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Abstract

The improvement of the physico-chemical resistance of hematite pigment in ceramic bodies has been pursued through its inclusion into a trans-
parent and refractory matrix of silica or zirconia. The inclusion process was accomplished by heterocoagulation followed by spray-drying. The
heterocoagulation process was optimised through an electrokinetic technique, that measured the ¢ potential of both matrix and pigment as a function
of pH and of different amounts of dispersing agents. Suspensions of pigment and matrix were designed in order to achieve the maximum surface
charges. The heterocoagulated mix was then spray-dried in order to avoid any separated coagulation of pigment and matrix and to obtain a well
granulated powder suitable for application in ceramic bodies. A stable red-coloured ceramic pigment for low firing applications was obtained

starting from amorphous silica as matrix and hematite as colorant.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A ceramic pigment is an inorganic compound that colours
the ceramic wares without reacting with the body or the glaze in
which it is dispersed.’? Although many inorganic compounds
can act as pigment, only few of them are suitable for colouring
ceramic wares, due to the high firing temperature and chemical
aggressiveness of ceramic bodies and glazes that cause the pig-
ment dissolution.>* The technological performance of a ceramic
pigment can be improved by including it in a transparent and
inert matrix. These composites, called heteromorphic pigments,
behave like a single chromatic unit into ceramic bodies or glazes,
and their colour is given by the pigment crystals that are occluded
into the transparent matrix.’

Among ceramic pigments, there is a restricted choice for
red/orange colours, as the current products give hues far away
from the pure red. The most common are the cadmium sulpho-
selenide pigments that develop an intense red colour, but present
both technological and environmental problems, due to their low
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thermal stability and to the high toxicity of Cd and Se.®’ Inclu-
sion of cadmium sulpho-selenide inside a zircon matrix (ZrSiO4)
has been industrially achieved but involves a very expensive
process.®? In order to assess new ways for including a ceramic
pigment into an inert matrix, different wet chemical processes
have been recently developed, such as sol-gel and chemical co-
precipitation,'®~!7 but no industrial scale-up is known at present.
The aim of this work is to include hematite into silica or zir-
conia matrices using a wet chemical process. Hematite is the
most important red pigment in many applications,'® but its use
as ceramic colorant is precluded by solid (or liquid—solid) state
transformations that lead to the dissolution of the iron oxide into
ceramic bodies or glazes. This process causes a significant colour
change already at 1000 °C, that is a temperature too low for most
current ceramic firing processes. Zirconia and amorphous silica
were chosen as inert matrix due to their thermal and chemical
stability towards glassy phases and low cost. Besides, there is
a naturally-occurring pigment, known as Gres de Thiviers, suc-
cessfully used for colouring ceramic bodies and/or glazes, that
is made of hematite occluded in quartz grains.'>?° In order to
get hematite—silica and hematite—zirconia composites, an inno-
vative two-steps process was designed and experimented?':
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Table 1

Reagents used in the experiments

Reagent Chemical composition wt. % Supplier

Hematite Fe, O3 99 Merck, USA

Silica Ludox PX-30 (S.S.A.: 247 mz/g) Colloidal SiO, 30 Grace Davison, USA
Silica Ludox PX-40 (S.S.A.: 165 m%/g) Colloidal SiO; 40 Grace Davison, USA
Silica Ludox PW-50 (S.S.A.: 70 mzlg) Colloidal SiO, 50 Grace Davison, USA
Zirconium hydroxide (S.S.A.: 400 m%/g) Zr(OH)4 80-100 Mel, UK

Zr0, monoclinic 710, 99 Mel, UK

Duramax D3021 (additive)
Primene JM-T Aminev (additive)

Ammonium polyacrylate 40
Alkyl primary amine

Rohm and Haas, USA

60-100 Rohm and Haas, USA

S.S.A. =specific surface area.

(1) mixing the pigment and matrix suspensions once the
maximum surface charges attraction was achieved (hete-
rocoagulation);

(2) spray-drying of the heterocoagulated mixture (atomization).

Chemico-physical and technological characterizations of
both semi-finished and finished products were performed in
order to understand the inclusion mechanism and to evaluate
the process efficiency.

