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Abstract

A procedure for the preparation of Cr-doped tin sphene pink pigments based on the pyrolysis at 600°C of liquid aerosols generated
from solutions of silicon tetraethoxide, calcium chloride, tin(IV) chloride and chromium(III) nitrate in a mixed solvent (ethanol/water) is
reported. The as produced powders were amorphous and consisted of spherical particles of broad size distribution (<2 pum). On calci-
nation at 1200-1300°C, these powders transformed into crystalline tin sphene (CaSnSiOs) irregular particles (< 11 um) developing the
pink colour characteristic of the commercial pigments with similar composition. The main advantage of this method is that it does not
require the addition of the fluxes used in the traditional ceramic procedure, which is highly desirable from the environmental point of
view. Additional advantages are its simplicity (no grinding required) and continuous character. The effects of the chromium content
on the colour properties of the pigments were also evaluated, finding that the optimal pigment (best colour with minimum Cr

content) was obtained for a Cr/malayaite mole ratio of 4.4%. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cr-doped tin sphene (CaSnSiOs) is an important pink
ceramic pigment generally used for colouring ceramic
glazes.! This pigment is industrially produced by the tra-
ditional ceramic method, which involves the mixing by
milling of the raw materials (individual metal oxides or
salts), the heating of the mixture at high temperature and
a final grinding process to homogenize particle size. This
procedure requires high calcination temperatures for the
formation of the desired crystalline phase. In fact, incom-
plete reactions have been observed after heating at
1300°C.2 For this reason, certain amounts of fluxes are
usually added to the starting component mixture to
favour diffusion, which results in high reaction degrees at
1200°C.>=> However, the use of fluxes (alkaline and
alkaline earth chlorides, fluorides, nitrates, borates and
carbonates) causes some additional environmental
effects mainly associated to the emission of pollutants
into the atmosphere (NO,, halides, etc.), which are not
desirable.® Several synthesis routes such as the sol-gel
process,* coprecipitation* and impregnation techniques,’
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have been developed in order to obtain higher reaction
yields on calcination, although even in these cases, the
addition of fluxes was still required.

In this paper, we describe a method for the preparation
of pink pigments with Cr-doped tin sphene composition in
the absence of fluxes based on the pyrolysis at 600°C of
liquid aerosols generated from solutions of silicon tetra-
ethoxide, calcium chloride, tin(IV) chloride and chromiu-
m(IIl) nitrate in a mixed solvent (ethanol/water). This
procedure produces Cr-doped amorphous powders with
tin sphene (malayaite) composition (Sn0,:Ca0:SiO,),
which on heating at 1200-1300°C transformed into the
pink pigments with ~100% reaction yields not requir-
ing the addition of fluxes. The optical properties (col-
our) of the prepared pigments have been evaluated as a
function of the chromium content in the precursors and
compared to those of a commercial pigment, in order to
optimise the pigment preparation procedure.

2. Experimental

2.1. Powders preparation

Silicon tetraethoxide (TEOS, Fluka, >98%), CaCl,-
2H,0 (Fluka, >99%), SnCls-5H,O (Riedel de Haén,

0955-2219/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0955-2219(01)00282-5



354 E. Lopez-Navarrete, M. Ocaria | Journal of the European Ceramic Society 22 (2002) 353-359

98%) and Cr(NOs);-9H,0 (Aldrich, 99%) were used as
metal precursors as received.

The Cr-doped CaSnSiOs samples were prepared by
pyrolysis of liquid aerosols consisting of solutions of the
metal precursors in the apparatus schematized in Fig. 1,
according to the following procedure. The starting solu-
tions (250 cm~—3) were prepared by dissolving in a mixture
ethanol/water (30/70 volumetric ratio) equimolecular
amounts (0.05 mol dm—3) of TEOS, calcium chloride and
tin chloride and variable concentrations of chromium
nitrate. The use of ethanol was needed since, as it is well
known, TEOS is not water-soluble. It should be noted
that the solutions became slightly cloudy a few minutes
after mixing as a consequence of the partial hydrolysis
of TEOS and SnCly as revealed by EDX analyses of the
colloidal precipitate (data not shown). The aerosols were
generated from these cloudy solutions by nebulisation,
using a glass nozzle (a) and air at constant pressure (0.5 kg
cm~2) as a carrier gas. Then, they were introduced into an
expansion chamber (b) and transported through two
consecutive furnaces (¢ and d) kept at 250 and 600°C,
respectively, in which, the liquid droplets were dried and
thermally decomposed. The resulting solid particles were
finally collected in a glass filter with a very high efficiency
(e). The obtained powders were heated for 3 h at different
temperatures in platinum crucibles. The furnace con-
taining the samples was heated at 10°C min~! up to the
desired temperature.

