
Introduction

Ceramic pigments are predominantly inorganic com-

pounds, being insoluble and inert in glazes and ce-

ramic pastes. The quality of a ceramic pigment de-

pends on its optical and physical properties. These

properties are directly related to the crystalline struc-

ture of the pigment, its chemical composition, purity,

stability, and some physical characteristics, such as

particle size distribution, particle shape, surface

area, etc. [1]. Color is an important feature of many

ceramic products [2].

According to Eppler [3, 4], titanium oxide can be

combined with zinc oxide, yielding a white color

spinel. The objective of this work is to obtain ceramic

pigments, using the polymeric precursor method [5–8],

based on zinc titanate spinels (Zn2TiO4), doped with

iron. The synthesis was done with three different pH

values, in order to verify the influence of chelation on

the obtained color.

Zn2TiO4 displays an A[AB]O4 type inverse spinel

structures. It presents the possibility of formation of

substitutional solid solution with transition metals, thus

enlarging the number of colors that can be obtained.

A great advantage of the polymeric precursor

method, in relation to other chemical synthesis meth-

ods, is its low cost, once the reagents used in larger

amounts are relatively cheap, besides working at rela-

tively low temperatures.

Experimental

The first step is the synthesis of titanium citrate, in

which 3:1 citric acid:metal molar ratio was used, to

guarantee a limpid and transparent solution. In a

beaker under intense stirring and agitation citric acid

was dissolved in distilled water and heated to approx-

imately 70°C. After the complete dissolution of citric

acid, titanium isopropoxide was slowly added, thus

forming a white precipitate that was dissolved upon

stirring before a new isopropoxide addition. After ad-

dition of all isopropoxide, the substance was left in

the beaker and stirred while a limpid and transparent

titanium citrate solution was obtained.

Zinc nitrate and citric acid were added to the tita-

nium citrate solution to maintain 3:1 citric acid:metal

molar ratio. Then, ammonium hydroxide was added

to adjust pH. Finally, ethylene glycol was added to

the solution, to achieve 40:60% ethylene glycol:citric

acid ratio in order to promote the esterification and

the formation of the polymeric resin. After addition of

all the reagents, the solution was heated up approxi-

mately to 110°C to form a polymeric gel.

Then, the samples were calcined at 350°C

for 30 min, leading to the formation of the powder

precursors. These precursors were de-agglomerated

and ground, and passing through a 120 mesh sieve.

These powder precursors were submitted to a second

heat treatment at 500, 600, 700, 800, 900 and 1000°C

for 1 h in an oven.

The powder precursors were analyzed by thermal

analysis. TG/DTG curves were obtained in a TGA-50
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Shimadzu thermobalance, and the DTA curves were re-

corded using a Shimadzu DTA-50 analyzer. Air atmo-

sphere was used, with a flow rate of 100 mL min–1 and

the heating rate was of 15 K min–1. Small alumina cruci-

bles and about 5 mg initial sample masses were used.

Both thermal analyses were carried out between room

temperature and 950°C.

The X-ray diffraction patterns were determined

in a Siemens D-5000 diffractometer using a mono-

chromatic iron K� target.

The L*, a* and b* color parameters of samples

were measured through the Gretac Macbeth Color-eye

spectrophotometer 2180/2180 UV, in the 360–750 nm

range, using the D65 illumination. The CIE-L *a *b *

colorimetric method, recommended by the CIE (Com-

mission Internationale de l’Eclairage) was followed. In

this method, L* is the lightness axis [black (0)

white (100)], b* is the blue (–) yellow (+) axis and a* is

the green (–) red (+) axis.

Results and discussion

The results of the TG/DTG analyses are presented in

Figs 1 and 2. Two main decomposition steps were re-

corded for all studied spinels. The first one is related to

the loss of water and the evolution of some adsorbed

gases on the surface of the powder precursors. The sec-

ond event was attributed to the decomposition of the

organic matter and to the oxidation of metal cat-

ions [9]. All the other TG/DTG curves presented the

same profile observed in Fig. 2. The thermoanalytical

results are summarized in Tables 1 and 2.

Two different behaviors were observed. One for

the powder precursor of undoped zinc titanate and the

iron doped zinc titanate synthesized at pH=1. These

samples exhibited lower peak temperatures and lower
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Table 1 Temperature and mass loss values determined by TG

Spinel Event Trange/°C Mass loss/%

Zn2TiO4
1
2

43–91
352–560

5
59

5% Fe/pH=1
1
2

39–101
321–542

7
49

5% Fe/pH=7
1
2

39–97
348–677

10
79

5% Fe/pH=10
1
2

46–137
327–578

11
80

Table 2 DTG and DTA peak temperatures of pure Zn2TiO4

and iron doped spinals at different pH values

Spinel
DTG peak

temperature/°C
DTA peak

temperature/°C

Zn2TiO4 474 476

5% Fe/pH=1 466 459

5% Fe/pH=7 560 543

5% Fe/pH=10 529 532

Fig. 1 TG curves of the Zn2TiO4 spinel powder precursors at

pH=1, and of Zn1.90Fe0.10TiO4 at pH=1, 7 and 10

Fig. 2 TG/DTG curves of Zn2TiO4 spinel powder precursor

Fig. 3 DTA curves of Zn2TiO4 spinel powder precursors at

pH=1, and of Zn1.90Fe0.10TiO4 at pH=1, 7 and 10



mass losses. An opposite behavior was shown for the

precursors of iron doped zinc titanate samples synthe-

sized at higher pH values (pH=7 and 10).

