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e An original method to synthesize ceria nanoparticles (CeO, and CeO,_) from bastnasite.
e New experimental conditions to produce ceria with oxygen vacancies CeO,_x.

e (TGA/DSC) coupled with (LGC/MS) performed to investigate on the ceria formation.

e Specific hydrothermal conditions to which bastnasite can be formed.
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Ceria (Ce0O;) crystalline compound is widely used as a catalyst or catalyst support and many other ap-
plications. However, the studies are continuing with a view to improving existing methods and/or
developing innovative routes to obtain well-controlled shapes and sizes of ceria nanoparticles. In the
present study, we report an original method to synthesize ceria nanoparticles (CeO, and CeO;_x) by
using two independent stages: (1) the precipitation of bastnasite-rich material under hydrothermal
conditions (90 and 300 °C) and (2) the calcination of powdered basnasite-rich material at different
temperatures (500, 1000 and 1600 °C) and under different atmospheres (air, Ar, Ny and secondary
vacuum). In addition, simultaneous thermal analyses (TGA/DSC) coupled with gas chromatography (uGC/
MS) were performed in order to investigate on the ceria formation during bastnasite de-carbonation and
its thermal behavior at high temperature (until 1600 °C) under three different gas atmospheres (air, Ar
and Nj). Herein, ceria was in-situ formed independently on the gas investigated atmosphere. This means
that sufficient oxygen was also available in the so-called inert atmospheres (Ar and N) to oxidize the
Ce(IIl) contained in Ce-carbonates to Ce(IV) constituting ceria cubic structure. Moreover, pGC/MS mea-
surements confirm that in-situ formed ceria CeO; at about 600 °C is then partially reduced to CeO;_x at
high temperature after 1000 °C because an increase in oxygen was clearly detected in expelled gas during
heating process. This fundamental experimental study provides the hydrothermal conditions to which Ce
fluorocarbonates could be formed in natural environments. In addition, new experimental conditions to
produce ceria with oxygen vacancies CeO,_x without reducing gas agent and at lower temperature are
also provided in this study.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Cerium being the most abundant metal among the rare earths, it
is found in a number of minerals such as bastndsite, monazite,
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allanite (or orthite), etc. Among these, bastnasite fluorocarbonate
((Ce, La, Y)COsF) is the most important source of cerium and
probably the most abundant in the nature [1—3]. Fluorocarbonates
can have industrial applications related to their optical and mag-
netic properties, but, these rare minerals are systematically asso-
ciated to other minerals and they systematically contain other
structural rare or major elements that may restrict their utilization
[3,4]. In this way, the synthesis of high-purity flurorocarbonates
with controlled rare element composition, particle size and crystal
morphology represent a significant challenge in materials science.
Moreover, their precipitation under hydrothermal conditions could
provide insights into the mobility of rare-earth elements during
fluid—rock interactions in natural systems [5]. In this context, we
report here specific hydrothermal conditions to which cerium flu-
orocarbonates such as bastnasite (CeCOsF) and Lukechangite
(NazCe(CO3)4F) could be formed in natural environments. We note
that significant light rare earth elements (REE) reserves occur as
fluorocarbonate minerals, mainly bastnasite. However, despite the
importance of these minerals, very little is known about the
physicochemical conditions controlling their formation and
experimental studies relevant to REE fluorocarbonate mineral sta-
bilities are rare [6,7].

