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THERMAL ANALYSIS OF THE Bi,03;-Er,0;-ZrO, PIGMENTS

Petra Sulcovd” and M. Trojan

Department of Inorganic Technology, Faculty of Chemical Technology, University of Pardubice, Legions Sq. 565
532 10 Pardubice, Czech Republic

The synthesis of new compounds based on Bi,0; is investigated because they can be used as new ecological inorganic pigments.
Chemical compounds of the Bi, (Ery»Zr3,50; type were synthetized. The host lattice of these pigments is Bi,O; that is doped by
Er** and Zr*" ions. The incorporation of doped ions provides interesting colours and contributes to a growth of the thermal stability
of these compounds. The simultaneous TG-DTA measurements were used for determination of the temperature region of the pig-
ment formation and thermal stability of pigments. This paper also contains the results of the pigment characterization by X-ray pow-

der diffraction and their colour properties.
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Introduction

The inorganic pigments have been applied in various
applications such as paints, plastics, rubbers, ceram-
ics, enamels and glazes. However, most of the con-
ventional inorganic pigments applicable for the above
applications contain the toxic elements such as Cd,
Pb, Cr, Hg, Sb and Se that can adversely affect the en-
vironment and human health [1]. Therefore, develop-
ment of safe inorganic pigments has been required in
order to replace the toxic inorganic pigments with en-
vironment-friendly pigments or less toxic substances.
Although the use of high-performance organic pig-
ments is one way to obtain several colours, these pig-
ments have some limitations because of their thermal
and UV-ray radiation instabilities. On the other hand,
some safe inorganic pigments based on metal oxides
and compounds have been proposed by several re-
searchers including our group.

Historically, cadmium pigments and chromate
pigments have been very important, as they provided
arange of clean, bright hues of yellow, orange and red
colours. Their importance, however, has been de-
creasing continually because of the environmental is-
sues associated with the production and the use of Cd
and Cr (6+). As this time, most users around the world
are looking for safer replacements of the mentioned
pigments and only a few pigment producers are will-
ing to continue their production. Originally, these
pigments were produced for artistic paints.

From this point of view just pigments on the base
of Bi,0; belong to pigments of oxide types and seem
to be interesting, because they provide interesting col-
our hues from yellow to orange [2, 3]. Intense colours
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of these pigments are based on the incorporation of
doped Ln ions into the host lattice of Bi,O;. The
Bi,0; itself is a light yellow powder.

The high temperature phase of 8-Bi,0;, which is
stable in the 730-825°C temperature range, has been
intensively studied due to its high oxygen-ion con-
ductivity. The structure of the d-phase is based on a
face centered cubic cation sublattice and can be de-
scribed as a defective fluorite structure where 1/4 of
the anion sites are vacant. This high oxygen vacancy
concentration gives rise to a high oxygen-ion mobil-
ity. The &-phase may be stabilized below room tem-
perature by partial cationic substitution for Bi’".
Thus, the use of Ln*" cations (Ln: lanthanide or yt-
trium) has been appeared effective though a variety of
crystal phases have been observed depending on the
kind and amount of the rare earth cation used and the
synthesis conditions employed [4-8].

In the present study, the new pigments having the
formula Bi, (Ery»Zr3,503 with various erbium and zir-
conium concentration levels have been prepared and
their colour properties, as possible ecological inor-
ganic pigments have been investigated. The optimum
calcination temperature for pigment synthesis was de-
termined on the base of the simultaneous TG-DTA
measurements that can provide the information about
the temperature region of the pigment formation.

Experimental
As starting materials we used bismuth oxide(IIl) of

99% purity (Merck, Germany), ZrO, with 95% and
Er,O5 with 99% purity (Indian Rare Earths Ltd., In-
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dla) Mixed oxides Biz,xErx/22r3x/303, where x=0.2,
0.8 and 1.4, have been prepared. The synthesis of the
samples was carried out in corundum crucibles from
stoichiometric amounts of Bi,Os;, Er,O; and ZrO,
which were mixed at an agate mortar. The starting
mixtures were then calcinated in air at electric furnace
at required temperature (the increase of the tempera-
ture was 10°C min"). The samples were calcined at
700, 750 and 800°C for 3 h.