2. Experimental
2.1. Powder and processing
The reagents used in this work are summarized in Table 1.

2.1.1. Heterocoagulation

The surface of hematite dispersed in water was functional-
ized with either Primene (5 wt.%) or Duramax (1.4 wt.%). The
colloidal silica was used as received from the manufacturer. The
Zr(OH)4 suspension was stabilized with Primene (10 wt.%). The
hematite:matrix suspensions (weight ratio 1:5) plus additives
were acidified at pH 3 with 1 M HCI (Carlo Erba, Italy) and ball
milled for about 20 h before mixing. The heterocoagulation was
carried out by mixing suspensions of hematite and inert matrix
in a pH range (from 3 to 5) where surfaces have opposite charges.
For precursor suspensions, the optimal pH value was chosen on
the basis of ¢ potential measurements, while the effective pH of
heterocoagulation is reported in Table 2. All the mixtures, if not
differently indicated, were designed to keep the hematite/inert
matrix ratio equal to 1/5 and a total solid content of 30 wt.%.
Different suspensions were prepared and labeled as presented in
Table 2.

Table 2
Formulation of heterocoagulated suspensions

Suspension ~ Total solid Inert matrix Hematite additive pH
content (wt.%)
A 30 Ludox PX-30 Primene 3.0
B 30 Ludox PT-40 Primene 3.6
C 30 Ludox PW-50 Primene 3.7
D 40 Ludox PT-40 Primene 4.7
E 30 Zr(OH)4/Primene  Duramax 32
F 30 Ludox PX-30 Duramax 3.6

2.1.2. Spray-drying

Once prepared, the heterocoagulated suspensions were spray-
dried in a lab atomizer. To verify the effect of spray drying
process on the material, sample H1 was separated from the liquid
by decantation and dried in oven (105 °C overnight).

The mixtures of hematite and inert matrix were pumped in
the hot chamber of a laboratory spray drier (Mod. SD-05, Lab-
Plant Ltd., UK). The following parameters proved to be the best
to achieve the maximum process-yield: co-current flow, pump
suction flow: 210 cm3/h; air flow: 65 m3/h; atomising air pres-
sure: 1.8 bar; nozzle diameter: 1.5 mm; air stream temperature:
200°C.

2.1.3. Firing

The spray dried powders obtained from the mixtures A and E
were fired (maximum temperature in between 950 and 1300 °C)
in order to evaluate the effect of a firing treatment on the
pigment—-matrix adhesion. Both formulation and processing of
iron oxide pigments included in silica or zirconia matrices are
summarized in Table 3. In order to verify the efficiency of this
new two-steps process, dry mechanical mixtures were prepared
by mixing the precursor powders in an automatically-driven
agata mortar (samples M1, M2, M3). In particular, the amor-
phous silica utilized for M1 mechanical mixing was obtained by
drying the Ludox PX-30 suspension.

Table 3
Formulation and processing of iron oxide pigments included in silica or zirconia
Sample Reagent mixture Processing
Silica-coated pigments

Ml Hematite/amorphous silica powder* MM

H1 A (Ludox PX-30) H

S1 A (Ludox PX-30) H+S

S2 B (Ludox PT-40) H+S

S3 C (Ludox PW-50) H+S

S4 D (Solid content 40%) H+S

Cl A (Ludox PX-30) H+S+C (950°C)

C2 A (Ludox PX-30) H+S+C (1100°C)
Zirconia-coated pigments

S5 E (Zr(OH)4/Primene) H+S

M2 Hematite/ZrO, (1/25 weight ratio) MM +C (1300°C)

M3 Hematite/ZrO, (1/15 weight ratio) MM +C (1300°C)

Notes: MM: dry mechanical mixing; H heterocoagulation; S spray-drying; C
calcination (maximum firing temperature °C with 200 °C/h heating rate and 1 h
of permanence). (*) Amorphous silica was obtained by drying the Ludox PX-30.
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2.2. Characterization