On the other hand, the cerium processed from bastnasite and
other natural cerium sources is typically used as ceria (CeO;)
nanoparticles or a wide variety of ceria-based nanomaterials (e.g.
[8,9]). Ceria or cerium oxide exist also as natural mineral (called as
cerianite) that has been identified as a secondary mineral at the
many localities worldwide, including, weathered phonolites and
nepheline syenites, hydrothermal veins, granite pegmatite, alluvial
deposits, alkaline pegmatite, etc. [10], but, this accessory or minor
mineral in host rocks is not directly exploited and used at our
knowledge. Conversely, synthetic cerium oxide (CeO,) having cubic
structure is the most important oxide related to its extraordinary
chemical properties (acid—base and oxidation-reduction behavior),
thermal stability (melting point = 2400 °C) and oxygen mobility
[9,11—13]. It has found its applications in catalysis, luminescent
materials, fuel cell, free radical scavenger, gas sensor, cosmetic
material, optical additives, polishing materials, water splitting,
ceramic pigments, etc. [9,12,14—16]. However, the most important
applications of ceria nanoparticles are as catalyst, catalyst pro-
moters or catalyst supports. For example, control of toxic com-
bustion gas emissions (e.g. in automobile mufflers) via oxidation of
CO and reduction of NOy [9 and references therein]. This is due to
high oxygen mobility allowing reversible reduction-oxidation cy-
clic reactions without disruption of the cubic lattice-structure [17].
Due to numerous applications of ceria, several methods of syn-
thesis have been proposed in the last two decades such as sol—gel
process, aqueous precipitation, electrochemical synthesis, hydro-
thermal and solvothermal synthesis routes, reverse micellar syn-
thesis, microemulsion method, flame spray pyrolysis, sonochemical
method, microwave-assisted method, etc. (e.g. [9,11,12,18]). Several
of above methods require a second independent step by thermal
treatment or so-called calcination (T > 500 °C) in order to obtain
high-purity CeO, material. Studies are continuing with a view to
improving existing methods and/or developing innovative routes to
obtain well-controlled shapes and sizes of ceria nanoparticles.

The purpose of the present study was two-fold. Firstly, syn-
thesize high-purity bastnasite (CeCOsF) using hydrothermal con-
ditions. As above mentioned, bastnasite is the most important
source of cerium, but, very little is known about the physico-
chemical conditions controlling its formation in natural settings
[6,7]. Herein, we provide specific hydrothermal conditions to which
bastnasite can be formed, but, it has coexisted with Petersenite
NayCe,(CO3)s and/or Lukechangite NasCe,(CO3)4F depending on
the temperature, both in minor proportion. Secondly, synthesize

ceria CeOy nanoparticles by direct calcination of synthetic
bastnasite. For this purpose, recovered powdered Ce-carbonate
material was calcined under air or secondary vacuum
(=5 x 10~® mbar) at 500 or 1000 °C in a quartz tubular reactor. As
expected, high-purity ceria CeO, nanoparticles (Sger = 30 m?/g)
were obtained in air atmosphere, while CeO,_x partially reduced
ceria nanoparticles (Sger = 10 m?/g) were obtained under second-
ary vacuum. In complement to this basic investigation, simulta-
neous thermal analysis (TGA/DSC) coupled with gas
chromatography (W GC/MS) were performed in order to investigate
on the ceria formation during bastndsite de-carbonation under
non-isothermal conditions and its thermal behavior at high tem-
perature (until 1600 °C) under three different gas atmospheres (air,
Ar and Np).

2. Materials and methods
2.1. Precipitation of bastnadasite fluorocarbonate CeCO3F

250 ml of high-purity water with electrical resistivity of
18.2 MQ cm, 10 g of NaOH, 12.5 g of CeCl3.7H,0 and 2.1 g of NaF
were placed in a reactor (hastelloy C22 autoclave with internal
volume of 0.6 L). This reactive suspension was immediately stirred
during the reaction by means of a constant mechanical stirring
system (400 rpm). The temperature of the suspension increased
instantaneously to 26 °C due to the exothermic dissolution of NaOH
in the system. At this reference temperature, CO, was immediately
injected in the system at a pressure of 40 bar. The carbonation re-
action started instantaneously as attested by the continuous con-
sumption of CO,, monitored by a pressure drop in the system, and
an increase in temperature during the exothermic carbonation re-
action. After about 5 h of carbonation reaction, a heat-aging step
was performed from room temperature to 300 °C for a further 24 h.
Herein, the total pressure was stabilized to 93 bar at 300 °C. The
same synthesis procedure was also performed at 90 °C.

At the end of the experiment, the autoclave was removed from
the heating system and cooled using continuous flow air. The re-
sidual CO, was degassed from the reactor after air-cooling period,
i.,e. when T < 60 °C. After water cooling at 60 °C the autoclave was
disassembled, and the solid product was carefully recovered and
separated by centrifugation (30 min at 12,000 rpm), decanting the
supernatant solutions. The solid product was washed twice by re-
dispersion/centrifugation processes in order to remove the solu-
ble sodium carbonates formed during the synthesis. Finally, the
solid product was dried directly in the centrifugation flasks at 80 °C
for 48 h. The dry solid product was manually recovered and stored
in plastic flasks for subsequent characterization (FESEM, XRD, TGA/
DSC and N sorption isotherms).