A sample was also prepared using the traditional
ceramic method for comparison purposes. For this,
equimolecular amounts of CaO, SiO, and SnO, were
mixed with the desired quantity of Cr,0O3. This mixture
was homogenised with acetone by mild grinding in an
agate mortar and calcined at 1300°C for 3 h.

The commercial Cr-doped tin sphene pigment was
supplied by Ferro Enamel Espafiola S.A.

2.2. Characterization techniques
Transmission (TEM, Philips 200 CM) and scanning

(SEM, Jeol JISM5400) electron microscopy were used to
examine the particle size and shape of the powders. The

particle size distribution of the pigments was evaluated
using a Malvern Mastersizer instrument.

The quantitative composition of the samples in terms
of the Si, Ca, Sn and Cr contents was determined by
X-ray fluorescence (Siemens, SRS3000). Energy dis-
persive X-ray analysis (EDX, Philips DX4), installed in
the TEM microscope, was also used to gain information
on the particles composition.

Differential thermal (DTA) and thermogravimetric
(TGA) analyses (Seiko, EXSTAR 6000) were carried
out in air at a heating rate of 10°C min—'.

The colour of the pigments was evaluated according to
the Commission Internationale de ’Eclairage (CIE) thor-
ough L*a*b* parameters.? In this system, L* is the colour
lightness (L*=0 for black and L*=100 for white), a* is
the green (—)/red (+) axis, and b* is the blue (—)/yellow
(+) axis. These parameters were measured for an illumi-
nant D 65, using a Dr. Lange, LUCI 100 colorimeter and
a white tile ceramic (chromaticity coordinates: x=0.315,
y=0.335) as standard reference. Before measurements,
the samples were gently ground in an agate mortar.

3. Results and discussion

Table 1 shows the composition of the four precursors
prepared with the stoichiometry of malayaite (CaSn-
SiOs) and different chromium content (nominal Cr/
malayaite mole ratio=1, 1.5, 5 and 10%) in order to
evaluate the effect of this parameter on the optical
properties of the final pigments. In this table, the sam-
ples are named after the Cr/malayaite mole ratio deter-
mined by X-ray fluorescence after heating at 1300°C. As
observed, the agreements between the nominal and the
measured values are rather good.

The colour of the prepared samples changed from beige
to light green on increasing the Cr content. In all cases,
they were amorphous to X-ray diffraction and consisted
of spherical particles with broad size distribution (dia-
meter <2 um) as those illustrated in Fig. 2.

The structural and compositional changes originated in
these solids on thermal treatment up to full development
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Fig. 1. Schematic diagram of the apparatus used for the preparation of Cr-doped samples by pyrolysis of aerosols. Symbols: a, solution container

and glass nozzle; b, expansion chamber; ¢ and d, furnaces; e, filter.
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Table 1

Composition (nominal and measured by X-ray fluorescence) of the Cr-
doped tin sphene samples prepared by pyrolysis of aerosols and heated
at 1300°C, and that measured for a commercial pigment

Sample Si/Ca Sn/Ca Cr/malayaite
mole mole mole ratio
ratio ratio (%)

Nominal Crl 1.0 1.0 1.0
Measured Crl 1.0 1.1 1.0
Nominal Crl.4 1.0 1.0 1.5
Measured Crl.4 1.0 1.0 1.4
Nominal Cr4.4 1.0 1.0 5.0
Measured Crd.4 1.0 1.0 4.4
Nominal Crl0 1.0 1.0 10.0
Measured Crl0 1.0 1.0 10.0
Measured Commercial 1.8 1.0 7.8
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Fig. 2. TEM micrograph of the powders prepared by pyrolysis at 600°C
of an aerosol generated from a solution of TEOS (0.05 mol dm—3),
tin(IV) chloride (0.05 mol dm~3), calcium chloride (0.05 mol dm~3) and
Cr(III) nitrate (Cr/malayaite mole ratio =1.5%) in ethanol/water (30/70
volumetric ratio).

of the sphene structure were followed by differential ther-
mal and thermogravimetric analyses and X-ray diffrac-
tion. Most of the results presented hereafter correspond to
sample Crl.4 (Table 1) chosen as a representative exam-
ple. The other prepared samples showed a similar thermal
behaviour except when indicated.

