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bstract

his work reports the use of wastes (Al-rich anodizing sludge, Cr/Ni galvanizing sludge, foundry sand, tionite and marble sawing mud) to formulate
istinct inorganic pigment structures that were synthesized by the solid state reaction method. One of the tested formulations is a novel pigment
ased on hibonite (CaO·6Al2O3), that was found a suitable hosting structure to accommodate cobalt or nickel chromophore ions in tetrahedral
oordination, then giving strong blue or turquoise hues, respectively. The use of Cr as chromophore was tested in three distinct pigment structures:
i) red-wine Cr–CaSnSiO5 and brown Cr–CaTiSiO5; (ii) Cr–CaTiO3; (iii) and Cr–TiO2. Developed phases were determined, and the colouring

echanisms of the chromophore species were defined based on diffuse reflectance data. Then, the pigments were added to a standard transparent

laze, and the hues which developed were estimated from L*a*b* colorimetric measurements under the oxygen partial pressure in the atmosphere,
o define stable workability window.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The growing ceramic materials market and the competi-
iveness of this sector constantly pushes manufacturers and
esearchers to find solutions to reduce the raw materials cost
nd, at the same time, to develop new formulations. Particu-
ar interest is given to the recycling of industrial wastes and
atural sub-products, following the current trend in the search
or alternative and less-expensive raw materials.1 Industrial
ractices such as Al-anodizing,2 Ni/Cr galvanizing,3 marble
awing,4 titania synthesis5 and foundries6 yield high amounts
f sludge, that have to be treated and stored. Traditionally, such
aste products are disposed of as soil conditioners or in land
ll.7,8
Environment-friendly methods of producing new ceramic
igments obtained by solid state reaction from powdered mix-
ures of several industrial wastes were investigated. In the

∗ Corresponding author at: Geobiotec, Geosciences Dept., University of
veiro, 3810-193 Aveiro, Portugal. Tel.: +351 234370250;

ax: +351 234370204.
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igment, these by-products might act as host matrix or as a
hromophore, depending on their chemical composition, par-
icularly the nature and content of transition metal-ions. For the
ake of comparison, each pigment formulation was also syn-
hesized from chemically pure reagents, to assess variations
n the required firing schedule and on the resulting colour.
n fact, the normal production of pigments uses commercial
hemicals that result from primary sources, but the use of sec-
ndary raw materials can also be attempted, if the resulting
owders develop the desirable phases, and if their chromatic
uality and stability on further application (namely as ceramic
lazes) is retained. This solution should involve both economical
nd environmental benefits.

One of three hosting structures evolved in this work was
ibonite doped with cobalt or nickel. This calcium hexaluminate
CaAl12O19 or CaO·6A2O3) has a magnetoplumbite-type struc-
ure (A[12]M1[6]M2[5]M32

[4]M42
[6]M56

[6]O19) in which Al3+

ons are distributed over five different coordination sites, includ-
ng three distinct octahedra (M1, M4 and M5), one tetrahedron

M3) and an unusual trigonal bipyramid (M2).9,10 This frame-
ork allows a preferential partial substitution of the Al3+ ions
y M2+ ions more effective at the M3 site.10

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.018
mailto:w.hajjaji@ua.pt
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.018
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The chromium was used in tin (malayaite) or titanium
titanite) sphenes. Also, Cr-doped perovskite and rutile was syn-
hesized. The sphene structure is organized as parallel chains
ormed by corner-sharing MO6-octahedra (M = Ti, Sn). These
re linked to CaO7-polyhedra via SiO4-tetrahedra. O(2), O(3),
(4) and O(5) sites are occupied by oxygen atoms bound to the
i(IV) in tetrahedral coordination, while the O(1) site is linked

o the M4+ cation.11 The structural flexibility of this mineral
roup allows malayaite and titanite to have a large variety of
tomic substitutions like Sn4+, Ti4+ and Si4+ by chromium.12,13

he same flexibility is permitted by rutile and perovskite corner-
haring frameworks and in situ distortions.14,15