2.2.1. Electroacoustic characterization

An Acoustosizer II (Colloidal Dynamics, Sydney, Australia)
was used to determine the ¢ potential of concentrated colloidal
suspensions. The electroacoustic effect measured is the elec-
trokinetic sonic amplitude (ESA) referred to the sound wave
generated when an alternating electric field is applied to a col-
loidal suspension. The ESA signal gives information on the
dispersive state of the suspension, being proportional to the
dynamic mobility of the particles and as consequence to their
electrokinetic potential (¢ potential).?> The Acoustosizer mea-
sures the ESA response of dispersed colloidal particles over a
set of 13 frequencies ranging from 1 to 18 MHz (ESA spec-
trum). The software associated derives the dynamic mobility
spectrum and extracts reliable values of ¢ potential and parti-
cle size, fitting the experimental spectrum with the theoretical
one based on a mathematical model developed by O’Brien.?3>*
The particle-size distribution, necessary for the fitting, is mea-
sured by a sound attenuation technique that gives reliable values
of particle size independently on dynamic mobility response.
Temperature, pH and electric conductivity data of the suspension
are collected during the measurement. A potentiometric titration
software allowed the addition of acid or base (1 M KOH and 1 M
HCI, Carlo Erba, Italy) according to the pH increments set in the
experimental set up. A concentration titration software governed
the addition of the amount of dispersant. In both cases an equi-
librium delay time (1-2 min) before each measurement was set.
The aqueous slurries were prepared by ultrasonic mixing for
1 h, fixing the electrolyte strength with 10 mM of KCI (Merck)
and with a solid concentration of 5 wt.%. The automatic titration
software was used to measure ¢ potential as a function of pH and
amount of additives in order to find the point of zero ¢ poten-
tial, called isoelectric point (pHiep), and the optimal amount of
additives required.

2.2.2. Chemico-physical characterization

The chemical composition of the included pigment was
determined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES, Liberty 200, Varian, Australia). The
samples were melted in graphite crucible with lithium tetrab-
orate at 1200°C. Powder morphology was investigated by
scanning electron microscopy (SEM, Leica Cambridge Stere-
oscan 360, UK) coupled with an energy-dispersive X-ray
spectrometer (EDX, Link Analytical eLX, UK). UV-vis—NIR
spectroscopy was performed by diffuse reflectance with inte-
grating sphere (135, Perkin-Elmer, USA) in the 300—1100 nm
range, step 0.3 nm, using BaSO4 as a reference. The phase
composition of the samples was investigated through labora-
tory X-ray powder diffraction (Philips PW1820/00 goniometer
using graphite-monochromated Cu K(; » radiation, 15-130° 26
measuring range, scan rate 0.02° 26, 10s per step). Rietveld
crystal structure refinement of the M2 and M3 pigments was
performed (Fig. 1) in order to evaluate the chemical inertia of
ZrO, towards hematite.>>2% Starting atomic parameters for zir-
conia were taken from Gualtieri et al.,?’ considering P2¢/c as
the space group. Depending upon the number of impurities up
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Fig. 1. Rietveld refinement plot of the X-ray powder diffraction data of M2 (a)
and M3 (b) samples. The continuous line represents the calculated pattern, while
cross points show the observed pattern and reflection positions of all the phases
are plotted below these patterns. The difference curve between observed and
calculated profiles is plotted below.

to 35 independent variables were refined: zero-point, 10 coeffi-
cients of the shifted Chebyschev function to fit the background,
scale factor and cell dimensions of hematite (the only accessory
phase), scale factor, cell dimensions, atomic positions, site occu-
pancies, isotropic displacement parameters of zirconia, profile
coefficients — 1 Gaussian (GW) and 2 lorentzian terms (LX, LY)
— for both phases. The Zr versus Fe fraction in the cation site
of the zirconia structure was refined by contrasting their X-ray
scattering curves and assuming full occupancy of this site.

2.2.3. Technological characterization

It was assessed by adding the pigment into different ceramic
matrices: a porcelain stoneware body (PS), a glaze for floor
tiles (G) and a glassy coating for wall tiles (F), character-
ized by an increasing degree of chemical reactivity towards
ceramic pigments. Pigments M1, S1, S2, S3, C1 and C2 were
tested in every matrix, while HI and M1 only in glazes (G and
F). The pigment (3 wt.%) was added into the ceramic body
by dry mixing, hand pelletisation (8 wt.% moisture), uniaxial
pressing (40 MPa) of 25 mm-diameter disks, drying in oven
(105°C) and firing in electric kiln in static air (temperatures
varying from 1080 to 1260 °C). In the case of glazes, the pig-
ment (5 wt.%) was wet mixed and the slip was deposited on
porous ceramic tiles, then dried in oven and fired in elec-
tric kiln in static air (980 °C for F and 1200 °C for G). The
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Table 4