2.2. Synthesis of ceria CeO, nanoparticles by calcination

1 or 2 g of dry synthetic bastnasite (CeCOsF)-rich material
(purity = 70%) mixed with two other Ce carbonates (Petersenite
(20%): NasCe,(CO3)s and Lukechangite (10%): NazCex(COs3)4F) ob-
tained from above hydrothermal method (sub-Section 2.1) were
thermally treated under air atmosphere or secondary vacuum
(=5 x 10~% mbar) by using a quartz tubular reactor. Herein, two
temperatures (500 and 1000 °C) were typically investigated. The
same heating rate (30 °C/min) was used in all experiments. The
duration of thermal treatment was arbitrary defined at five hours,
but, for some experiments performed at 500 °C, the duration was
prolonged to 4 days in order to investigate on the kinetics effect. At
the end of experiment, the samples were cooled under their orig-
inal atmosphere, i.e. in contact with atmospheric air or under
vacuum. The dry solid product was manually recovered and stored



204 G. Montes-Hernandez et al. / Materials Chemistry and Physics 172 (2016) 202—210

in plastic flasks for subsequent characterization (FESEM, XRD, TGA/
DSC and N sorption isotherms).

2.3. Characterization of the solid products

X-Ray Powder Diffraction (XRD) analyses were performed using
a Siemens D5000 diffractometer in Bragg-Brentano geometry;
equipped with a theta—theta goniometer with a rotating sample
holder. The XRD patterns were collected using Cu koy
(ko1 = 1.5406 A) and ko, (A2 = 1.5444 A) radiation in the range
26 = 10—70° with a step size of 0.04° and a counting time of 6 s per
step. Ceria (Ce0O;), ceria with oxygen vacancies (CeO,_x), Ce7012
and villiaumite (NaF) crystal structures were systematically refined
by Rietveld method on XRD patterns using the BGMN software and
its associated database [19]. In complement to this phase compo-
sition, “X” parameter in CeO, _yx phase (corresponding to oxygen
vacancies) was roughly determined by linear interpolation be-
tween CeO, and CeOF cubic structures.

FESEM observations: Selected samples containing ceria or
bastndsite were dispersed by ultrasonic treatment in absolute
ethanol for five to ten minutes. One or two droplets of the sus-
pension were then deposited directly on an aluminum support for
SEM observations, and coated with platinum. The morphology of
crystal faces was observed by using a Zeiss Ultra 55 field emission
gun scanning electron microscope (FESEM) with a maximum
spatial resolution of approximately 1 nm at 15 kV.

Thermogravimetric analyses: TGA for all bastndsite or ceria
samples were performed with a Mettler Toledo TGA/DSC 2 instru-
ment under the following conditions: sample mass of about 10 mg,
150 pL platinum crucibles with a pierced lid, heating rate of 5, 10 or
20 °C min~!, and inert N, and Ar, and air atmosphere of
50 mL min~". Sample mass loss and associated thermal effects were
obtained by TGA/DSC. In order to identify the different mass loss
steps, the TGA first derivative (rate of mass loss) was used. The
calibration of TGA apparatus in the conditions of our measurements
was checked in terms of mass loss and temperature. Calcium oxa-
late was used for the sample mass calibration check. The melting
points of three compounds (indium, aluminum and copper) ob-
tained from the DSC signals were used for the sample temperature
calibration.

N, sorption isotherms: N, sorption isotherms for two ceria
samples were obtained by using the BelSorp Mini II (Bel Japan)
analyzer. The samples were properly degased before measure-
ments. The specific surface area of powdered samples was esti-
mated by applying the Brunauer-Emmet-Teller (BET) equation in
the 0.05 < P/Py < 0.35 interval of relative pressure and based on a
value of 16.2 A2 for the cross-sectional area of molecular N,. A non-
linear regression by the least-squares method was performed to fit
the interval data (nggs vs. P/Py) in the experimental isotherms.

2.4. Thermal behavior by TGA/DSC coupled with uGC-MS

The evolved gases (CO,, H,0) were analyzed with a portable
micro-gas chromatograph pGC (SRA Instruments) coupled to a
mass spectrometer detector Agilent 5973 Network. The pGC is
equipped with 3 modules, each one composed of a column and a
thermal conductivity detector (TCD). For our measurements, the
CO2 and H20 gases have been followed on the Poraplot U capillary
column and the O, gas was followed on the molecular sieve col-
umn. Helium was used as carrier gas. The molecular sieve and
Poraplot U column temperatures were fixed at 70 °C and 90 °C
respectively. The inject time was of 200 msec for both columns, and
a backflush time of 6 s was used for the molecular sieve column.
The head column pressure was fixed at 28 psi for the molecular
sieve column and 30 psi for Poraplot U column. CO; was separated

within 20 s, while H,O within 80 s. Samplings of evolved gases
during TGA analysis have been done every 2 or 4—5 min depending
on mass loss steps.