. Materials and methods

Distinct industrial wastes were used in this work: (i) sludges
enerated in the wastewater treatment of several activities:
l-anodizing (AS), marble sawing (MS), Cr/Ni plating (GS),

nd TiO2 manufacturing (T); (ii) exhausted foundry sand from
ron-casting processes (FS). Safety data and toxicity assess-

ent are available for these wastes.16,17 According to their
hemical composition, assessed by X-ray fluorescence (XRF,
hilips X’UNIQUE II), they replace one or more primary raw
ources of alumina, calcite, chromium/nickel, titanium, and sil-
ca, respectively. Table 1 expresses the wastes average chemical
omposition, estimated from a minimum of five determinations
f representative samples collected, in distinct moments, at the
ndustrial units. This table also gives the composition and the
ommercial origin of the pure reagents used. As, T and GS
astes contain a significant amount of sulphur that is not a

imitation because it is expected to act as a mineraliser and pig-
ent industry is equipped to clean flue gas from kilns to prevent

ir pollution.18,19 Moreover, in the normal production of pig-
ents, the fired materials are commonly “washed” in order to

each out the non-fixed hazardous species and let their concentra-
ions below the limit of toxicity defined according to standards.
n Europe, the leaching tests are performed according to DIN
8414-S4 standard. This test was a priority and was used on
ormulations where the concentration of hazardous species is
elatively high (e.g. black pigments).16 However, the preparation
f pigments and the firing conditions (if well adjusted) should
ontribute to immobilize the hazardous species into the structure
nd neutralize their harmful effects. Moreover, the addition to
he applications such as glazes in relatively low amounts (only
wt.% pigment is added) also minimize the risks by diluting

he hazardous species potentially non immobilized. Also, the
esistant framework of the fired glaze matrix should contribute
o retain and condemn the escape of toxic species.

Pigment formulations and the chosen codes are presented
n Table 2. For each family, pure reagent based materials are
esignated as (P) and waste based as (W). In order to obtain
ne and homogeneous slurries, the mixtures were wet ball-
illed with water for 1 h, then dried at 110 ◦C and fired at an
dequate temperature (also given in Table 2). The firing cycle
as kept constant (3 h dwell time and heating/cooling rates of
◦C/min.). The obtained powders were manually disintegrated
nd sieved to 63 �m. X-ray diffraction (XRD, Rigaku Geigerflex Ta
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Table 2
Components, samples reference and calcination temperature of the prepared pigments (P: pure reagents; W: waste based).

Structure Pigment code T (◦C) Alumina
(Alcoa CT
3000)

AS Calcite
(Calcitec M1)

MS Silica (Sibelco
P 5000)

FS Cobalt oxide
(Panreac)

Cassiterite
(CCT MP 989)

Titania (Kronos) T Ni(II) acetate
(Riedel)

Cr(III) nitrate
(Fluka)

GS

Hibonite P-Hb–Co 1350 65.0 – 19.0 – 11.4 – 2.3 – 2.3 – – – –
W-Hb–Co 1350 – 80.8 – 13.0 – 4.2 1.0 – 1.0 – – – –
P-Hb–Ni 1400 61.8 – 17.7 – 10.6 – – – 2.1 – 7.7 – –
W-Hb–Ni 1400 – 76.3 – 12.0 – 3.9 – – 0.9 – 6.9 – –

Sphene P-Tt 1450 – – 39.4 – 23.6 – – – 30.1 – – 6.9 –
W-Tt 1450 – – – 35.2 – 25.1 – – 31.9 – – – 7.8
P-Ml 1300 – – 31.1 – 18.8 – – 45.5 – – – 4.4 –
W-Ml 1300 – – – 28.4 – 6.1 – 45.9 – – – – 19.6

Perovskite P-Pv 1200 – – 55.6 – – – – – 42.7 – – 1.7 –
W-Pv 1200 – – – 40.1 – – – – – 53.5 – – 6.4

Rutile P-Ru 1200 – – – – – – – – 96.2 – – 3.8 –
W-Ru 1200 – – – – – – – – 92.7 – – 7.3

Table 3
Rietveld quantification of the prepared pigments (P: pure reagents; W: waste based). The agreement patterns: 17.3% < Rwp <27.3%, 13.1% < Rp < 20.4%, 2.2 < χ2 < 5.9, and 8.9% < R(F2) < 25.2%.