Electroacoustic characterization data of the different suspensions

Sample Natural pH ¢ Potential (mV) ¢ Potential (mV) at pH=3 ¢ Potential (mV) at pH=5 pHiep
Hematite 7.2 +12.8 +36.3 +27.8 9.5
Hematite + Duramax (1.4 wt.%) 7.9 —254 —10.0 —20.6 <2
Hematite + Primene (5 wt.%) 9.3 -5.6 +19.4 +15.2 7.7
SiO, Ludox PX-30 9.9 —-73.3 —-104 -21.9 <2
SiO, Ludox PT-40 8.9 —73.1 +0.4 —14.9 33
SiO, Ludox PW-50 9.7 —36.8 +0.5 —10.1 44
Zr(OH)4 7.3 +7.1 +15.4 +9.9 8.5
Zr(OH)4 + Primene (10 wt.%) 7.8 +14.8 +22.0 +18.8 8.9

chemical and physical characteristics of ceramic matrices are
reported in Matteucci et al.”?® Chromatic appearance and colour
stability were evaluated by measuring the CIELab parame-
ters L*, a, b (L>k =100 white, 0 black; a* =+red, — green;
b" =+yellow, — blue) with diffuse reflectance spectroscopy
(HunterLab Miniscan MSXP4000, 400-700 nm, white glazed
tile reference x=31.5, y=33.3).

3. Results and discussion
3.1. Electroacoustic characterization

The electroacoustic technique was used to investigate the
dispersive behaviour of pigment and inert matrix suspensions
through measurements of ¢ potential. On the basis of these
results, the surface forces were manipulated by controlling pH
or type and amount of additives. The first aim was to maximize
the repulsive energy between particles of the same type. The
second to promote the attraction between pigment and matrix
particles, being surrounded by opposite charges.?

Electroacoustic data are summarized in Table 4. As expected,
both hematite and Zr(OH)4 suspensions show a positive charge
up to basic pH (pHjep =9.5 and 8.5, respectively); in fact, these
values are typical of basic oxide surfaces that, interacting with
the protons of water, become positively charged. These suspen-
sions were not easy to handle as powders precipitated just few
minutes after the preparation. The addition of HCI, although
increasing the positive charge of both hematite and Zr(OH)4,
did not promote the stabilization, because the electrostatic repul-
sion between particles was not enough to balance the attractive
and gravitational forces that induced particles coagulation and
precipitation.

For this reason, Duramax or Primene were added in order to
stabilize the suspensions and functionalize the surfaces with a
negative or positive charge, respectively. The steric hindrance
of large aliphatic chains of polycarboxilate (Duramax) and
amine substitutes (Primene), adding a steric repulsion to the
electrostatic one, resulted fundamental in order to stabilize the
suspensions. As the best heterocoagulation requires suspensions
with opposite charges, the hematite suspension was functional-
ized with Primene when mixed with silica, and with Duramax
when mixed with Zr(OH)j,.

The colloidal silica suspensions show a negative ¢ potential
up to acid pH (2 < pHijep < 4) as expected by acid oxide surfaces
that transfer protons to water developing a negative charge. The

plots of ¢ potential as a function of pH for the three Ludox sols
are reported in Fig. 2. The lack of data of the PW-50 Ludox
curve in the 3-5 pH range occurred because the system was not
able to reach the equilibrium during the delay time set before the
next measurement. Normally during this time the surface reacts
exchanging protons with water and, once reached the equilib-
rium, the pH increases up to the set value. Difficulties of reaching
the equilibrium are generally due to phenomena such as pre-
cipitation or solubilization, induced by the addition of acid. In
these cases, the automatic titrator kept on adding acid until the
system was totally reacted and the excess of acid added deter-
mined a jump of the pH set for the measurement. In the case
of Ludox PW-50, it can be hypothesized that, starting from pH
5, the surface charge and therefore ¢ potential had been totally
neutralized and other phenomena, such as precipitation of sol-
uble silicates at higher pH, occurred. For this reason the pHie,
value for this system was extrapolated in the middle of the pH
jump. The comparison of the pHiep, of the three Ludox sols evi-
denced a shift towards acid pH passing from Ludox PX-50 to
Ludox PT-40 and Ludox PX-30 that did not reach the pH;ep in
the pH range tested. The comparison between specific surface
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Fig. 2. ¢ Potential vs. pH of Ludox sols (A) and of colloidal SiO; (@), hematite
with Duramax (()) and hematite with Primene (¢) (B).
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Fig. 3. ¢ Potential of hematite as a function of Duramax added.