The DTA curve of sample Crl.4 (Fig. 3) displayed a
broad endothermic peak centred at 75°C, which was
accompanied by a weight loss of ~3.5% (in the 25-

400°C range) as detected by TGA measurements (Fig. 3).
These effects were caused by the release of water. The
TGA analysis also indicated that the sample lost ~10%
of weight on heating between 400 and 1000°C, which can
be associated to the release of chlorine still retained in the
sample, as suggested by EDX analyses. Thus, the spec-
trum of the sample heated at 400°C showed the chlorine
peak, which disappeared after heating at 1100°C (Fig. 4).
Although no thermal effects were detected in the DTA
curve at 200-500°C, X-ray diffraction showed the crystal-
lization of SnO, (cassiterite)® at the latter temperature
(Fig. 5). Two exothermic effects were also observed in
the DTA curve at 740 and 960°C, respectively. The first
one was very weak and could be tentatively associated to
the crystallisation or transformation of a chromium-
containing phase, since its intensity slightly increased
with chromium content (data not shown). However, this
assumption could not be confirmed by X-ray diffrac-
tion, which only showed the presence of cassiterite at
750°C (Fig. 5), probably due to the small amount of
chromium present in the sample (Cr/malayaite mole
ratio=1.4%, Table 1). Finally, the peak at 960°C can
be attributed to the crystallization of malayaite as sug-
gested by the appearance of the peaks of this phase!'® in
the X-ray diffraction pattern of the sample heated at
1000°C, in which some reflections of SnO, and CaSiOj3
(wollastonite-2M)!! were also detected (Fig. 5). The
intensity of the latter progressively decreased as the
heating temperature increased, finally disappearing at
1300°C (Fig. 5). A similar X-ray diffraction pattern was
obtained for samples Cr4.4 and Crl0 heated at this
temperature (Fig. 6). However, the reflection of cassi-
terite at 20 ~ 26.8, was still present with very low
intensity in the pattern of sample Crl after this treat-
ment (Fig. 6). This observation is in agreement with the
X-ray fluorescence analyses carried out for the heated
samples, which showed that whereas samples Crl.4,
Cr4.4 and Crl0 presented the stoichiometry of
malayaite (CaSnSiOs), sample Crl contained a slight
excess of Sn (Sn/Ca mole ratio=1.1) (Table 1). It is
important to mention that the formation of malayaite
was incomplete when a mixture of the component oxi-
des (SiO,, SnO,, Ca0O and Cr,05) with the same com-
position of sample Crl.4 was heated at 1300°C
following the traditional ceramic procedure. Thus, the
X-ray diffraction pattern of the heated sample showed
important amounts of unreacted cassiterite in addition
to malayaite (Fig. 7). This sample must also contain o-
quartz!? and lime (Ca0O),!* which are difficult to detect
by X-ray diffraction in this case, since theirs main peaks
overlap with other cassiterite or malayaite reflections.
This decrease of the temperature of malayaite formation
in our precursors may be attributed to the high degree
of mixing of the component cations attained at the par-
ticle level, for powders prepared by pyrolysis of aero-
sols,'* since in this procedure each aerosol droplet
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Fig. 3. Differential thermal and thermogravimetric curves obtained for sample Crl1.4.
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(CaSiO3). The pure malayaite peaks have not been labelled.
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Fig. 6. X-ray diffraction patterns obtained for samples Crl, Cr4.4 and
Crl10 after heating for 3 h at 1300°C. Symbols: M, malayaite (CaSn-
SiOs); C, cassiterite (SnO,). The pure malayaite peaks have not been
labelled.

behaves as an independent reactor. This intimate mixing
would favour the diffusion process required for the for-
mation of the crystalline phase, as it has been previously
reported for other systems as mullite,! zircon!® and iron
doped zircon pigments!” prepared by similar method.

It should be noted that the heat treatment of the sam-
ples at 1300°C also produced particle sintering, which
resulted in Cr-doped malayaite particles of irregular shape
as those illustrated in Fig. 8 A, which correspond to sam-
ple Cr4.4. The particle size analysis of this sample revealed
a bimodal distribution with two maxima centred at 0.3
and 3.8 pm, respectively, in the volumetric curve and
that the maximum particle size was ~11 pm (Fig. 9).