Structure Pigment
code

T (◦C) Hibonite Malayaite Titanite Perovskite Rutile Corundum Anorthite Gehlenite Casseterite Cristobalite Wollastonite Akermanite Armalcolite Nichromite Nickel
titanate

Anhydrite Larnite

Hibonite P-
Hb–Co

1350 65.1 – – – – 6.9 28.0 – – – – – – – – – –

W-
Hb–Co

1350 75.6 – – – – 2.9 – 21.5 – – – – – – – – –

P-Hb–Ni 1400 69.4 – – – – 4.1 26.5 – – – – – – – – – –
W-
Hb–Ni

1400 88.3 – – – – 6.7 – 5.0 – – – – – – – – –

Sphene P-Tt 1450 – – 98.7 1.3 – – – – – – – – – – – – –
W-Tt 1450 – – 90.2 – – – – – – 5.0 – – – – 4.7 – –
P-Ml 1300 – 97.1 – – – – – – 2.1 – – – – – – – –
W-Ml 1300 – 85.8 – – – – – – 12.1 1.5 – – – 5.5 – – –

Perovskite P-Pv 1200 – – – 100 – – – – – – – – – – – – –
W-Pv 1200 – – – 64.2 – – – – – – 4.2 22.1 – – – 7.7 1.8

Rutile P-Ru 1200 – – – – 100 – – – – – – – – – – – –
W-Ru 1200 – – 26.1 – 44.3 8.6 – – – 0.9 – – 20.1 – – – –
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Fig. 1. Schematic view of firing furnace prepared for the oxygen partial pressure atmosphere control.
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silicates (anorthite and gehlenite) are mostly acting as fluxing
or mineralising phases, helping to reduce the temperature of
/max – Series under the following conditions: CuK� radiation
n the 10–80◦ 2θ range, scan rate 0.02◦ 2θ, 185 s equivalent
er step) was carried out to identify the crystalline phases.
he quantitative phase analysis was performed using GSAS-
XPGUI software following RIR (reference intensity ratio)
nd Rietveld refinement techniques.20–22 Each X-ray powder
iffraction pattern consists of approximately 5500 data points
nd 400 reflections. Up to 40 independent variables were refined:
hase fractions, zero point, 15–20 coefficients of the shifted
hebyschev function to fit the background, unit cell parame-

ers, profile coefficients (one Gaussian, Gw, and one Lorentzian
erm, Lx). The experimental uncertainty of phase amount quan-
ification is 5%.

The colour was measured by absorption spectroscopy
Shimadzu UV-3100 UV–Vis–NIR), and by determining the
*a*b* chromatic coordinates on a Konica Minolta Chroma
eter CR-400, using D65 illuminant and 10◦ standard

bserver.
Finally, each pigment was added (5 wt.%) to a commercial

ransparent bright ceramic glaze (60–65% SiO2, 9–11% Al2O3,
4–17% B2O3, 3–5% CaO, 4–7% Na2O, and 1% K2O). Pel-
ets (2.5 cm diameter) were pressed and then fired at 1050 ◦C
or 30 min in an electric furnace. The L*a*b* colorimetric val-
es of the coloured glazes were evaluated and no formation of
urface defects (bubbles, cracks, colour heterogeneities) was
bserved. The chromatic stability of the coloured glazes was
tudied, within certain limits, as a function of the oxygen par-
ial pressure (pO2) of the firing atmosphere. To perform these
ests, a special sample holder was designed (Fig. 1), where the
educed atmospheres were obtained by controlling the nitro-
en pressure admission (using the manual valve control). In
rder to ensure there was no parasitic air entrance into the
urnace atmosphere, the exhaust nitrogen–air mixture was put
nder pressure by immersing the exit tube in a water con-
ainer. The oxygen partial pressure (pO2) was controlled using a

oltmeter. h
. Results and discussion

.1. Hibonite based pigments

In the hibonite structure, cobalt and nickel ions, in the co-
resence of titanium (to assure their electroneutrality), were
eparately added, in an attempt to get strong blue (with Co) and
urquoise (with Ni) hues23,24 with the following stoichiometry,
espectively:

Ca(Al11.7Co0.03)O19; cobalt doped hibonite,
Ca(Al11.7Ni0.03)O19; nickel doped hibonite.

