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Abstract

Barium carbonate nanoparticles (50-100 nm) were prepared by flame spray pyrolysis. The rapid quenching during the preparation process
resulted in the unprecedented formation of pure monoclinic BaCOs. The as-prepared materials were characterized by electron microscopy, X-ray
diffraction as well as by thermogravimetric and differential scanning calorimetric analyses. At ambient conditions the metastable monoclinic phase
transformed easily into the thermodynamically stable orthorhombic BaCO; (witherite) within a few days.
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1. Introduction

Witherite (orthorhombic BaCQOj3) occurring in nature and
formed during conventional precipitation synthesis is the only
stable phase of BaCO3 at room temperature. Before complete
decomposition into BaO the orthorhombic form undergoes tran-
sitions into a hexagonal phase at ca. 810 °C and into a cubic form
around 980°C [1-4]. Additionally, monoclinic BaCOj3 stabi-
lized by a partial anion substitution of CO32~ in the host lattice
by SO42~ isaccessible by rapidly quenching a mixture of BaCO3
and BaSO4 from 800 °C into liquid nitrogen [5]. The metastable
monoclinic phase was also observed for BaCOg particles sup-
ported on Al,03 as applied in nitrogen oxides storage-reduction
(NSR) catalysts [6]. Here, flame spray pyrolysis (FSP) was used
for the synthesis of pure BaCO3 nanoparticles. FSP is usually
applied for the preparation of metal and metal-oxide nanoparti-
cles [7,8]. Recently it has been shown that also nanosized salts
such as carbonates, phosphates and halogenides can readily be
made by flame synthesis [9-11].
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2. Experimental
2.1. Powder preparation

Barium carbonate was prepared by flame spray pyrolysis,
using barium (11) 2-ethylhexanoate (75% in 2-ethylhexanoic
acid, Alfa Aesar, 99.8%) dissolved in ethanol (Alcosuisse, 98%)
as precursor (Ba concentration, 0.2 M). The liquid mixture was
fed at 5 ml/mininto aspray nozzle, dispersed by oxygen (5 I/min,
pressure drop 1.5bar at capillary tip) and ignited by a sur-
rounding premixed methane/oxygen flame [12]. The as-prepared
particles were collected on a glass fibre filter by the aid of a vac-
uum pump.

2.2. Powder characterization

The specific surface area was determined according to the
BET method on a Micromeritics Tristar. The BET particle diam-
eter (dpet) was calculated according to dget =6/(SSA x p),
where SSA and p stand for the specific surface area and den-
sity, respectively. XRD analysis was carried out on a Siemens
D5000 powder X-ray diffractometer between 16 and 65° 2@
with a step of 0.01° and 2s/step. For transmission electron
microscopy (TEM), the material was dispersed in ethanol and
deposited onto a perforated carbon foil supported on a cop-
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per grid. The investigations were performed on a CM30 ST
(Philips, LaB6 cathode, operated at 300 kV). Thermal analysis
(TA) combined with mass spectrometry (MS) was carried out
on a Netzsch STA 409 thermoanalyzer. The thermogravimet-
ric (TG) and differential scanning calorimetric signals (DSC)
were recorded during heating with a rate of 10 °C/min in the
atmosphere of pure Ar (flowing rate 50 ml/min). The composi-
tion of the gas phase was monitored by the OmniStar (Pfeiffer
Vacuum) quadrupole mass spectrometer connected to the ther-
moanalyzer. The amount of evolved CO, resulting from the
evolution of adsorbed species was determined by PulseTA tech-
nique by the comparison of the integral intensity of the CO;
(mlz=44) with the integral intensities of 1 ml pulses of CO;
injected after total decomposition of the sample [13]. Three as-
prepared samples were calcined with a rate of 10 °C/min to 600,
261 and 102 °C, respectively, and after fast cooling analyzed by
XRD.

3. Results and discussion

The as-prepared material consisted of non-agglomerated
crystalline BaCO3 nanoparticles (Fig. 1). TEM analysis fur-
ther revealed the formation of “bean-like” shaped particles with
length of about 100 nm and width of approximately 50 nm. The
corresponding BET-particle diameter for a spherical particle was
70 nm (specific surface area (SSA): 20.5m?/g) in good agree-
ment with the TEM observations. Fig. 2A depicts the XRD
pattern of as-prepared BaCO3 1h after its preparation. Crys-
talline, monoclinic BaCO3 was observed with only traces of the
stable orthorhombic form and no BaO could be detected. The
electron diffraction pattern (inset, Fig. 1) revealed, however, the
presence of orthorhombic BaCO3 indicating that the monoclinic
phase is not preserved during TEM analysis and rapidly trans-
formed into orthorhombic BaCOs.
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Fig. 1. Transmission electron micrograph of flame-made BaCO3 nanoparticles.
The inset depicts the corresponding electron diffraction pattern.
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Fig. 2. (A) XRD pattern of as-prepared (a.p.) BaCO3. The unlabeled reflections
belong to the monoclinic BaCO3. Only traces of the orthorhombic phase (O)
were detected. (B) XRD patterns of BaCO3 as a function of time (marked in
hours on the curves). Within 95h complete transformation of monoclinic (M)
to orthorhombic (O) BaCOj5 takes place.