areas of the three silica sols suggested that some soluble silicates
species could be leached from the silica surfaces at high start-
ing pH, and then specifically adsorbed into the surfaces of the
silica. The concentration of these species, in fact, will be higher
for higher specific surface areas (PX-30>PT-40>PX-50) and
therefore the pHie, will be shifted accordingly towards acid pH,
justifying the previous assumption.”

The ¢ potential of hematite suspension as a function of Dura-
max amount is shown in Fig. 3. It can be seen that positive
starting ¢ potential becomes negative, passing from about 5 to
—25mV, after the addition of about 0.3 wt.% Duramax. This
indicates a good affinity of the hematite surface for Duramax,
that is specifically adsorbed and reverses the natural surface
charge. Further addition of Duramax slightly increases the abso-
lute value of ¢ potential until a plateaux is reached (Duramax
about 1.4 wt.%). At this point the surface is totally coated and the
corresponding amount of Duramax is considered the optimum
to stabilize the suspension. Any further amount of Duramax will
not be adsorbed and shall affect the stability of the suspension
with phenomena like the depletion flocculation.? Similar curves
for hematite and Zr(OH)4 suspensions as a function of Primene
gave the best amount of additive.

3.2. Spray-drying

The efficiency of the spray-drying process, evaluated on the
basis of'its yield (ratio percent of spray-dried product/initial solid
content), was found to be between 30 and 60%. The amount
of solid loss during the process depends on the percentage of
solid sticked to the walls of the spray-drier chamber and on the
amount of powder eliminated with the exhausted gas. Parame-
ters like viscosity, concentration and density of the suspension
are fundamental in order to improve the process efficiency. The
best yields were obtained with silica products; in particular, the
Ludox PX-30 gave the best yield (62%) as a consequence of its
very high surface area.

3.3. Chemical-physical characterization

An initial assessment of the efficiency of the heterocoagula-
tion process can be gained from comparing the theoretical ratio
of inclusion pigment/matrix, calculated from the initial suspen-
sion, with the ratio gained from the ICP chemical analysis in the

atomized samples. Respecting the pigment/matrix ratio reflects
the improved adhesion between the two phases. Chemical anal-
yses of spray dried powders show that the matrix/hematite ratio
did not change when pigment and coating suspensions were
mixed and spray dried with opposite charges. On the contrary,
when samples were mixed without taking account of charges,
this ratio resulted very low respect to the initial one, indicating
a poor adhesion. As an example, if hematite is functionalized
with Duramax, instead of Primene, when mixed with colloidal
Si0;, the Fe;03/Si0; ratio in the spray dried powder resulted
1/98 respect to 1/5. Considering the surface charge of the com-
ponents in a suspension at pH 3-5, the rate of attachment of SiO»
particles can be expected to be poor in combination with Dura-
max functionalized hematite (formulation F in Table 2), because
both components are negatively charged. From the electrostatic
point of view, an optimal rate of adhesion should be reached
with positively charged hematite and this demand is fulfilled if
Fe, O3 particles are functionalized with Primene.

The included pigments are constituted by spherical aggre-
gates with a particle size comprised between 5 and 20 um
(Fig. 4A and B). The EDS measurements show the different
coatings developed by silica and zirconia matrices. In fact,
hematite particles are occluded by a uniform coating of silica,

Fig. 4. SEM micrographs of hematite pigment included in silica (A) and in
zirconia matrices (B).
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Table 5

Rietveld refinements of X-ray diffraction patterns of the zirconia containing samples M2 and M3