Fig. 2 and Table 3 presents the XRD patterns and phase
uantification of powders calcined between 1350 and 1400 ◦C,
btained from pure reagents (P-Hb–Co and P-Hb–Ni) or
rom industrial wastes (W-Hb–Co and W-Hb–Ni). In all
ases, hibonite was identified as the major crystalline phase
65.1–88.3%), the higher percentages being in the waste based
igments; a clear argument for the wastes fluxing action. How-
ver, the secondary phase is different when pure or secondary
aw materials are used. In the first case, the formation of
northite occurs as predicted from the initial formulation, as
an be seen in Fig. 3. By using wastes (W-pigments), instead
f anorthite, gehlenite is detected. Residual corundum phase
2.9–6.9%) is also present in both cases, meaning that the reac-
ion was not complete.23,24 The presence of gehlenite in the
aste based pigments is due to the wastes compositional com-
lexity. The positioning of the prepared formulations on the
aO–Al2O3–SiO2 ternary diagram (see Fig. 3)25 explains this
hange. However, the chromatic characteristics of the pigments
re not affected by that change, since both calcium aluminium
ibonite formation.
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malayaite (97.1%) is associated with cassiterite (2.1%), denot-
Fig. 2. XRD patterns of hibonite-based pigments.

On Hb–Co pigments the −b* chromatic coordinate is domi-
ant, and L* values are relatively low (Fig. 4 and Table 4). On
b–Ni formulations −a* and −b* values are close, and L* is
igher, as expected for a bright turquoise hue. In both cases, the

2+ 2+
hromophore species (Co or Ni ) is in a tetrahedral position
M3 site) on the hibonite lattice. This conclusion is supported by
he optical spectra (Fig. 5). Three intense absorption bands were

i
s
w
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etected in the 540–650 nm range, which are associated with
he 4A2(F) → 4T1(P) forbidden d–d transitions of Co2+ (3d7)
ons23,26,27 and spin-allowed transitions of Ni2+ (3d8), from the
round state 3T1 (3F) to 3T1 (3P), when they are in a tetrahedral
eld (Td).24,28

The powders processed from pure reagents (P-pigments)
resent a slightly higher value of blue component (−b*) than
hose obtained from wastes (W-pigments). This difference was
lso visible when pigments were added to colour the transparent
nd bright glazes (see Fig. 4 and Table 4). Hibonite is not stable
n the glaze under current investigation conditions and it acts as a
ye: cobalt even dissolved in the glassy phase developed strong
nd stable hues,29 while the turquoise blue of Ni-containing pig-
ents is lost (b* is no longer negative) because Ni2+ in glassy

hase moves to octahedral coordination, as attested by the pres-
nce of the exited state 3A2(F) (Fig. 5).30 In fact, b* values of
he glaze coloured by Hb–Co pigments stayed close to −20, and
ot very far way from the values given by the pigments. The use
f wastes lead to a slight decrease of the blue component, the
olouring power is no worse than that of the P-Hb–Co pigment.

L*a*b* values of coloured glazes heat treated at
050 ◦C in atmospheres having distinct O2 contents (21%,
0–5% and 2–0.1%O2) are given in Table 4. Inte-
rated colour changes are normally given by the equation
E* = [(�L*)2 + (�a*)2 + (�b*)2]1/2 (the colour is indistin-

uishable for �E* < 1), and this parameter was calculated
ssuming, as reference, the normal air atmosphere (21% O2).
he coloured glazes fired in a reducing atmosphere (10–5%
2) reveal chromatic stability (�E* < 0.67, Table 4). Only in
ery reducing conditions (2–0.1% O2), at least when compared
ith that predictably achievable with common industrial firing

onditions, does the colour tend to change. However, the maxi-
um �E* are below 2.51 and 4.34, respectively, for transparent

lazes coloured with P-Hb and W-Hb pigments, the changes
eing mostly caused by the L* parameter alteration.

.2. Sphene based pigments

As mentioned before, Cr ions were explored here as chro-
ophore elements in distinct pigment structures. As secondary

aw source of Cr Cr/Ni plating sludges were used, aiming also
o evaluate if the co-presence of nickel generates unwelcome
olour changes. Cr-doped Malayaite [Ca(Sn,Cr)SiO5] and titan-
te [Ca(Ti,Cr)SiO5] sphenes were the two selected structures,
s attempted to get, respectively, wine-red and brown stable
igments31,32 with the following stoichiometry, respectively:

Ca(Sn0.96Cr0.04)SiO5; Cr-doped malayaite,
Ca(Ti0.96Cr0.04)SiO5; Cr-doped titanite.

