
Introduction

Pigments with the spinel structure belong to the group

of mixed metal oxide pigments. Mixed metal oxide

pigments can be considered as a subcategory of com-

plex inorganic colour pigments. The term, i.e. the

mixed metal oxides, does not represent the reality as

these pigments are not mixtures but solid solutions or

compounds consisting of two or more metal oxides.

Each pigment has a defined crystal structure which is

determined by the host lattice. Other oxides inter-

diffuse at high temperature into the host lattice struc-

ture by forming either a solid-state solution or a new

compound [1]. Spinel pigments are widely used in ce-

ramics for colouring of porcelain and glazes [2]. They

cover a wide range of colours and many of them are

thermally stable up to 1400°C. They are used not only

as heat resistant pigments, but they have a great im-

portance as catalytic materials [3] and magnetic

materials [4].

The spinel pigments have a common chemical

formula AB2X4; structurally they have a cubic sym-

metry. Based on the ions A, B and X, the spinels can

be divided into three categories [5]. Most often the X

ions represent oxygen anions. In classical spinels the

A ions occupy tetrahedral sites, and the B ions occupy

octahedral sites, A
tet

B
2

oct
O4. In inverse spinels the

A ions and half of the B ions swap positions to give

B
tet

[AB]
oct

O4. Between the both extremes there is a

number of intermediate spinels [6]. The manners in

which such sites are occupied depend on the calcina-

tion temperature [7, 8]. Spinels are most often pre-

pared by solid state reactions [9]. Some chemical

routes have been used to prepare the spinel pigments,

among them, the polymeric precursor method devel-

oped by Pechini [10], the sol-gel method [11] and the

hydrothermal method [12, 13].

In this work, a non-stoichiometric green spinel

pigment containing Co, Zn, Ti and Cr was prepared

by a novel method of preparation which consists of

two steps of the calcination.

Experimental

The pigments were prepared by a two-step method.

The first step represents the formation of semi-prod-

ucts at medium temperature. The semi-products

were obtained by mixing of raw materials in suspen-

sions in a porcelain mortar and were calcinated at

400°C on an alloy steel sheet. The second step repre-

sents a classical calcination in an electric resistance

furnace with an increase of temperature 10°C min
–1

.

The calcination temperature of the second step of

synthesis 1100–1300°C was maintained for 1 h. Af-

ter that, the fired samples were decanted in hot wa-

ter, filtrated and dried.
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The influence of precursors, especially titanium

precursors, on the colour properties of the pigments

was investigated. The first reaction mixture contained

these precursors: CoSO4�7H2O and CoCO3 (in ratio

0.42:0.04), ZnSO4�7H2O, Na2Cr2O7�2H2O and TiO2.

The second reaction mixture contained the same pre-

cursors CoSO4�7H2O and CoCO3 (in ratio 0.42:0.04),

ZnSO4�7H2O, Na2Cr2O7�2H2O only the titanium pre-

cursor was changed to Na2Ti4O9. Both mixtures con-

tained foaming agents, i.e. fumaric acid and urea.

Simultaneous TG/DTA measurements were per-

formed by STA Jupiter 449 equipment (NETZSCH,

Germany) in the temperature range 50–1200°C

(1400°C) at heating rate 10°C min
–1

. The analysis was

carried out in a ceramic crucible under air and

�-Al2O3 was used as a reference material.

The X-ray diffractograms of the samples in the

range 2� of 10–80° were obtained using the diffra-

ctometer D8 (Bruker, GB), CuK
�

radiation, scintilla-

tion detector.

The colour properties of the pigments were mea-

sured after their application into a transparent ceramic

glaze P 07491 free of lead oxide (Glazura s.r.o.,

Roudnice nad Labem, Czech Republic) in the amount

of 10 mass%. Colour properties were measured in the

visible region (400–700 nm) with MiniScan MS/S

(Hunter Lab, USA). The measurement conditions

were following: Illuminant D65 (6500 K), 10° com-

plementary observer and geometry of measurements

d/8°, colour space CIE L* a* b* and chroma C.

Results and discussion

The main aim of the present work was to prepare the

spinel pigment Co0.46Zn0.55(Ti0.064Cr0.91)2O4 with

good application properties. The composition of re-

action mixture can affect the temperature of pigment

formation.

On DTA curve (Fig. 1) there were identified few

effects that correspond to decomposition of the raw

materials in the mixture No. 1. From the TG curve it

follows that the marked mass loss occurs in the tem-

perature range 30–300°C. The endothermic effect

with a minimum at 146°C is connected with removal

of crystalline water of the precursors (Table 1). The

decomposition of sulfates and also sodium dichro-

mate is finished within 300–500°C. This temperature

range is also associated with the formation of black

oxide Co3O4 (386°C) which loses oxygen and forms

CoO in higher temperatures, i.e. 500–1000°C. The

endothermic effect with minimum at 1250°C indi-

cates the formation of the product. This fact was doc-

umented by X-ray diffraction analysis. The formation

of spinel compound is connected with the endother-

mic effect on the DTA curve because the solid solu-

tion is formed. The last almost indiscernible exother-

mic peak (1307°C) probably corresponds to partial

oxidation of Cr(III) to Cr(VI). This peak was detected

also on the DTA curve of the pure product.