3. Results and discussion
3.1. Bastnasite precipitation: reaction mechanism

Bastnasite fluorocarbonate is the main natural source of cerium
in the world; however, little is known on its formation conditions,
reaction mechanisms and crystal growth process. In the present
experimental study, we report that bastnasite mineral can be suc-
cessfully formed between 90 and 300 °C in high-carbonate alkaline
media as revealed by x-ray diffraction on obtained solid products
(Fig. 1: more details are provide below). Assuming that CO, ab-
sorption in the highly alkaline solution of NaOH (1 M) is faster and
greater than in high-purity water via the following sequential
exothermic reactions:

2NaOH + C02<aq) —Na,CO3 + H,0 (l)

Na,CO3 + Hy0 + COy(qq) —2Na* + 2HCO3 )

the precipitation of bastnasite fluorocarbonate can be then written
as follows:

Ce3* + F~ + HCO3 — Ce(CO3)F + H* 3)

Fluor and Ce(IIl) ions in the reaction 3 from respective instan-
taneous dissolution of NaF and CeCl; in the system, probably,
cerium ions are firstly hydrolyzed forming a cerium hydroxide
precursor, but, this expected step was not measured/observed in
our batch reaction experiments. In fact, in our investigated condi-
tions, bastnasite has co-existed with lukechangite (Na3zCe,(COs3)4F:
13 wt%) and petersenite (NasCe,(CO3)s5: 17 wt%) at 300 °C and only
with petersenite (8 wt%) at 90 °C as determined by Rietveld
refinement of XRD patterns (see also Fig. 1). Temperature has also
controlled the textural properties for bastnasite; for example, ori-
ented nanoparticles (<50 nm) forming spherical aggregates (3D
objects forming mesocrystals (e.g. [20—22])) were obtained at 90 °C

—— Bastnasite-rich material (Hydrothermal synthesis at 300°C)

—— Bastnasite-rich material (Hydrothermal synthesis at 90°C)

Bastnésite CeCO,F: B
B Lukechangite Na,Ce,(CO,),F: L
Petersenite Na,Ce,(CO,);: P

Intensity (a.u.)

T T T T T

20 30 40 50 60

20 (degrees)

Fig. 1. XRD experimental patterns for bastnasite-rich material precipitated at 90 and
300 °C.
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while nanoparticles (>50 nm) forming irregular aggregates were
obtained at 300 °C (see FESEM images in Fig. 2). In summary, more
complex mineral composition and diversified crystal morphologies,
particle sizes and aggregation states were obtained at 300 °C. For
this reason, the following sub-sections in the results and discussion
will be mainly focused on the bastnasite-rich material precipitated
at 300 °C; but we conclude here that the bastnasite mineral can be
formed in a wide temperature range (at least from 90 to 300 °C) in
alkaline environments.

3.2. Bastnasite-to-ceria solid state transformation and reaction
mechanisms

Bastnasite (Ce(CO3)F) de-carbonation by thermal treatment in
air atmosphere implies simultaneously the Ce(Ill) oxidation to
Ce(IV), leading to the formation of ceria (CeO;) and expelling CO,
and F, gases. Unfortunately, scanty studies investigating on this
double-reaction have been reported in the literature. In this way, a
recent study has reported that the natural bastndsite de-
carbonation follows a single reaction (Ce(CO3)F — CeOF + CO3).
This was incorrectly interpreted because the reported XRD patterns
after thermal treatment, reveals only ceria (CeO;) as product (see
Fig. 9 in reference [7]). In the present study, our results have
confirmed that bastnasite (Ce(CO3)F) de-carbonation by thermal
treatment in air, N or Ar atmospheres or under secondary vacuum
(=5 x 10~® mbar) implies simultaneously the Ce(IlI) oxidation to
Ce(1V), leading to the formation of ceria (CeO;) (see Figs. 3 and 4).
For example, the bastnasite-rich material thermally treated in a
quartz tubular reactor at 500 °C for 4 h in air atmosphere, leads to
crystalline ceria and NaF products as revealed by x-ray diffraction
(Fig. 3) and confirmed by simultaneous thermal analysis (TGA/DSC)
up to 1000 °C (Fig. 4). Even if the TGA curve shows a single mass
loss step probably corresponding to the CO, expelling one can see
on DSC signal an endothermic phenomenon composed of 3 over-
lapped peaks. The formation mechanism of ceria and NaF is in fact a
multistep de-carbonation reaction as the synthesized bastnasite is
mixed with 2 other carbonates. In contrast, when secondary