In the synthesis of titanite from commercial reagents gener-
tes, after calcination at 1450 ◦C, 98.7% is the desired phase
Table 3). In the other case, after calcination at 1300 ◦C,
ng that reaction was not completed [31]. The occurrence of this
econdary phase is even more apparent in W-Ml formulations
hich contain 12.1% cassiterite (Fig. 6 and Table 3). Moreover,
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Fig. 3. CaO–Al2O3–S

he use of wastes in the pigments’ formulation led to the for-
ation of extra phases, namely, nickel titanate (NiTiO3) and

ichromite (NiCr2O4) in W-Tt and W-Ml, respectively. Cristo-
alite (SiO2) was also detected in both waste based formulations.
s suggested by the analysis of the relevant ternary diagram

Fig. 7),33–35 the nickel should be assimilated by perovskite and
pinel compounds, replacing calcium ions that are consumed in
he sphene structure formation.

As shown in Fig. 4 and then confirmed by colorimetric mea-
urements (Table 4), brown and wine-red hues were obtained
or titanite and malayaite pigments, respectively. Colour dif-
erences between P- and W-pigments are stronger in the case
f titanite and are emphasized when colouring the transparent
laze. Red-wine Cr–malayaite produces interesting red colours
* = 14.8 (P sample) and a* = 16 (W sample using inert wastes
S and FS). For brown Cr–titanite produces a* = 7.5 (accept-

ble) for P sample but in W waste sample greenish (a* = −0.5)
ndicating that pigment is slightly unstable. At the same scale,
he glazes coloured with waste based pigments exhibit higher
* values than those coloured with P-pigments. This behaviour
an denote the occurrence of a reaction between some wastes’
mpurities (e.g. Ni, Fe) and the glaze. Nevertheless, the gen-
ral chromatic development, in both structures, is governed
y the chromium electronic configuration in the major hosting
hase. Fig. 5 shows the optical spectra of Ml and Tt pig-

ents. Titanite presents two clear absorbance bands: (i) the
rst one, at 405 nm, is attributed to the 3A2 → 3T2(P) transi-

ion of Cr(IV) species32,36; (ii) the second, located at around

3

a

ernary diagram [21].

00 nm, matches the spin-allowed transition of octahedral Cr3+

ons from 4A2g ground state to the excited 4T1g(F) state.36 In the
ame optical interval, the spectrum of malayaite based pigment
hows a band (at 505 nm) assigned to the 4A2g → 4T2g spin-
llowed transition of Cr3+ ions in octahedral coordination.13,14

eaker peaks, that emerge between 600 and 750 nm, demon-
trate the coexistence of octahedral Cr3+ in the cassiterite
tructure. The second wide band, positioned in the NIR zone, is
ssigned to the 3A2 → 3T1 transition of Cr(IV) that is replacing
etrahedral Si4+.37,38

The colour stability tests of glazes with the titanite pigments
P- and W-based) fired in atmospheres with distinct O2 con-
ents revealed an undesirable colour change from brown to green
ues, for oxygen contents below 5%. This suggests a reduc-
ion of Cr(IV) to Cr(III) and its interaction with the glaze, and
ossibly release of chromium ions with the structure destruc-
ion of the synthesized titanite. L* and a* coordinates reached,
espectively, 53.5 and −6.1 values denoting strong chromatic
ariations: �E* ≤ 11.35 (P-Tt pigments) and �E* ≤ 7.06 (W-
t). By contrast, malayaite pigments are much more stable for

he most reducing atmosphere (0.1–2% O2), where �E* ≤ 3.71
Table 4).
.3. Rutile and perovskite pigments

Two other families of brown pigments were studied in
ttempting to consume the hazardous tionite waste: (Ca,Cr)TiO3
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-Ru). Their formulations are given in Table 2, and the maxi-
um firing temperature was 1200 ◦C:
Ca(Cr0.04Ti0.96)O3; Cr-doped perovskite,
(Cr0.04Ti0.96)O2; Cr-doped rutile.
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and coloured glazes.