The L*a*b* parameters and the colour of sample
Crl.4 (Table 1) as prepared and after heating at differ-
ent temperatures are shown in Table 2. As observed, the
as prepared sample was almost achromatic (small a*
and b* values) showing a beige colour of low intensity
(high L*). No important changes of these magnitudes
were observed when the sample was heated up to 700°C.
However, at 1000°C, an important increase (from 1.2 to
16.5) of a* (green-red axis) took place accompanied by
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Fig. 7. X-ray diffraction patterns obtained for a sample having the
same composition of sample Crl.4 prepared at 1300°C by the tradi-
tional ceramic procedure and for a commercial sample. Symbols: M,
malayaite (CaSnSiOs); Q, a-quartz; C, cassiterite (SnO;); L, lime
(CaO). The pure malayaite peaks have not been labelled.

a decrease (from 4.9 to 0.9) of b* (blue—yellow axis) and
L* (from 75.9 to 65.7) indicating the development of the
pink colour characteristic of the Cr-doped tin sphene,
which is in agreement with the beginning of the malayite
formation (Fig. 5). No significant variations of a* or b*
resulted when the sample was heated at higher tempera-
tures (up to 1300°C), although a progressive decrease
(from 65.7 to 58) of luminosity (L*), i.e. an increase of
colour intensity, was detected, which may be ascribed to
the progress in malayaite crystallisation (Fig. 5). It should
be noted that the heating of this sample at 1200°C pro-
duced a pigment with similar L*a*b* parameters to those
obtained after calcination at 1300°C (Table 2), although
at 1200°C a small amount of unreacted SnO, was still
present (Fig. 5).

The effects of the amount of chromophore on the
colour properties of the Cr-doped tin sphene pigments
are also included in Table 2. It can be noticed that after
full development of the sphene structure (1300°C), the
only appreciable change of the L*a*b* parameters is
related to a decrease of luminosity (from 59 to 50.8), i.e.
increase in the colour intensity, as the initial Cr/
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Fig. 8. SEM micrographs of sample Cr4.4 heated for 3 h at 1300°C (A) and of a commercial sample (B).
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Fig. 9. Particle size distribution curves of sample Cr4.4 heated for 3 h
at 1300°C and of a commercial sample.

Table 2
L*a*b* parameters and colour of the Cr-doped tin sphene samples
heated at different temperatures and those of a commercial pigment

Sample Temperature (°C)  L* a* b* Colour
Crl.4 As prepared 78.1  —=0.2 6.0  Beige
Crl.4 500 75.8 1.2 5.8  Beige
Crl.4 700 75.9 1.2 49  Beige
Crl.4 1000 65.7 16.5 0.9  Pink
Crl.4 1200 59.7 183 —0.7 Pink
Crl.4 1300 58.0 171 —1.0  Pink
Crl 1300 59.0 16.6 0.1  Pink
Crd.4 1300 50.8 21.4 1.1 Pink
Crl0 1300 49.0 16.5 0.7  Pink
Commercial 49.9 15.0 0.8  Pink

malayaite mole ratio increased from 1 to 4.4% (Table 1).
Higher values of this magnitude (10%) (sample Crl0,
Table 1) did not result in a more intense colour (L* =49),
for which we can conclude that the optimum pigment
(best colour with lowest Cr content) is obtained by the
here reported procedure for a Cr/malayaite mole ratio of
4.4% (sample Cr4.4, Table 1).

Finally, it must be mentioned that our best pigment,
prepared under the above conditions, showed similar
L*a*b* parameters that a commercial sample (Table 2),
which contained a higher amount of chromium (Cr/
malayaite mole ratio=7.8%) (Table 1). Since the grain
size distributions were similar for both pigments (Figs. 8
and 9), such a behaviour must be attributed to the
presence of an important excess of silica (Si/Ca mole
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ratio=1.8) in the commercial sample (Table 1), which
also contained small amounts of cassiterite (Fig. 7).

4. Conclusions

We have shown that the pyrolysis at 600°C of aerosols
generated from solutions with appropriated concentra-
tions of silicon tetraethoxide, calcium chloride, tin(IV)
chloride and chromium(III) nitrate in a mixed solvent
(ethanol/water) yields amorphous precursors, which on
calcination at 1200-1300°C transform in Cr-doped tin
sphene pigments consisting of irregular particles (<11
pm), which showed colour properties similar to those of
the commercial samples. This procedure does not require
the addition of the fluxes involved in the conventional
method, which is highly desirable from the environ-
mental point of view. Such a behaviour is attributed to
the intimate mixing of the metal cations attained in our
case, which favour the further diffusion process required
for the formation of the desired crystalline phase
(malayaite). Additional advantages of our procedure are
its simplicity (it eliminates the grinding processes asso-
ciated to the conventional method) and its continuous
character, which are of interest for industrial purposes.
From the analysis of the effects of the chromium content
on the colour properties of the pigments, it was also
concluded that the optimum pigment (best colour with
minimum Cr content) was obtained for a Cr/malayaite
mole ratio of 4.4%.
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