Bastnasite-rich material formed at 300°C, 24h

t ite-rich material

Thermal tr 1t of bastna

(111) —— Under room atmospheric air

—— Under secondary vacuum (5x10°® mbar)
—— Under secondary vacuum (5x10® mbar)
—— Under secondary vacuum (5x10°® mbar)

(220)
(311)
(200)
(222)

- CeO, 500°C, 5h
3
-
2
o
2

CeO,, 500°C, 5h

R S

CeO,,

___J\jJLud JL

CeO,, + Ce,0,,

500°C, 4 days

1000°C, 5h

20 30 40 50 60

20 (degrees)

Fig. 3. XRD experimental patterns for powdered ceria obtained from calcination of
bastnasite-rich material in air atmosphere and secondary vacuum.

Bastnasite-rich material formed at 300°C, 24h

Fig. 2. FESEM images at two different magnifications for bastnasite-rich material precipitated at 90 and 300 °C.
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Decarbonation and Ce oxydation processes
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0
90 A
-10
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—— Under Ar atmosphere - -20

Weight (%)
Heat flow (mW)

85 - | —— Under N, atmosphere
: - -30
801 | TGA
Ce(CO,)F-rich | L .40
Material | CeO,-rich
75 . .E Material . . -50
200 400 600 800 1000

Temperature (°C)

Fig. 4. Simultaneous TGA/DSC measurements (heating rate = 10 °C/min) for non-isothermal (up to 1000 °C) decomposition of bastndsite-rich material under different gas at-
mospheres (air, N, and Ar).

100 800
Simultaneous Ce(CO,)F-rich material
decarbonation and Ce oxidation processes
leading to CeO,-rich material
Main reaction
2Ce(CO,)F +0, — 2Ce0, +2CO, +F,
90 1 Secondary reactions
Na,Ce,(CO,), F +0.50, = 2Ce0, + NaF +3CO, + Na,CO,
Na,Ce,(CO,)4 +0.50, — 2Ce0, +3CO, +2Na,CO, g
S E
- 600
< 80 A g
= T
o ——— ——— — — — -
; Decarbonation of Na,CO4 and partial reduction of CeO: o
2%V3 2 [}
Na,CO, — Na,0+CO, /]\ T
. Exo
CeO, = CeO,_, + 502
T - —_—_
r 0
Na,O sublimation
—— Under air atmosphere and NaF boiling
60 —— Under Ny atmosphere

200 400 600 800 1000 1200 1400 1600
Temperature (°C)

Fig. 5. Simultaneous TGA/DSC measurements (heating rate = 10 °C/min) for non-isothermal (up to 1600 °C) decomposition of bastndsite-rich material under two different gas
atmospheres (air and N;) including the implied multi-reactions. We note that the proposed reactions were supported by XRD and p-GC-MS complementary measurements.

vacuum was used, ceria with oxygen vacancies (CeO,_x) was sys- pattern (Fig. 3: run 1000 °C, 5 h). This means that more reducing
tematically obtained at 500 and 1000 °C (see Fig. 3). Moreover, conditions were created at higher temperature as typically
Ce;012 phase with hexagonal crystal structure was also identified assumed in the literature (e.g. [14,16,23]). These simple experi-
when bastnasite-rich material was treated at 1000 °C under sec- ments have demonstrated that secondary vacuum is not enough to

ondary vacuum and the NaF salt was not more detected on the XRD stabilize Ce(IIl) as CeOF compound from bastndsite de-carbonation,
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Fig. 6. Coupling TGA/DSC with pGC measurements for non-isothermal (up to 1450 °C) decomposition of bastnasite-rich material under N, atmosphere. These results have sup-

ported the reaction mechanisms described in the text and in Fig. 5.

