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This work reports the development of inorganic pigments based on chromium doped titanite (CaTiSiOs).
For economical and environmental reasons, wastes were used as raw materials but similar formulations
from pure reagents were also prepared to assess the effect of impurities contained in wastes. Pigments
were characterised by XRD, SEM + EDS microprobe analysis, and UV-vis-NIR spectroscopy. The colouring
mechanism (the pigment is reddish brown) seems to result from the combined contribution of octahedral
Cr(1l) and tetrahedral Cr(IV) species replacing Ti** and Si#*, respectively. In both pure reagents and waste-
based pigments, colorimetric parameters were evaluated and their colouring performance was tested in
transparent and opaque ceramic glazes. Intense and stable brown hues were developed with optimized
formulations, i.e. containing 0.044Cr at 1300°C.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The current work describes brown Cr-doped sphene pigments,
formed by the solid-state reaction method from either pure
reagents or industrial wastes. Contrarily to Cr-doped malayaite
(CaSnSiOs), widely studied and used to colour ceramic products
thanks to its characteristic pink hue [1-4], its titanium analogue
(titanite) is less common in such applications [5,6]. Titanite is a
nesosilicate that crystallises in the monoclinic system [7-9], space
group P21 /a, with a high temperature polymorph isostructural to
malayaite (space group A12/al). Titanium ions are located in octa-
hedral positions; silicon is in tetrahedral coordination while Ca2*
occupies an irregular seven-coordinated site [5-10]. The titanite
framework is composed of octahedra linked by vertexes to form
chains, which are cross-linked by adjacent SiO4 tetrahedra. In this
array, the average bond strength in O(2), O(3), O(4) and O(5) sites
reaches 2 due to the occupancy by oxygen shared with tetrahedral
Si. Only the O(1) atom is linked exclusively to Ti forming an octa-
hedral chain of Ti—O(1). This configuration allows substitution in
this site by M#* cations [11,12], as Cr** along with Cr3*, in a similar
way to that found for malayaite [4,13]. The incorporation of metal
ions is known in both natural and synthetic titanite samples and
was reported in several works [8,14].

Cr-doped titanite pigments can be looked as a good solu-
tion to replace other brown pigments, currently used in
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ceramic manufacturing, like (Fe,Mn)(Fe,Mn,Cr);04 (DCMA 13-
48-7), (Zn,Mn)(Mn,Cr),04 (DCMA 13-51-7) and NiFe,04 (DCMA
13-35-7) spinels, or doped rutile (Ti,Nb,Mn)O, (DCMA 11-47-7)
with avoiding instable (Mn) or toxic (Ni). In addition, the interest
to develop low cost titanite pigments is increased by using wastes
instead of pure reagents. If properly selected, they can assure the
correct colour and may decrease the sintering temperature and
the overall costs. The approach of using wastes, like those from
Cr/Ni plating, marble cutting and foundry moulds, as sources of
chromium, calcium and silicon, respectively, is supported by other
recent promising industrial and environmental investigations done
to produce pink malayaite [3].

2. Materials and synthesis procedure

The sol-gel and solid-state reaction method are the main used
processing routes to synthesize ceramic pigments. The first one
involves the use of suitable liquid precursors and assures a better
control of grain size distribution and of the structural stoichiometry
of the processed formulations. Vanadium-zircon blue or uvarovite
victoria green pigments are normally obtained by this method
[15-17]. As main drawback the processing costs are higher than
in the conventional solid-state reaction method, even if this last
route requires the use of relatively high sintering temperatures to
form stable structures. The ceramic route is then more simple and
easy to implement at an industrial level. It involves the main fol-
lowing steps: mixing/milling of reagents; calcination of powders;
dry milling and sieving to adjust the grain size [16].
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Table 1
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Chemical composition of reagents (determined by XRF or given by the producer) and pigment batch formulations: P = pure reagents and S = sludge containing formulations.

