic crucible were

calcinated at the same above conditions.

2.2.4. Synthesis Fe3O4-CeO2 composites
Three different binary mineral-precursor mixtures

(ferrihydrite-bastnäsite, goethite-bastnäsite and siderite-
bastnäsite) were manually prepared by using equivalent weighs
in an agate mortar and mixed by a pestle. Then, 2 g of each mineral
mixture were placed in an alumina ceramic crucible and calcinated
at the same above conditions.

All calcinated solid products were manually recovered and
stored in plastic flasks for subsequent characterization by XRD
and FESEM (see supplementary information).

3. Results and discussion

All main results are summarized in Figs. 1 to 3 concerning par-
ticularly FESEM images and XRD patterns of calcinated products.
Fig. 1. XRD patterns for three magnetite synthesized for three different reaction
Based on this conventional solid characterization for precursors
(Fig. SI-1) and calcinated products, an overall redox reaction for
each investigated scenario is suggested as follows:

3.1. Magnetite formation from goethite

3FeOOH )Fe3O4 + 0.25O2 + 1�5H2O ð1Þ
The formation of magnetite is improved when bastnäsite min-

eral is used as supplementary reducing agent in the reactor (see
Fig. SI-2). In such case, the Ce(III) oxidation to Ce(IV) initially con-
tained in cerium carbonate creates a most reducing atmosphere
into the reactor during calcination process. FESEM images have
revealed two crystals shapes of magnetite, typical spinel shape
and acicular crystals; letter shape was probably inherited from
original goethite shape (Fig. 1).

3.2. Magnetite formation from siderite decarbonation

3FeCO3 + 0.5O2 )Fe3O4 + 3CO2 ð2Þ
The constrained dynamic vacuumwas enough to favor the mag-

netite formation rather than hematite (Fe2O3). Assuming that
water is also present in the system (residual water in vacuum
atmosphere), the following oxidative reaction (3FeCO3 + H2O )
Fe3O4 + 3CO2 + H2) could also contribute to magnetite formation.
Surprisingly, synthesize magnetite have conserved the initial shape
pathways and FESEM images showing shape and size of magnetite crystals.



Fig. 2. XRD patterns for two ceria synthesized under air atmosphere (reference) and under dynamic vacuum and FESEM images showing shape and size of ceria crystals.
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of siderite spherical aggregates as revealed by FESEM, however, the
magnetite micrometric (<3mm) spherical agglomerates constituted
by magnetite nanoparticles are now observed (Fig. 1).

3.3. Ceria formation from bastnäsite decarbonation

2CeCO3F + O2 )2CeO2 + 2CO2 + F2 ð3Þ
This reaction can be auto-enhanced by in situ produced flour

than can react with residual water in the system to form additional
oxidants (e.g. F2 + H2O ) 0.5O2 + 2HF). However, the XRD has also
revealed cerium oxide fluoride (CeOF) that is generally a transient
phase during cera formation from oxidative decarbonation of
bastnäsite (CeCO3F ) CeOF + CO2) with a short lifetime under air
atmosphere as already demonstrated [12]. Finally, FESEM images
have revealed rounded ceria nanoparticles with high agglomera-
tion degree with respect to ceria formed under air atmosphere
(see Fig. 2).

3.4. Magnetite-Ceria composite from ferrihydrite-bastnäsite mixture

3Fe2O3.2(FeO(OH)).nH2O )4Fe3O4 + O2 + (n + 3)H2O ð4aÞ

2CeCO3F + O2 )2CeO2 + 2CO2 + F2 ð4bÞ
A complete transformation of ferrihydrite into magnetite was

particularly possible by means of cerium oxidation contained in
bastnaesite. This means that a cooperative double-redox reaction
exists: Fe3+/Fe2+ and O2�/O2 for magnetite formation and Ce3+/
Ce4+, O2/O2�and F�/F2 for ceria formation. In terms of mineral com-
position, the XRD has revealed magnetite and ceria as major phases
and a minor proportion of cerium oxide fluoride (CeOF) and
sodium fluoride (NaF) were also detected in final products, indicat-
ing an incomplete oxidation of cerium initially contained in
bastnäsite mesocrystals (see XRD patterns in Fig. 3). FESEM images
have revealed homogeneous mixture of micrometer magnetite
crystal (<2mm) with spinel shape and sub-micrometric ceria crys-
tals with rounded shape. Ceria particles adhered onto magnetite
crystals or forming aggregates.

3.5. Magnetite-Ceria composite from goethite-bastnäsite mixture

3FeOOH )Fe3O4 + 0.25O2 + 1�5H2O ð5aÞ

2CeCO3F + O2 )2CeO2 + 2CO2 + F2 ð5bÞ
This cooperative double redox reaction is identical to

ferrihydrite-bastnäsite system, however, different crystal shape
and size and different water content exist between goethite and
ferrihydrite (see Fig. SI-1). As expected, magnetite-ceria composite
was synthesized as revealed from XRD patterns. In this case, sub-
micrometric magnetite crystals with spinel shape are homoge-
neously mixed with nanometric ceria rounded-crystals having
high agglomeration and/or aggregation degree as observed in the
FESEM image (Fig. 3).

3.6. Magnetite-Ceria composite from siderite-bastnäsite mixture

3FeCO3 + 0.5O2 )Fe3O4 + 3CO2 ð6aÞ

2CeCO3F + O2 )2CeO2 + 2CO2 + F2 ð6bÞ
Contrary to two above cooperative redox systems, here, an

oxidative-decarbonation competition exists as illustrated in reac-
tions (6a) and (6b). Despite this competition, the magnetite-ceria
composite was successfully synthesized as revealed by XRD
(Fig. 3). However, a more reducing environment in the reactor was
created because a higher proportion of cerium oxide fluoride (CeOF)



Fig. 3. XRD patterns for three magnetite-ceria composite materials synthesized by calcination of three different mineral-precursor mixtures and FESEM images showing
shape and size of magnetite crystals.
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and also iron oxide (FeO)were detected; bothmineral phases imply-
ing only decarbonation process without oxidation, possible only in
high reducing systems. FESEM images have revealed sub-
micrometric magnetite and ceria crystals with rounded shape and
with high agglomeration degree (see Fig. 3 and Fig. SI-3).

4. Conclusion

Magnetite with typical spinel and atypical crystal shape, sub-
micrometric rounded crystals of ceria and magnetite-ceria com-
posites with varied shape and size of crystals were synthesized
by calcination under dynamic secondary vacuum and using
bastnäsite as complementary solid reducing agent.
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