Samples Goodness Unit-cell Fe occupancy of Isotropic displacement parameters ~ Phase composition ~ Atomic positions
of fit R% volume (A3) Zr site (a.p.f.u.) Urso x 100 (Zr, Fe) (A2) Fe,03 (wt.%)
x (Zr,Fe) y(Zr,Fe) z(Zr, Fe)
M2 0.02 140.76 (5) 0.10 (2) 1.1(1) 1.7 (2) 0.276 (1)  0.040 (1)  0.209 (1)
M3 0.02 140.88 (5) 0.10 (2) 1.1(1) 2.5(2) 0.275(1) 0.040(1) 0.209 (1)
7rO, [28] - 140.50 (1) 0.00 0.9 (1) 0.0 0.276 (1)  0.041(1) 0.208 (1)

Note: figures in parentheses are standard deviations on the last decimal figure. R}% is only referred to zirconia reflections.

while zirconia developed a non homogeneous coating. The dif-
ferent morphologies of agglomerates are due to the different
microstructures of the inert matrices. During the drying process
a solid diffusion inside the sprayed droplets occurs developing a
composition gradient between the heavier particles in the inner
part and the lighter particles on the surface. Thus, the silica
colloidal particles collapse over the coarser hematite particles,
creating ahomogeneous coating, while the zirconia and hematite
particles fell simultaneously, due to their comparable density and
size, producing a non homogeneous coating.

The only crystalline phase detected from X-ray powder
diffraction in all spray dried samples was hematite: at the spray-
drying maximum heating temperature (250 °C) silica is present
in its amorphous state. As far as the ZrO, coating is concerned,
both samples M2 and M3 exhibit the monoclinic structure (bad-
deleyite). The refined occupancies of the 7-coordinated site
of this structure showed a partial replacement of Zr by Fe,
revealing that baddeleyite is not a suitable matrix to include
hematite. This substitution is expected to favor the entrance of
Fe3* instead of Fe?*, on the basis of ionic radii: Fe3* 65 pm,
Fe?* 78 pm, Zr** 72 pm,3! with the charge mismatch balanced
by oxygen vacancies. However the slight increase of the cell
volume with respect to that of pure m-ZrO, (Table 5) seems to
indicate the probable contemporary presence of Fe** and Fe>*.
Considering the relatively low standard errors on the refined
occupancies, it can be assumed that the iron fraction is reli-
ably estimated and that the solubility of iron inside zirconia is
as high as 0.10 a.p.f.u. (atoms per formula unit) in both samples
(Table 5). In addition, the amount of hematite as secondary phase
in both samples is directly proportional to its addition in the
batch.
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Fig. 5. Chromatic performances (CIE Lab a") of SiO,-containing pigments
dispersed in the porcelain stoneware body as a function of firing temperature.

3.4. Technological characterization

3.4.1. Through-body application

The chromatic performances of silica-coated pigments in the
porcelain stoneware body (PS) fired at different temperatures
are shown in Fig. 5. The mechanically mixed Fe,03/SiO; pig-
ment (M1) bestowed on PS a red hue that decreased for firing
temperatures higher than 1180 °C, due to the hematite disso-
lution in the ceramic matrix. The spray-dried pigments S1, C1
and C2, on the contrary, maintained their red colour also at tem-
peratures over 1250 °C. Furthermore, the pigments calcined at
950°C (C1)and 1100 °C (C2) developed more saturated colours
with respect to the not calcined sample S1 (the higher a”, the red-
der the colour) indicating that the calcination process enhances
the thermal stability of the spray-dried pigments. In particular,
the sample calcined at lower temperature (C1) has higher values
of a* compared to the sample C2, which contains a significant
amount of tridymite and cristobalite (Fig. 6) that does influ-
ence the transparency degree of the coating, so explaining the
different chromatic performance of these pigments.
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Fig. 6. X-ray powder diffraction patterns of pigments C1 (A) and C2 (B).
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Fig. 7. Effect of SiO; surface area on chromatic performances (CIE Lab a") of
pigments dispersed in the porcelain stoneware body as a function of firing tem-
perature. S.S.A. (S1) =247 m?/g, S.S.A. (S2) = 165 m?/g, S.S.A. (S3) = 70 m?/g.

In addition, Fig. 7 reports the different behaviour of coated
pigments synthesized utilizing silica matrix with different sur-
face area (samples S1, S2, S3). No effect was observed reducing
this parameter down to 165 m?/g (sample S2) but S3-occluded
hematite showed slightly lower value of a”, indicating that sil-
ica surface area lower that 100 m?/g could inhibit fast reaction
between pigment and inert matrix.