contrary to the de-carbonation reaction mechanism reported by
Gysi and Williams-Jones [7]. However, the available oxygen in the
system can be rapidly sequestered by cerium oxidation from Ce(III)
to Ce(IV) that creates then a powerful reducing environment in the
vacuum tubular cell. To confirm this idea, synthetic high-purity
goethite was treated at 500 °C under secondary vacuum in pres-
ence and in absence of bastnasite-rich material (without solid-
—solid contact). These simple experiments confirm that the
goethite (FeOOH) treated in absence of bastnasite leads the he-
matite (Fe;03) formation co-existing with a minor proportion of
magnetite (FeO*Fe;O3 or Fe304). Conversely, goethite is highly
transformed to magnetite mineral when the thermal treatment
under vacuum at 500 °C is performed in presence of bastnasite (see
Fig. SI-1). These original redox reactions attest that the Ce(IIl)
contained initially in cerium carbonates (bastnasite-rich material)
was oxidized to Ce(IV) to form ceria (CeO,_x) while a part of Fe(III)
initially contained in goethite (FeOOH) was reduced to form pref-
erentially magnetite (Fe304) in the system. These new results open
new possibilities to synthesize magnetite or magnetite composites
(materials with significant catalytic properties (e.g. [24])) by simple
thermal treatment of goethite in presence of bastnasite without use
of gas reducing agents. These new results will be reported in a
specific research study.

3.2.1. Reaction mechanism

The bastnasite-rich material that precipitated at 300 °C is
composed by three cerium carbonates, basnasite (Ce(CO3)F), luke-
changite (Na3Ce»(CO3)4F) and petersenite (NasCex(CO3)s). XRD and
TGA/DSC up to 1000 °C have only revealed the formation of ceria
(Ce03) and NaF. Unfortunately, these two reaction products cannot
completely explain the reaction mechanism during calcination
process. In order to resolve this inconsistency, simultaneous ther-
mal analysis (TGA/DSC) up to 1600 °C coupled to pGC/MS were
performed. TGA curves have revealed two successive significant
mass losses at high temperature (>1000 °C): the first mass loss
comprised between 1100 and 1300 °C is related to the endothermic
decomposition of in-situ formed Na,CO3 and partial (endothermic)
reduction of CeO,, and the second mass loss comprised between
1300 and 1600 °C is attributed to the sublimation of Na,O and

boiling of NaF. Sublimation and boiling are endothermic phenom-
ena and not exothermic as revealed by the strong increase of DSC
signal at temperatures higher than 1300 °C. This could be explained
by the presence of another phenomenon, which is highly
exothermal, taking place in the same time with the 2 endothermal
phenomena and thus the endothermal peak is overlapped by the
exothermal one. The fact that the DSC signal become highly
exothermic after 1300 °C could be explained by the condensation of
emitted vapors on TGA sensor. This is supported by the color
change from white to gray observed on TGA sensor at the end of
TGA analysis.

The sublimation of Na,O takes place before the boiling of NaF if
we take into consideration the literature values for these two
compounds: 1275 °C for Nay0 and 1695 °C for NaF. In our case the
thermal phenomena take place earlier, especially in the case of NaF,
and this could be explained by several factors giving a synergetic
effect, such as: (i) the fact that the two compounds are mixed and
not present separately as pure compounds, (ii) the platinum cru-
cible acts as catalyzer at very high temperatures and (iii) the sub-
micrometric sizes of the particles. Also, the thermal phenomena
take place at lower temperatures when air is used at reactive gas
and this could be seen on Fig. 5 when comparing the DSC signals
under air, Ny and Ar. The endothermal phenomena taking place in a
temperature range with no mass loss (i.e. between 900 and 1100 °C)
could correspond to the melting of Na;COs3, NaF and NayO (the
melting temperatures of these 3 compounds, as given in the liter-
ature, are 854, 993 and 1132 °C respectively).

The complete reaction mechanism implying the three initial Ce
carbonates in bastnasite-rich material synthesized at 300 °C can be
written as follows:

1) De-carbonation and cerium oxidation processes from 400 to
1000 °C

2Ce(CO3)F + 05 —2Ce0, + 2C0O, + F,...(Main reaction) (4)
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Fig. 7. FESEM images at two different magnifications for ceria produced from bastndsite-rich material calcination at different atmosphere (air and secondary vacuum) and tem-

perature (500, 1000 and 1600 °C).