From these results it was verified as the pH in-

creases 1–10, the obtained mass losses raise from 49

to 80%. It was also observed that the decomposition

temperature increases when the pH raises from 1

for 7, but at pH=10 it was decreased. These differ-

ences are due to polymerization, since an increased

pH of the solution enhances the dissociation of pro-

tons from carboxylic acid in citric acid, making more

complicated the ester reactions [7].

The DTG peak temperatures (Table 2) for the

spinels Zn2TiO4 and Zn1.90Fe0.10TiO4 synthesized at

pH=1, 7 and 10, were: 474, 466, 560 and 529°C, re-

spectively.

The DTA curves are collected in Fig. 3. The

exotherm peaks are related to the combustion of the

organic matter. These peak temperatures are pre-

sented in the Table 2, together with the DTG peak

temperatures. A good agreement was observed be-

tween these peak temperatures.

The X-ray patterns show the phase formation as

a function of the calcination temperature for undoped

Zn2TiO4 (Fig. 4). The diffraction peaks are character-

istic to the Zn2TiO4 phase which appeared at 500°C.

The raising temperature promotes the increase of the

crystallinity of this system, evidenced by the narrower

bands and enchanced intensities of the diffraction

peaks ascribed to the Zn2TiO4 phase. The XRD pat-

terns indicate a single phase system, once no second-

ary or intermediate phases were detected.

Figure 5 summarizes the XRD patterns of

Zn2TiO4 spinels before and after the partial replace-

ment of zinc by 5 mol% of iron, at pH=1, 7 and 10,

heat treated at 1000°C. It can be verified that undoped

Zn2TiO4 is a single phase system, within the detection

limit of the X-ray apparatus, whilst Zn1.90Fe0.10TiO4

displays a secondary phase. At pH=1 and 7, the sec-

ondary phase was zinc oxide, ZnO, however, at

pH=10 it was identified as a precipitated of titanium

oxide (TiO2).

From the Scherrer equation [10] (Eq. (1)) and us-

ing the data taken from Figs 4 and 5, the crystallite

sizes were calculated, as presented in Fig. 6.

t �
09.

cos

�

� �
(1)

where � is the FeK�1 wavelength, � is the diffraction

angle, � is the full width at half maximum (FWHM) of

the diffraction peak, calculated by the equation

� � ( – ) ,/B bobs

2 2 1 2 in which Bobs is the FWHM obtained

for the sample and b the FWHM of a standard, quartz.

In this figure, a reduction in the crystallite size

with increasing pH of solutions was observed. That
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Fig. 4 X-ray diffraction patterns of Zn2TiO4 spinel after

calcination between 500 and1000°C

Fig. 5 XRD patterns of the Zn2TiO4 spinel before and after a

partial replacement of zinc by 5 mol% of iron at

pH=1, 7 and 10. For the undoped Zn2TiO4, synthesis

was done at pH=1

Fig. 6 Evolution of the crystallite size of Zn2TiO4 and of

Zn1.90Fe0.10TiO4



decrease is a consequence of the precipitation of TiO2

or ZnO, leading to a distortion in the Zn2TiO4 lattice.

Chromatic coordinates are presented in Table 3.

All samples became darker, when iron was added to

the pigment, with more pronounced yellow and red

colors. This result is more important for samples syn-

thesized at pH=1, specially for b* coordinate. Since the

secondary phases are colorless (ZnO and TiO2), the ob-

served differences are probably due to the iron ligand

field and oxidation state. According to the literature,

the octahedral field presents a higher energy than the

tetrahedral one. This is due to the presence of six oxy-

gen ligands instead of four [11]. Another important

point is the electron configuration of Fe3+ and Fe2+.

Fe3+ presents a d5 configuration and weak ligands lead-

ing to a high spin state, with forbidden d–d transitions,

which are very weak. On the other hand, Fe2+ has a d6

configuration, with a pair spin, leading to strong colors

due to the d–d electronic transitions [12].

Conclusions

Undoped zinc titanate, Zn2TiO4, and iron substituted

samples (up to 5 mol% of iron) were successfully syn-

thesized by the polymeric precursor method, at

pH=1, 7 and 10. The powder precursors were studied

using TG/DTG and DTA methods, and two decompo-

sition steps were recorded. The first one was attrib-

uted to the elimination of water and of some adsorbed

gas molecules. The second stage was ascribed to the

thermal decomposition of organic groups (such as

carboxyls and carbonyls) and carbonates. From the

X-ray diffraction results it was verified that the

undoped Zn2TiO4 spinels are single phase com-

pounds. For the pigments in which the zinc was sub-

stituted by 5 mol% of iron, at pH=1 and 7, the forma-

tion of ZnO secondary phase occurred and at pH=10,

the precipitation of TiO2 was favored. Upon the in-

crease of the pH of the polymeric resin, the crystallite

size decreased due to the segregation of zinc oxide or

titanium oxide. Samples synthesized at pH 1 pre-

sented higher a* and b* values, indicating that the

change in the pH of the solution also changes iron

ligand field and/or the oxidation state.
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Table 3 Chromatic coordinates of the pigments after calcina-
tion at 1000°C

L* a* b*

Zn2TiO4 91.886 1.432 4.440

Zn1.9Fe0.1TiO4 – pH=1 83.950 10.751 34.978

Zn1.9Fe0.1TiO4 – pH=7 85.947 8.866 28.132

Zn1.9Fe0.1TiO4 – pH=10 84.998 9.016 29.326