Calcite (Calcitec) Marble sludge (MS) Silica (Sibelco)

Foundry sand (FS)

Cr(IIT) nitrate (Fluka) Cr/Ni Sludge (GS) Rutile (Kronos)

SiO; 0.10 0.64 99.01
TiO, 0.01 0.02 0.01
Al, 03 0.10 0.14 0.10
Fe;03 0.07 0.24 0.06
Cl’203 = = =
MgO 0.20 0.31 0.07
Cao 55.60 55.54 0.10
NiO - - -
CuO - - -
ZnO - - -
Na0 0.01 = 0.05
K;0 0.01 0.11 0.10
P,0s5 = = =
SO3 - - =
LOI 439 43.00 0.50
P-0.024Cr/Ti 404 - 24.2
$-0.024Cr/Ti - 36.9 -
P-0.044Cr/Ti 394 - 23.6
S-0.044Cr/Ti - 35.2 -
P-0.064Cr/Ti  38.4 - 23.0
S-0.064Cr/Ti - 33.6 -

97.6
0.2
0.2
1.1
0.2

0.2

0.2

0.2

25.7
25.1

245

2 - 0.17 =
0 - - 99.83
0 - 0.12 -
2 - 0.30 0.03
0 37.50 17.40 -
- 0.32 -
0 - 12.60 -
- 25.10 -
- 15.18 -
- 0.06 -
- 1.09 -
6 - 0.03 -
- 9.85 0.02
- 225 0.02
0 - 15.59 0.10
39 - 315
- 4.4 33.0
6.9 - 30.1
- 7.8 31.9
9.8 = 28.7
- 111 30.8

So in the actual paper the Cr-doped titanite was prepared by the
ceramic route. Combinations of pure reagents were designed shift-
ing the ratio Cr/Ti(0.024, 0.044, and 0.064) like expressed in Table 1.
Analogous formulations were then prepared by substituting as
much as possible pure reagents by secondary raw materials (indus-
trial wastes). The maximum substitution level reached 71 wt.% of
the initial batch according to the following scheme: marble sawing
sludge (MS), Cr/Ni galvanizing sludge (GS) and foundry sand (FS)
instead of calcite (Calcitec), chromium (IIl) nitrate (Fluka), and sil-
ica (Sibelco), respectively. Batch formulations are summarized in
Table 1 and were wet-ball milled for 60 min then dried at 100°C
overnight. The calcination cycle (electric kiln) was carried out at
5°C/min heating and cooling rates and 3 h dwell time at the max-
imum temperature: 1100, 1200 or 1300°C. Pigments so obtained
were then ball milled, dried and sieved below 63 pm.

Crystalline phases present on fired samples were analysed by
X-ray diffraction (Rigaku Geigerflex diffractometer with filtered
Cu Ka radiation in 10-80°20 range, scan rate 0.02°20, 4s per
step). The quantitative phase analysis was performed using GSAS-
EXPGUI software following a RIR (Reference Intensity Ratio) and the
Rietveld refinement techniques [18,19]. Up to 40 independent vari-
ables were refined: scale-factors, zero-point, 15 coefficients of the
shifted Chebyschev function to fit the background, unit cell dimen-
sions, profile coefficients (1 Gaussian, GW, and 2 Lorentzian terms,
LX and LY). The agreement indices, as defined in GSAS, for the final
least-squares cycles of all refinements are represented by Ry, (%),
Rwp (%), X* and R(F?) (%).

Table 2
Phase composition established by Rietveld refinements of pigments.

The analysis was complemented by scanning electron
microscopy (SEM, Hitachi, SU 70) with in situ chemical determi-
nations obtained by a microprobe XRF-EDS (Bruker AXS, software:
Quantax). The colour of pigments was evaluated by measuring
L*a*b* (L*: 0=Dblack/100=white, green (—a*) to red (+a*) and blue
(=b*) to yellow (+b*) parameters with a Konica-Minolta Chroma
Meter CR-400 [20]. UV-vis-NIR spectra were acquired by absorp-
tion spectroscopy (Shimadzu UV-3100, step interval 2 nm) using a
BaSO4 standard as white reference material in order to understand
the colouring mechanism.