P-Pv and P-Ru formulations developed the desirable single
hases: perovskite and rutile, respectively (Fig. 8, Table 3).
he corresponding counterparts prepared from wastes (T, GS
nd MS sludges) also show perovskite (64.2 wt.%) and rutile

44.3 wt.%) as major phases, as estimated by the Rietveld
ethod from XRD spectra. However, the presence of impuri-

ies in the industrial wastes used (Si, Fe, Ni, etc.) lead to the
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Fig. 5. Optical spectra of pigments: Hb = hibonite, Ti = titanite, Ml = malayaite, Pv = perovskite, Ru = rutile. The main electronic transitions are indicated for Co2+ and
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i2+ in tetrahedral coordination (hibonite); Cr4+ in both tetrahedral and octahed
nd rutile).

ormation of other phases. In W-Pv pigment, the abundance
f silica (28.2 wt.%) in the tionite sludge causes the formation
f calcium silicates, such as wollastonite (CaSiO3), akerman-
te (Ca2MgSi2O7; rankinite equivalent) and larnite (Ca2SiO4).
-Pv and W-Pv compositions were represented within the
aO–TiO2–SiO2 phase diagram,33,35,39 belonging their com-
osition to the CaTiO3–CaSiO3–Ca2SiO4 compatibility triangle

see Fig. 7). As Si replaces Ti in the perovskite structure to give
ollastonite (in the W-Pv powder), there is a similar tendency

or titanite (CaTiSiO5) formation in the W-Ru pigment.33,40
a
(

ordination (titanite and malayaite); Cr3+ in octahedral coordination (perovskite

he relative calcium deficiency in tionite sludge (CaO/TiO2
atio is lower than in the stoichiometric P-Pv formulation)
nhibited the formation of perovskite, and instead CaTi2O5
CaTiO3 + TiO2) appeared. Nevertheless, the metastable char-
cter of this last compound, and the presence of Si, Mg, and
e in the T sludge, supported the development of titanite and
rmalcolite (Mg,Fe)Ti2O5 (see Fig. 8).
The pigments’ colour and the L*a*b* measured coordinates
re shown in Fig. 4 and Table 4. The pure Cr-doped perovskite
P-Pv) exhibits higher red chroma (a* = 4.4) than the W-Pv
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Table 4
L*a*b* of the prepared pigments and coloured glazes at different pO2 atmospheres (P: pure reagents; W: waste based).

Structure Pigment code Pigments Transparent glaze

pO2 21% pO2 10–5% pO2 2–0.1%

L* a* b* L* a* b* L* a* b* ((( L* a* b* (((

Hibonite P-Hb–Co 56.8 2.6 −32.4 43.6 5.6 −18.4 43.8 6.1 −18.0 0.67 43.7 3.9 −17.1 2.16
W-Hb–Co 61.5 −0.2 −26.7 47.5 4.2 −17.3 47.4 4.1 −17.8 0.52 43.9 5.6 −19.2 4.34
P-Hb–Ni 73.3 −5.1 −8.7 53.7 −5.9 9.0 54.3 −6.0 9.2 0.64 56.2 −6 9.2 2.51
W-Hb–Ni 68.2 −4.2 −7.9 66.0 −8.6 5.6 66.5 −8.2 5.6 0.64 69.6 −8.8 5.9 3.62

Sphene P-Tt 56.8 3.1 12.5 46.1 7.5 19.2 47.0 7.3 19.9 1.16 48.7 −2.8 15.2 11.35
W-Tt 54.8 0.0 10.2 49.7 −0.5 16.0 50.2 −0.7 15.3 0.88 53.5 −6.1 18.0 7.06
P-Ml 42.7 18.9 4.6 43.2 14.8 7.5 43.9 14.5 7.6 0.77 39.6 13.9 7.5 3.71
W-Ml 44.8 10.3 1.6 44.9 16 8.3 45.2 16.1 8.6 0.44 42.6 14.4 8.5 2.81

Perovskite P-Pv 48.3 4.4 9.3 50.7 5.9 18.9 51.2 6.1 19.4 0.73 56.9 −10.8 15.4 18.19
W-Pv 41.5 2.2 9.2 61.2 −2.5 15.5 61.7 −1.9 15.2 0.84 61.5 −5.0 18.4 3.88

Rutile P-Ru 36.3 0.6 7.6 45.8 12.4 31.8 46.4 12.9 30.8 1.27 51.4 10.1 37.3 8.19
W-Ru 40.1 2.0 10.5 56.2 4.6 32.1 57.1 4.8 32.5 1.00 56.8 2.0 35.3 4.12
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Fig. 7. CaO–TiO2–SiO2 ternary diagram (SnO2 instead of TiO2 in case of Ml).
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lectronic configuration) from 4A2g ground state to the excited
T1g(F) and 2T1g(G) states.41,42