As BaCO3 would not be stable and decompose into BaO and
CO3 at the high temperatures in the flame, it can be assumed
that in a first step BaO particles are formed. Later downstream
at lower temperatures and exposed to a significant amount of
CO; from the combustion process BaO transforms into BaCOs.
At 1300 °C the equilibrium CO3, partial pressure for the reaction
BaO + CO;, < BaCO3 would be 0.1 bar, a reasonable value for
COg3 in the flame [14]. A temperature of 1300 °C is reached at
about 15cm above the nozzle [12]. The formation of BaCOs3
instead of BaO in the flame process is not surprising as flame
synthesis resulted also in the formation of CaCQOj3 [10], which
would decompose into CaO at even lower temperatures than
BaCO3 [14].

Table 1 depicts the unit cell parameters for flame-made, mon-
oclinic BaCOj3 in comparison with the data reported for S042~
stabilized monoclinic BaCOg [5]. Despite the smaller cell vol-
ume of 154.89 A3 instead of 158.32 A3, the crystal structure was
the same. The absence of larger SO42~ groups in the crystal
structure leads to smaller unit cell volume. At ambient condi-
tions the monoclinic phase transformed into the orthorhombic
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Table 1
Crystal data for monoclinic BaCO3

a=6.863, b=5.276, c=4.520 A
$=108.89°, V=154.89 A3
Z= 2, P21/m

a=6.913, b=5.295, c=4.545 A
B=107.89°, V=158.32 A3
zZ= 2, P21/m

BaCOj3 (flame-made):

50,2 stabilized BaCOs 2:

& From Nishino et al. [5].

BaCOj3 (Fig. 2B). Fig. 3 shows the detailed evolution of this
transformation by monitoring the intensity of monoclinic and
orthorhombic reflections of BaCOj3. Exposed to air at room tem-
perature the monoclinic BaCO3 completely transformed into the
orthorhombic form within 4 days.

Thermogravimetric and differential scanning calorimetric
results of as-prepared BaCO3 are shown in Fig. 4. The amount
of CO; evolved during decomposition of BaCO3 into BaO in
the range 800-1350 °C was determined by quantification of the
mlz =44 signal. The amount of CO, was equivalent to 99.3% of
the stoichiometric amount of CO; in the sample. Three endother-
mal events were observed on the DSC curve. The first and the
second originate from the polymorphic transformation of the
orthorhombic into hexagonal phase (818 °C) followed by the
transformation of hexagonal into cubic phase (981°C) [1,2].
The peak at 1123 °C indicates the maximal rate of the endother-
mic barium carbonate decomposition. No distinct DSC signal
was observed for the transformation of monoclinic into the
orthorhombic phase. The XRD analysis of monoclinic BaCO3
after heating up to 600, 261 and 102 °C, respectively, has shown
that already upon heating to 102°C only orthorhombic and
no monoclinic BaCO3 could be observed by XRD (Fig. 4B).
This shows clearly the very unstable nature of the monoclinic
phase. The unique formation of this phase is traced to the rapid
quenching of the flame-made particles undergoing a steep tem-
perature profile from ca. 2000 °C down to 300 °C within a few
milliseconds [7,12]. In contrast in the conventional prepara-
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Fig. 3. Degree of the transformation of monoclinic into orthorhombic barium
carbonate. The degree « was calculated using the integral intensities of two
monoclinic (M1, d=4.2534A, and M2, d=4.1166 A) and two orthorhombic
(01, d=3.7236 A, and 02, d=3.6604 A) reflections.
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Fig. 4. Thermal analysis and XRD investigations of monoclinic BaCO3. (A)
Change of the mass (TG) and thermal effects (DSC) recorded during heating
of BaCOj3 in Ar with a rate of 10 K/min. The samples analyzed later by XRD
were collected after separate runs stopped at 600 (2), 261 (3) and 102 °C (4). (B)
XRD patterns of BaCO3 heated up to the temperatures marked on TG curve.

tion process via precipitation the stable orthorhombic BaCO3
is formed [1-4].

4. Conclusions

Monoclinic BaCO3 nanoparticles (50-100nm) were pre-
pared by flame spray pyrolysis. As a result of the rapid quench-
ing during the flame synthesis process, monoclinic BaCOs3
was formed without the addition of any stabilizing sulphate
anions. Atambient conditions the monoclinic phase transformed
into orthorhombic BaCO3 within 4 days. Although no distinct
DSC signal could be observed for this transformation, only
orthorhombic BaCO3 was found after heating the powder up to
100°C.
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