Titanite pigments were used to colour transparent and opaque
glazes (1/20 weight ratio), which were fired at 1050°C (5°C/min
heating and cooling rate and 30 min dwell time). The colour of the
glazes was studied by the two last techniques as already described
previously for pigments. The possible formation of surface defects
(bubbles, cracks, non-homogeneity) was also checked.

3. Results

Pigments obtained from pure reagents show the presence
of titanite associated with quartz, cristobalite, wollastonite
(CaSiO3) and perovskite (CaTiO3) after calcination at 1100
and 1200°C (Fig. 1). This assemblage, consistent with the for
Si0,-CaTiO3-CaTiSiO5 sub-system of the Si0,-CaO-TiO, ternary
diagram [21] turn into a titanite quasi-single phase at 1300°C
(98.7 wt.%) (Table 2).

P-0.044Cr/Ti-1100

P-0.044Cr/Ti-1200

P-0.044Cr/Ti-1300 $-0.044Cr/Ti-1300

Phase quantification (wt.%)

Titanite 10.1(0.1) 49.6 (0.3)
Perovskite 49.9 (0.1) 26.9(0.3)
Wollastonite 19.5(0.1) 12.0(0.1)
Nickel titanate - -
Cristobalite - 4.9(0.1)
Quartz 20.1(0.2) 6.6 (0.3)
Refinement indices

Rwp (%) 20.6 184

Rp (%) 15.5 13.7

R (B) titanite only (%) 20 13.2

X? 2.1 1.6
R(F?) 20 13.7

98.7(0.1) 90.2 (0.1)
13(0.1) _
= 47(0.3)
= 5.0(0.1)
23.1 245
18.3 18.9
16 19.2
24 3.3
15.6 19,5
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Fig. 1. XRD patterns of sintered Cr-doped titanite formulations: P=pure reagents
and S =waste containing.

By using wastes, along with the phase evolution observed
starting from pure reagents, a second phase is formed together
with titanite (90.2 wt.%) and nickel titanate (NiTiO3: 4.7 wt.%). This
results from the occurrence of Ni in the GS sludge that is also the

SU-70 475
MAG: 1500 x

HV: 15.0 kV  WD: 14,8 mm

Table 3
EDS elemental quantification.
at.%
P S NT
(6] 5 5 3
Si 1.000 1.000 0.000
Ti 0.924 0.928 1.104
Cr 0.039 0.026 0.058
Ni 0.000 0.000 0.551
Ca 1.094 1.106 0.153
Total 3.057 3.060 1.866
Ti+Cr 0.962 0.954 -
Cr/Ti 0.042 0.028 -

source of chromium. Reaction of nickel with TiO, led some free SiO,
in the final powders.

In situ chemical analyses of samples calcined at 1300°C (see
Table 3) reveal some excess of SiO, with respect to the theoret-
ical titanite likely due to some cristobalite contribution. Anyway,
constraining the SiO; to the value corresponding to the exact occu-
pancy of the tetrahedral site, nearly full occupancy of Ti+Cr in the
octahedral site and Ca in the 7-fold coordinated polyhedron are
achieved (Table 3). The Cr/Ti ratio in P-0.044Cr/Ti_1300 is equal
to the designed value (0.043), while it is slightly lower in parti-
cle P (Cr/Ti=0.028) (Fig. 2 and Table 3). Further EDS analyses of
pigments calcined at 1100 or 1200 °C (not shown) reveal particles
that seem to have the expected stoichiometry of titanite but with-
out chromium. This suggests that chromium is incorporated into
the titanite structure only for temperatures superior to 1200°C,
when the system turns into monophasic, as detected by XRD. In
the S-pigment, the additional phase NiTiO3 was identified, even if
the composition of this ilmenite-like phase (particle NT, see Fig. 2)
seems to contain some Ca and Cr among Ni due to the effect of sur-
rounding titanite that can cause compositional deviations in the
punctual analysis (Table 3).