NazCey (CO3)4F + 0.50, — 2Ce0, + NaF + 3C0,
+ Na,COs...(Secondary reaction) (5)

NayCey(CO3)5 + 0.50, —2Ce0, + 3CO,
+ 2Na,CO5...(Secondary reaction) (6)

2) De-carbonation of in-situ formed Na,CO3 and partial reduction
of CeO, from 1000 to 1300 °C

Na,C03 —Na,0 + CO, (7)
X
CeO, —Ce0y_y + ) 0, (8)

3) Sublimation of NaO and boiling of NaF from 1300 to 1600 °C

This complex reaction mechanism was directly summarized on
the TGA/DSC curves (Fig. 5). Moreover gas chromatography (uGC)
measurements of expelled gases up to 1450 °C support strongly this
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Fig. 8. FESEM images showing ceria nanoparticles produced from bastnasite-rich material calcination at 500 °C under air atmosphere and secondary vacuum.
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Fig. 9. N, adsorption—desorption isotherms of ceria produced by simple calcination of
bastnasite-rich material in air atmosphere.

suggested reaction mechanism (Fig. 6). In Fig. 6, the CO2 and 02
evolutions with the increasing TGA temperature are superposed
with the TGA curve. Each point on the gas evolution curve repre-
sents the area of the gas peak at a fixed temperature during TGA
analysis. In fact, pGC measurements confirm a major production of
CO, between 350 and 600 °C related to de-carbonation processes
(see reactions 3 to 5 above). In addition, the slight oxygen and
carbon dioxide production at high temperatures support the re-
actions 7 and 8.

3.3. Some textural properties of ceria

The industrial applications of solid compounds are frequently
related to their textural properties such as average particle size,
particle size distribution, crystallinity and morphology of crystals,
specific surface area and aggregation state (e.g. [25—27]). The
present study reports that the ceria obtained by calcination of
bastnasite-rich material has irregular particular size. In fact,
nanoparticles forming irregular aggregates co-exist with micro-
metric dense conglomerates (in minor proportion) as observed on
FESEM images (runs: 500 °C, 4 h, in air and 500 °C, 4 h, under
vacuum in Fig. 7). Herein, nanoparticles were clearly observed on
FESEM images at high magnification for ceria obtained at 500 °C
(see Fig. 8). In addition, N, sorption/desorption isotherms have
revealed that the ceria powdered material is slightly porous (slight
desorption hysteresis) with a modest specific surface area (30 m?/g)
(Fig. 9). Surprisingly, the specific surface area of ceria is lower when

calcination step is performed under secondary vacuum (9 m?/g).
Another surprising result, it was that the calcination of bastnasite
precipitated at 90 °C, initially porous material with moderate
specific surface area (40 m?/g), has led to non-porous ceria material
with lower specific surface area (10 m?/g) (Fig. 9). For our basic
study, the bastnasite-rich material precipitated at 300 °C allows the
obtaining better textural properties of ceria by simple calcination
under air atmosphere. However, the high-purity bastnasite (or
cerium fluorocarbonate: CeCOsF) precipitated at 90 °C could find
specific applications because it is a mesoporous material with
moderate specific surface area (40 m?/g) and the constituting
nanoparticles form regular spherical aggregates (similar to the so-
called mesocrystals [26]) that allow the most easy manipulation
with respect to isolated nanoparticles.

As expected, the particle size of synthesized ceria has increased
with calcination temperature. Herein, sub-micrometric rounded
particles were obtained at 1000 °C and micrometric particles at
1600 °C (See last FESEM images in Fig. 7).

4. Conclusion

The present study has reported an original method to synthesize
ceria nanoparticles (CeO, and CeO,_x) by using two independent
stages: firstly, the precipitation of bastnasite-rich material under
hydrothermal conditions (90 and 300 °C) and secondly, the calci-
nation of powdered basnasite-rich material at different tempera-
tures (500, 1000 and 1600 °C) and under different atmospheres (air,
Ar, Ny and secondary vacuum). In this study, fundamental investi-
gation was carried out; for example, we provide hydrothermal
conditions to which Ce fluorocarbonates can be formed in natural
environments. In addition, a significant effort was devoted to
determine clearly the implied multi-reactions during calcination
process of bastnasite-rich material by coupling simultaneous
thermal analysis (TGA/DSC) with gas chromatography (uGC/MS).
These results were also supported by x-ray diffraction (XRD) ana-
lyses. In this way, new experimental conditions to produce high-
purity ceria (with or without oxygen vacancies CeO,_x) are pro-
vided in this study.
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