Several peaks corresponding to the decomposi-

tion of starting materials were also identified on the

DTA curve of the reacting mixture No. 2. (Fig. 2).

Thermoanalytical measurements of the sample No. 2

were carried out after the first step of synthesis. The

first mass loss 0.53% is connected with the loss of re-

maining moisture (Table 2). Among others, the tem-
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Table 1 Thermal decomposition of the reaction mixture No. 1

for the synthesis of Co0.46Zn0.55(Ti0.064Cr0.91)2O4 (Fig. 1)

Temp. range/°C Peak temp./°C Mass loss/%

30–300 146 10.38

300–500 386 4.00

500–1000 – 2.53

1000–1400 1250 1.03

Table 2 Thermal decomposition of the reaction mixture No. 2

for the synthesis of Co0.46Zn0.55(Ti0.064Cr0.91)2O4 (Fig. 2)

Temp. range/°C Peak temp./°C Mass loss/%

30–200 138 0.53

200–530
371

468
6.93

530–1200

867

1040

1077

3.56Fig. 1 DTA and TG curves of the reaction mixture No. 1

(sample mass 221.150 mg)

Fig. 2 DTA and TG curves of the reaction mixture No. 2

(sample mass 300.300 mg)



perature range 300–500°C covers the formation of

Co3O4. The next endothermic effect of this range

(486°C) corresponds to the reversible transformation

of Na2CO3. The endothermic effect with a minimum

at 867°C is connected with the oxygen loss from

Co3O4 to CoO and this effect also covers the thermal

decomposition of Na2CO3. The temperature of pig-

ment formation is characterized on the DTA curve by

an exothermic effect with a maximum at 1077°C. One

unidentifiable exothermic peak occurs on the DTA

curve at 1040°C but this peak was also identified on

the DTA curve of the pure product

Co0.46Zn0.55(Ti0.064Cr0.91)2O4.

The product of calcination of the reaction mix-

ture No. 1 (1200°C) was also subjected to thermal

analysis to determine the thermal stability of the new

compound. Few endothermic and exothermic effects

occur on the DTA curve of the fired product and some

of them are identical with the effect on DTA curves of

reaction mixtures (Fig. 3, Table 3). Since the total

mass loss is only 0.29% the product of calcination can

be marked as a pigment of good thermal stability. The

indiscernible exothermic peak (1307°C) probably

corresponds to partial oxidation of Cr(III) to Cr(VI).

This peak was also detected on the DTA curve of the

mixture No. 1 which was measured to 1400°C.

The prepared samples were subjected to X-ray

diffraction analysis. Only the phase of spinel was

identified in the diffraction pattern of the product pre-

pared by calcining the mixture No. 1 at 1100°C

(Fig. 4). The compound has a cubic symmetry and the

value of lattice parameter a is 8.3280 �.

On the other hand, the synthesis of the product

using the titanium precursor Na2Ti4O9 does not lead

to the formation of a one-phase system (Fig. 5). Be-

sides the spinel phase, the pigment prepared at

1200°C contains also a small amount of rutil phase

TiO2. The increase of temperature over 1200°C

causes sintering of the product. The product prepared

from the mixture No. 2 is also of cubic symmetry but

the lattice parameter is higher; a=8.33764 �.

The new compound Co0.46Zn0.55(Ti0.064Cr0.91)2O4

provides a very interesting deep green colour. The pig-

ments were applied into transparent ceramic glaze.

From Table 4 it follows that the calcining temperature

has a significant effect on the pigment colour. The most

noticeable effect of temperature is on the yellow hue of

pigment. The pigments prepared from mixture No. 1

have the similar values of brightness (L*) in the whole

range of temperatures as well as the values of green hue

(b*) and values of chroma (C). The different situation is

in colour properties of the pigment prepared from mix-

ture No. 2. The temperature higher than 1200°C mark-

edly affects the value of brightness (L*). The pigment

prepared at the lowest temperature (1100°C) is the dark-

est one. However, amount of the green hue of pigment

increases with increasing temperature, the highest value

of b* is not as high as value of product No. 1. The in-
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Fig. 3 DTA and TG curves of Co0.46Zn0.55(Ti0.064Cr0.91)2O4 ob-

tained by calcination of the mixture No. 1 at 1100°C

(sample mass 400.700 mg)

Table 3 Thermal decomposition of Co0.46Zn0.55(Ti0.064Cr0.91)2O4

obtained by calcination of the mixture No. 1 (Fig. 3)

Temp. range/°C Peak temp./°C Mass loss/%

60–350 – 0.06

350–780 751 0.01

780–1050 804 0.08

1050–1160 1037 0.08

1160–1400
1231

1302
0.09

Fig. 4 X-ray diffraction pattern of Co0.46Zn0.55(Ti0.064Cr0.91)2O4

obtained by calcination of the mixture No. 1 at 1100°C

Fig. 5 X-ray diffraction pattern of Co0.46Zn0.55(Ti0.064Cr0.91)2O4

obtained by calcination of the mixture No. 2 at 1200°C



crease of chroma (C) has the same trend. The pigment

No. 1 prepared by calcining at 1150°C provides the

most interesting colour properties.