Chromium-doped rutile pigments show a dominant darker
rown hue, as clearly seen in Fig. 4. When compared with P-Pv
r W-Pv pigments, their brightness (L*) is lower and the red
hroma (+a*) in also smaller (Table 4). The compositional com-
lexity of T and GS sludges affects the W-Ru pigment colour,
hat becomes brighter and shows higher a* and b* values than
he P-Ru counterpart. This change is certainly related to the co-
ormation of titanite and armalcolite. The absorbance spectrum
f rutile based pigments (P-Ru and W-Ru) is similar to those
or perovskite based ones. The same the same pattern for the
ands is visible (Fig. 5), which are attributed to the characteris-
ic Cr3+ excitations υ1 and υ3 in the visible domain associated
o 4A2g → 4T2g(F) and 4A2g → 2T1g(G) transitions.42

When used to colour the selected transparent glaze, the hue
ifferences are also visible. Mainly the brown shade is different
etween P-Pv (pink brown) and P-Ru (orange brown) pigments
see Fig. 4 and Table 4). For red-brown Cr–perovskite,41 this
olour is obtained with 0.015 mole of Cr per unit formula and
roduces in monoporosa glaze L*a*b* = 45.2/15.3/5.3. In the
ase of P sample (a* = 5.9, b* = 18.9) a light brown is obtained
ut W sample greenish (a = −2.5) and the pigment is not pro-
uced (see Table 4). By Fig. 4, the colour aspect developed by

he W-Pv pigment in the glaze seems very similar to that of
he pigment and more stable. Nevertheless, a slight difference
s observed in L*a*b* measurements (see Table 4), especially

r
t
i

ith the increasing of the green component (−a*). Cr–rutile
igments are normally obtained by codoping with A3+ = Cr, Fe
nd B5+ = Sb, Nb, W in order to preserve charge neutrality of
he network, and starting from anatase as Ti precursor.43 A
rown colour is obtained in P (a* = 12.4) sample that dimin-
sh to a* = 4.6 in W sample. For the W-Ru pigment in the
laze, since the yellow component (+b*) tends to increase
Table 4). In this pigment, the formation of extra phases deter-
ines the colour differentiation relative to P-Ru. Moreover,

he presence of Fe-impurities in the wastes might also change
he final colouration of the pigments, and further addition of
hromium is required to improve their colouring power of the
lazes.

Upon firing in reducing atmospheric conditions (2–0.1% O2),
he colour of glazes containing waste based pigments (W-Pv
nd W-Ru) remains much more stable than in the case of P-
v and P-Ru counterparts (see Table 3). The maximum value
f integrated chromatic variations (�E*) of W-based pigments
s 4.12. By contrast, �E* reachs18.19 for the glaze coloured
ith the P-Pv pigment and fired in a very reducing atmosphere

%O2 < 2). A green hue tends to be developed when the coloured
laze is fired in an extremely oxygen deficient atmosphere. In
ny case, it must be stressed that the colour changes, due to
he O2 content in the firing atmosphere, are only visible in very
educing conditions (%O2 < 2), and it is somewhat unrealistic
o expect this to occur in the current processing conditions of
ndustrial ceramic production.
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14. Liu X, Liebermann RC. X-ray powder diffraction study of CaTiO3 per-
Fig. 8. XRD patterns of perovskite and rutile pigments.

. Conclusions

The recycling of industrial sludges in ceramic pigment syn-
hesis was tested in this work. For hibonite doped with cobalt or

ickel, blue and turquoise colours were obtained. The incorpo-
ation of the chromophore elements Co2+ (3d7) and Ni2+ (3d8)
as detected in a tetrahedral position (M3 site). When used
Ceramic Society 32 (2012) 753–764 763

or colouring transparent bright ceramic glazes, hibonite seems
ot stable in the glaze under current investigation conditions
nd it acts as a dye. Moreover, Ni2+ in glassy phase moves to
ctahedral coordination shading the final colour. For sphenes
tructures (malayaite and titanite), stable wine-red and brown
igments with a high colouring efficiency were obtained from
ndustrial wastes. The substitution of tin or titanium by Cr(IV),
n octahedral coordination, is the reason for the existence of
hese colours. In brown Cr–perovskite and maroon Cr–rutile
igments, Cr3+ was identified in the optical spectra by the main
ssociated transition 4A2g → 4T2g. This also demonstrated, in all
ases, the mineraliser/stabilizer action of the impurities present
n the sludges, and their contribution to the enhancement of the
igments’ colouring efficiency and stability.
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