All prepared pigments were applied into organic
matrix (Balakom, a.s., Czech Republic) in mass tone.
The final applications were evaluated with regard to
their colour hues by measurements of spectral
reflectance in the visible region of light (400-700 nm)
using a MiniScan (HunterLab, USA). The measurement
conditions were following: an illuminant D65, 10° com-
plementary observer and measuring geometry d/8° [9].

The colour properties are described in terms of
CIE L*a*b* system. The values a* (the axis red-green)
and b* (the axis yellow-blue) indicate the colour hue.
The value L* represents the lightness or darkness of the
colour as related to a neutral gray scale. In the LZ*a*b*
system it is described by numbers from zero (black) to
hundred (white). The value C (chroma) represents sat-
uration of the colour and is calculated according to the
formula: C=(a**+b**)"%. The hue angle H° is defined
by an angular position in the cylindrical colour space
(for the red is H°=0-35°, for the orange H’=35-70°, for
the yellow A’=70-105°).

The methods of thermal analysis can provide the
first information about the temperature region of the
formation of inorganic pigments. The formation of
these pigments was followed by thermal analysis us-
ing STA 449C Jupiter (Netzsch, Germany) which al-
lows the simultaneous registration of the thermo-
analytical curves TG and DTA. The starting raw ma-
terial and the prepared starting mixtures were studied
by thermal analysis in corundum crucible in air in
temperature region from 100 to 1050°C. The increase
of temperature was 10°C min . a-AlLO; was used as
reference material [10].

The powder pigments were also studied by X-ray
diffraction analysis. The X-ray diffractograms of the
samples were obtained using by equipment Diffracto-
meter D8 (Bruker, GB), CuK,, radiation with scintilla-
tion detector.

Results and discussion

The influence of the increasing content of erbium and
zirconium on the colouring effect of the
Bi, xErynZr3,50; pigments was studied. The colour
properties of the Biy (Ery»Zr3,50; samples prepared
at temperature 700, 750 and 800°C and applied into
organic matrix in mass tone are given in Table 1.

From Table 1 it follows that the increasing con-
tent of Er and Zr increases value L* (lightness) at all
temperatures and the pigments become the lightest.
The increase of calcination temperature produces the
decrease of value L* and the colour becomes darker.
The value a* (red hue) and b* (yellow hue) decreases
with the growing value x and this reduction is also
presented by the decrease of values C (chroma) de-
pending on x. The growing temperature of calcination
makes the increase of chroma. The values of hue an-
gle H' a little increase according to value x. Consider-
ing that the value H° of these pigments lies from 67
and 75, the pigments are also characterized by yel-
low-orange colour. The intensive hues are produced
at higher temperatures (750 and 800°C).

The formation of these pigments was followed
by the methods of thermal analysis (TG-DTA). Ther-
mal analysis of starting oxide Bi,O; provided the two
endothermic effects on the DTA curve [9]. The first
peak with temperature minimum at 736°C corre-
sponded with the change of monoclinic modification
a-Bi,0; to cubic modification 6-Bi,O;. The second
peak with minimum at 820°C was connected with
melting of 3-Bi,0;.

Starting mixtures for the pigment preparation
with composition Bi, yEry»Zr3,05 (Where x=0.2, 0.8
and 1.4) were homogenized in an agate mortar and
studied with using of DTA. TG curves of all mixtures
indicated the mass loss at the temperature range from
100 to 600°C (Table 2) that is represented by two
slight breaks at the DTA curve at temperature about
312°C and approx. 395°C and corresponded with
continual oxygen loss from Bi,0; [4]. Growing tem-
perature indicated the endothermic effect at the DTA
curve with minimum at approx. 745°C which was
connected with dissolution of Er,O; and ZrO, in
Bi,0; during the change of monoclinic modification
a-Bi,05 to cubic modification 6-Bi,O; forming a
solid solution of all oxides (Fig. 1). The last endother-

Table 1 Colour properties of the Bi, \Ery»Zr3,50; pigments applied into organic matrix