Conclusions

The main aim of the research was to prepare a new

spinel compound which can be used as an inorganic

pigment. The pigment prepared was of deep green

colour. The temperature of the spinel structure forma-

tion and the thermal stability of the product were de-

termined by thermoanalytical measurements. Two ti-

tanium precursors were used for preparation of the

pigment Co0.46Zn0.55(Ti0.064Cr0.91)2O4. The first used

titanium compound TiO2 gives a one-phase product at

1100°C but the product formed at 1150°C provides

more interesting colour properties. Although the pig-

ment Co0.46Zn0.55(Ti0.064Cr0.91)2O4 can be integrated

into the group of pigments with high thermal stability,

the recommended temperature for its practical appli-

cations is lower than 1300°C. The temperature

1300°C causes the partial oxidation of Cr(III) to

Cr(VI). The second titanium precursor Na2Ti4O9 pro-

vides a two-phase pigment. The pigment prepared at

temperature higher than 1200°C was sintered. The

pigment No. 2 also provides interesting green colour

but the colour quality of this pigment is worse than

the colour quality of the pigment prepared from pre-

cursor TiO2 (No. 1).

Acknowledgements

This work was supported by research plan MSM of Czech Re-

public No. 0021627501.

References

1 M. Trojan, Z. �olc and M. Novotn�, Pigments,

Kirk-Othmer Encyclopedia of Chem. Technol., p. 45,

Vol. 19, J. Wiley and Sons Inc., New York 1996.

2 E. Ozel and S. Turan, J. Eur. Ceram. Soc., 23 (2003) 2097.

3 H. Grabowska, M. Zawadzki, L. Sype and W. Mi�ta,

Appl. Catal. A, 292 (2005) 204.

4 M. P. Gonzalez-Sandoval, A. M. Beesley,

M. Miki-Yoshida, L. Fuentes-Cobas and

J. A. Matutes-Aquino, J. Alloys Compd., 369 (2004) 190.

5 DCMA - Classification and Chemical Description of the

Mixed Metal Oxide Inorganic Colored Pigments, Metal

Oxides and Ceramic Color, Subcommitte DCMA, 1982.

6 M. Trojan, Z. �olc and M. Novotn�, Pigments,

Kirk-Othmer Encyclopedia of Chem. Technol., J. Wiley

and Sons Inc., New York, 1996, Vol. 19, 45.

7 T. He and K. D. Becker, Solid States Ionics,

101–103 (1997) 337.

8 K. D. Becker, Solid States Ionics, 141 (2001) 21.

9 E. Ozel and S. Turan, J. Eur. Ceram. Soc., 23 (2003) 2097.

10 R. A. Candeia, M. I. B. Bernardi, E. Longo,

I. M. G. Santos and A. G. Souza, Mater. Lett., 58 (2004) 569.

11 C. Otero Areán, M. Penarroya Mentruit, E. Escalona

Platero, F. X. Llabrés i Xamena and J. B. Parra, Mater.

Lett., 39 (1999) 22.

12 R. Pozas, V. M. Orera and M. Ocana, J. Eur. Ceram. Soc.,

25 (2005) 3165.

13 Z. Chen, E. Shi, W. Li, Y. Zheng and W. Zhong, Mater.

Lett., 55 (2002) 281.

DOI: 10.1007/s10973-005-7543-5

736 J. Therm. Anal. Cal., 84, 2006

MESÍKOVÁ et al.

Table 4 The colour properties of the pigment Co0.46Zn0.55(Ti0.064Cr0.91)2O4

Reaction mixture Calcining temperature/°C L* a* b*
C

No. 1 1100 39.92 –17.56 –3.38 17.88

No. 1 1150 39.87 –18.99 –1.86 19.08

No. 1 1200 39.83 –18.78 –1.01 18.81

No. 1 1250 39.85 –17.23 –2.98 17.49

No. 1 1300 38.36 –18.64 1.07 18.67

No. 2 1100 37.51 –15.18 –1.38 15.24

No. 2 1150 41.75 –17.37 –0.31 17.37

No. 2 1200 39.39 –17.86 –4.34 18.38

No. 2 1250
sintered

No. 2 1300
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