The UV-vis-NIR spectra show important differences between
P and S pigments in the visible and NIR regions. The absorbance
of the pigment produced from pure reagents is higher in visible
range, which should be materialized better colour, while S-pigment
absorbs more in NIR and red light (inferior to 600 nm). In same
interval, the variation in absorbance (about 17.000cm~1) could
be related to different contribution level of spin-forbidden tran-
sitions Cr3* (d3 electronic configuration) [22-24]. The weak bands
individualised in NIR and centred at 1140 nm are consistent with
the 3A, — 3T, (F) transition matched to Cr(IV) species substituting
Si(IV) in tetrahedral positions [25-27]. Due to the large disparity of
ionic radii between the two species and the need to assure charge

SU-T0 477
MAG: 1500 x

Fig. 2. Microstructure of pigment powders.
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Fig. 3. UV-vis-NIR spectra of pigments.

electroneutrality, it is unlikely that octahedral Cr3* species might
replace tetrahedral Si** ions.

Due to extensive overlapping, the ill-resolved optical bands are
difficult to be interpreted. The presence of tetravalent chromium
excitations in the visible domain, either in octahedral as in tetra-
hedral coordination, is hindered by superimposed stronger Cr3*
transition bands [23].

Nevertheless and from Fig. 3, we can consider a band at 405 nm
attributed with 3A, — 3T, (P) transfer of Cr(IV) [28-30] and a second
one is located around 500 nm (~20.000 cm~!) due to spin-allowed
transition of octahedral Cr(III) from 4A2g ground state to the excited
4Ty4(F) state [24]. These two sequential absorptions located in the
violet (405 nm) and green-blue (500 nm) zones are responsible for
the brown colour displayed by the pigment.

The absorbance spectra of chromium-doped titanite containing
transparent glazes are shown in Fig. 4. In the near infrared region,
the wide band observed at 1140 nm coincides with the emission
3A, — 3T, (F) of tetrahedral Cr** species detected in the pigments
[27,30]. It is visible the difference in the electronic behaviour
between glazes containing pigments calcined at 1300 °C and those
coloured by pigments calcined at 1100 and 1200°C (Fig. 4). This
should be related to the level of chromium incorporation in the
glassy network that might occur on pigments where the titan-
ite formation was not complete, as previously reported in XRD
and SEM/EDS analyses. Glazes containing P-0.044Cr/Ti_1100 and P-
0.044Cr/[Ti_1200 pigments show a broad emission at about 640 nm
that is compatible with the presence of free Cr(IIl) species and their
gradual incorporation in the glassy phase [25]. This band becomes
smoother for the pigment calcined at 1200°C and disappears for
pigments fired at 1300 °C.

The only certitude extracted from the analysis of optical spectra
of glazes that they are closer to those obtained for the pigments

Table 4
CIELab parameters pigments, transparent and opaque glazes.

1.4

Transparent glazes
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— P-0.044Cr/Ti_1300
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Fig. 4. Absorbance spectra of coloured transparent glazes.

and the mentioned differences in the absorbance spectra between
P and S pigments are much lower, confirming the stability of the
last at 1300°C.

Table 4 gives the CIELab colorimetric parameters of the pig-
ments and applications (selected transparent and opaque glazes).
The effect of calcination temperature on the colour of P-0.044Cr/Ti
pigments is given by a slight decrease of lightness (L*) and red hue
(+a*), while the value of yellow-blue (b) coordinate is constant.

The green hue (Fig. 5) and negative a* values (Table 4) shown
by the glazes coloured by pigments calcined at 1100 and 1200°C
may be attributed to the chromium leaching from the pigments
that was then incorporated or dissolved in the glaze matrix. When
all chromium is incorporated in the pigment lattice, that seems to
occur after calcination at 1300°C as suggested by XRD and SEM
analysis, the colour of the applications change from green to the
expected brown.