On the contrary, the zirconia-coated sample (S5) dispersed in
porcelain stoneware developed poorly saturated colour (a” = 6.0,
b" =2.3). This behaviour can be explained by the partial diffu-
sion of iron into the zirconia lattice, as already shown by the
XRD results.

3.4.2. Ceramic glaze applications
The chromatic coordinates (¢” and b") of pigments applied
into ceramic glazes are reported in Figs. 8 and 9. Once applied
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Fig. 8. Chromatic performance of pigments applied into the glassy coating F:
CIE a” vs. L* (A) and a* vs. b* (B).
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Fig. 9. Chromatic performance of pigments applied into the ceramic glaze G:
CIEa" vs.L" (A)anda” vs. b™ (B).

in vitreous coating fired at low temperature (980 °C, Fig. 8) the
mechanically mixed Fe;03/SiO; pigment (M 1) and the just het-
erocoagulated one (H1) developed a pale red colour (a” =13.6
and 15.6, respectively) with an increase of the red coordinate for
heterocoagulated pigment. These results confirm the importance
of the process of charge functionalization carried out during het-
erocoagulation, that increases the adhesion between hematite
and silica matrix. The spray-dried pigments, in fact, developed
an intense red colour, with a” values ranging from 19 to 23. Fur-
thermore, in this application there are not evidences of different
behaviour of silica matrix with different surface area (samples
S1, S2, S3), as well as of the improved amount of total solid
content of heterocoagulated mixture (from 30 to 40 wt.% for S1
and S4 samples, respectively) and of the calcination process fol-
lowing the spray-drying (samples C1 and C2). In contrast, all the
pigments dissolved in the glaze for porcelain stoneware leaving
the tiles colourless (Fig. 9). Both the chemical aggressiveness
and the high firing temperature (1200 °C) of this kind of glazes
preclude the application of most silica-included hematite pig-
ments, including the Gres de Thiviers.202! Therefore, the silica
matrix is suitable to prevent the dissolution of hematite at low
temperatures (i.e. < 1100 °C), whereas for higher firing temper-
atures further studies regarding more refractory matrices are in
progress.

4. Conclusions

The inclusion of hematite into an inert matrix has been
obtained by means of an innovative two-steps process involv-
ing heterocoagulation combined with spray drying. This new
technology offers some remarkable advantages with respect to
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current procedures used in the manufacturing of included pig-
ment: efficient way to get the pigment-matrix adhesion at low
temperature; possibility to scale-up to a continuous process-
ing; easy transfer to ceramic industry that commonly applies
the spray-drying technology.

The surface potentials of hematite and inert matrix (silica
or monoclinic zirconia) have been designed by electroacoustic
analysis of their separated slurries. The heterocoagulated mix-
tures of pigment plus matrix were spray-dried to obtain a new
process to get included pigment suitable for ceramic applica-
tions.

The colour performances of these included pigments were
evaluated by comparison with the matrix/hematite mechani-
cal mixture and the heterocoagulated powder, both dried in
a conventional oven. The two-steps process, i.e. heterocoag-
ulation + atomization, is necessary to improve the chemical
stability of the included pigment. The hematite colour, in fact,
was preserved in both the through-body and low firing glaze
applications. In contrast, the mechanical mixture underwent
the hematite dissolution in the ceramic media whilst the het-
erocoagulated powder, though improving the performances of
the mechanical mixture, did not reach those of the spray-dried
pigments. A calcination at a temperature >900 °C furtherly
improves both stability and colour performance of heterocoagu-
lated and spray-dried pigments. The use of silica as inert matrix
is not suitable for all ceramic applications: included pigments
dissolved in ceramic glazes fired at 1200 °C.

The attempt to use ZrO; as refractory substitute of SiO» indi-
cated that zirconia is not suitable as inert matrix for the inclusion
of hematite. In fact, zirconia produces a non-homogeneous coat-
ing of hematite. Furthermore, a reaction of ZrO, with hematite
occurs during ceramic firing, leading to the incorporation of FeO
in the baddeleyite crystal lattice, so shifting the colour to gray
hues. Nevertheless, further studies regarding alternative inert
matrices for higher firing temperatures are in progress.
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