700°C 750°C 800°C
* L* C H L* C H L* C H
0.2 74.08 33.34 71.55 57.48 50.05 68.73 56.78 55.56 70.70
0.8 80.24 26.67 72.86 61.91 41.06 68.93 58.61 46.23 71.04
1.4 86.68 21.91 74.54 63.89 31.46 67.06 60.53 4131 72.08
806 J. Therm. Anal. Cal., 91, 2008
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Table 2 Thermal decomposition of the mixture for synthesis Bi, yEry»Z13,/50;

x=0.2 x=0.8 x=14
Trange/°C Peak Peak Peak
0, 0, 0
temperature/°C Mass loss/% temperature/°C Mass loss/% temperature/°C Mass loss/%
100-325 312 0.05 312 0.03 312 0.06
325-425 397 0.40 394 0.35 395 0.33
425-600 - 0.26 - 0.23 - 0.22
748 746 742
600-1050 950 0.01 945 0.03 914 0.02
mic peak on the DTA curve demonstrates the ten-
dency of the pigment to melt. From Table 2 it follows 1000 ==
that the increasing content of Er and Zr supports the 99' N 15 s
shift of minimum of the peak to lower temperatures, 99'8_ —20 ?
i.e. from 950°C for x=0.2 to 914°C forx=1.4. Incom- = " | 25 §
parison with the starting oxide Bi,O; (820°C), the é 99'6_ —30 o
process moves higher by 130°C. This temperature 99'5_ : L35 E
also represents the stability of these pigments. 99'4_ S e TG40 ]
Figures 2 and 3 demonstrate the simultaneous 1100 200 300 400 500 600 700 =60 900 1000
measurement TG-DTA of starting mixtures for the Temperature/°C
pigments with x=0.8 and 1.4. These resultg show the Fig. 3 TG and DTA curves of mixture for synthesis
analogical shape of the DTA curve. The higher con- BioEto 1710 52505 (mass of sample: 808.70 mg, atmo-
tent of Er and Zr causes the decreasing of melting sphere: air, heating rate: 10°C min™")
temperature of this pigment to 914°C. The pigment
with x=0.2 having the highest melting temperature
(950°C) can be determined as the best, because it has %
at the same time the best yellow-orange colour with 50004 =
the highest value of chroma. ki
4000
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Fig. 1 TG and DTA curves of mixture for synthesis Fig. 4 )é-raylpg ttim ofttlgg gfglple Bio ¢Ero7Z10.52503 obtaining
Bi, 3Erg1Zr0 07505 (mass of sample: 805.50 mg, atmo- y calcination &
sphere: air, heating rate: 10°C min™") ) ]
The structure of the Bi, (Ery»Zr3,505 pigments
was also investigated by X-ray diffraction analysis.
100. 14 sz - The samples prepared at temperature 700°C were het-
lgg‘g: b erogeneous because free ZrO, and Er,0O; were also
S 998 =  identified. The higher temperature (750°C) produced
23 99.7 S double-phased sample, the presence of second phase,
99.6- & i.e. free ZrO,, was proved beside cubic modification
ggi: N 0-Bi,0;. The samples calcined at 800°C were sin-
100 200 300 400 500 600 700 800 900 1060 gle-phased for all values x (0.2, 0.8 and 1.4). X-ray

Temperature/°C

Fig. 2 TG and DTA curves of mixture for synthesis
Bi; ,Er4Zro ;05 (mass of sample: 805.10 mg, atmo-
sphere: air, heating rate: 10°C min™")
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diffraction patterns of these compounds can be
indexed in an f.c.c. fluorite-type cell.
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Conclusions

The compounds Bi, xEry,»Zr34503, where x=0.2, 0.8
and 1.4, were studied. Intense yellow-orange colours
of these compounds are based on the incorporation of
doped Er’* and Zr*" ions into the host lattice of Bi,Os.
The optimum calcination temperature for pigment
synthesis was determined on the base of the simulta-
neous TG-DTA measurements. These methods pro-
vided the information about the calcination tempera-
ture of these pigments that is 800°C. This result is
also in accordance with colour properties that are
better for 800°C, when intensive yellow-orange col-
our was obtained, lower temperature produces lighter
and a little deep hue. The methods of thermal analysis
also provided the information about the temperature
stability of the pigments that is about 950°C (x=0.2).
Prepared pigments indicate the increase of their melt-
ing temperatures above 900°C, this result is better
than for the Bi, yZr3,40; compounds, whose melting
temperatures are in the case of x=0.2 about 850°C [9].
This fact can give a direction for colouring of ceramic
glazes. First experiments perform hopeful results af-
ter their application into ceramic glazes, too.
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