Differences on colour of the applications achieved by using Por S
pigments are noticed by changes in the brown hue (see for example
S-0.044Cr/Ti_1200 and P-0.044Cr/Ti_1200). Formulations prepared
from wastes have lower red component (Table 4), as a proba-
ble effect of the co-existence of phases like NiTiO3. Nevertheless,
among the principal component Cr-doped titanite, the impurities
introduced by recycling materials seem to enhance the brown col-
oration in transparent glaze support (Fig. 5). In fact this is reflected
by alow lightness such in S-0.044Cr/Ti_1300 and S-0.064Cr/Ti_1300
pigments comparing to P-0.044Cr/Ti_-1300 and P-0.064Cr/Ti_1300
obtained from pure reagents.

Further trials conducted to study the effect of changing the Cr/Ti
ratio (0.024 and 0.064), reveal the expected tendencies. By low-
ering the relative amount of chromium, lighter brown coloration
was obtained in transparent and opaque glazes, following a sim-
ilar tendency on the pigments. At the same time, it is easy to see

Reference Pigments Transparent glaze Opaque glaze
L* a* b* L* a* b* L* a* b*

P-0.044Cr/Ti-1100 52.7 8.3 9.0 58.2 -86 114 81.1 -2.0 9.4
S-0.044Cr[Ti-1100 49.7 8.3 9.0 49.1 -4.0 12.0 77.6 -0.8 9.7
P-0.044Cr/Ti-1200 49.7 9.2 9.6 50.3 -0.2 12.0 74.0 2.9 103
S-0.044Cr/Ti-1200 50.8 4.8 9.0 43.1 2.0 9.9 72.6 1.6 7.6
P-0.044Cr/Ti-1300 47.5 7.8 9.4 44.2 4.8 113 69.3 4.0 8.7
S-0.044Cr/Ti_1300 529 43 8.9 349 3.6 7.1 734 14 53
P-0.024Cr/Ti-1300 59.8 6.7 11.3 46.8 4.6 12.1 75.3 2.7 6.7
S-0.024Cr/Ti-1300 63.7 3.7 114 48.1 1.5 11.7 79.2 0.7 8.1
P-0.064Cr/Ti_1300 55.6 7.0 10.5 38.1 45 9.5 70.4 35 8.7
S-0.064Cr/Ti-1300 54.7 3.1 7.0 37.0 13 7.5 72.8 0.7 7.3
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Fig. 5. Colour variation of transparent and opaque glazes containing P-0.044Cr/Ti and S-0.044Cr/Ti pigments (1/20 weight ratio).

that the further increase of chromium concentration (Cr/Ti=0.064)
does not induce significative improvements in the colour perfor-
mance of pigments in the tested transparent glazes. However,
differences between S and P formulations are stronger, since the
relative amount of GS sludge is higher. S-0.044Cr/Ti_.1300 and
P-0.044Cr/Ti-1300 pigments are then considered the optimal for-
mulations. These promising results in transparent glaze are not
reflected in the opaque glaze (Fig. 5). The opaque matrixes tend
to shade the colour (lightness is over 69.3) so there is a need to
increase the added amount of titanite pigment (over 5wt.%) to
equalize the hue intensity achieved by the use of brown spinel or
rutile pigments.

4. Conclusions

The mineralogical study of pigments obtained from pure
reagents reveal that formation of single titanite phase is completed
only after calcination at 1300 °C, being this the recommended sin-
tering temperature. Quartz, cristobalite, wollastonite (CaSiO3) and
perovskite (CaTiO3) are unreacted or intermediate phases detected
in powders calcined at 1100 and 1200 °C. The presence of impurities
in the wastes might contribute to anticipate the sintering process,
due to the fluxing characteristics of some of them.

UV-vis-NIR spectra showed two main bands assigned to transi-
tions on octahedral Cr(Ill) and tetrahedral Cr(IV) species replacing
Ti** and Si%* ions, respectively. The colour changes in the applica-
tions, from green to brown, are explained by the reaction level and
crystallisation degree of Cr-doped titanite. Waste containing pig-
ments calcined at 1300 °C show NiTiOs3 in addition to titanite. That
phase might be responsible for the darker brownish hue obtained
either in the pigment as in the glazes. The presence of other chro-
mophores (Fe, Cu, Zn, ...) seems to not strongly affect the colour
development of the pigments, since their relative amount is low.
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