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Synthesis of iron zircon coral by

coprecipitation routes
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An iron-doped (15 mol-% of Fe2O3) zircon ceramic pigment has been prepared using binary
(ZrO2-Fe2O3 and SiO2-Fe2O3) and ternary (ZrO2-Fe2O3-SiO2) colloidal gels or coprecipitates
as precursors. The obtained raw powders, precalcines, and fired pigments have been
characterized by XRD, thermal analysis (TGA/DTA) and SEM/EDX to analyze the effect of
binary interactions (occlusion and adsorption phenomena) on the synthesis of the
iron-zircon coral as well as on the coloring yield. The use of a binary raw coprecipitate as
precursor prepared with colloidal silica and ferrous sulphate leads to a higher efficiency in
the hematite occlusion, since a more intense coral hue (L∗ = 59.6, a∗ = 29.3 and b∗ = 25.8 at
950◦C) is obtained, similar to an optimal ceramic reference. The protection or occlusion of
α-Fe2O3 in amorphous silica agglomerates of high specific surface appears to be a more
effective reaction intermediate than the observed adsorption of micronic α-Fe2O3 particles
on tetragonal zirconia monoliths. The necessary transformation of tetragonal zirconia into
its monoclinic form prior to zircon formation, and the higher α-Fe2O3 segregation from the
coprecipitate obtained with Zr and Fe precursors, seem to lower the efficiency of the
hematite coarsening-occlusion process involved in the coral pigment formation.
C© 2001 Kluwer Academic Publishers

1. Introduction

The iron zircon coral is one of the three zircon-based
pigments (together with the vanadium zircon blue and
the praseodimium zircon yellow), that are market lead-
ers in high temperature applications owing to their in-
tensity of color, brightness, and stability up to 1380◦C
in all types of glazes. The traditional ceramic synthe-
sis of this pigment consists in mixing the appropriate
Fe precursor (FeSO4·7H2O and FeO(OH) are recom-
mendable) with zirconia, silica and different mineraliz-
ers (mainly alkaline halides), and subsequently firing to
temperatures such as 900◦C or higher. However, even
though important attention has been devoted to this pig-
ment within the last years, some controversy about the
nature and mechanism of formation of this pigment still
remains, which needs clarification.

Recent investigations of Berryet al. [1] on the ce-
ramic synthesis of the pigment have found out that iron
is present in the pigment not only as hematite (α-Fe2O3)
inclusions but also as paramagnetic Fe3+ species form-
ing solid solution in insterstitial rhombic and axial sites
of the zircon lattice. The same authors conclude that
at concentrations of iron (in the final pigment) higher
than 1 mass %, the color properties are all dominated
by the presence of theα-Fe2O3 inclusions, but it is
not clear which of both contributions dominates the
color properties at low iron concentrations, since both
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Fe3+ species in solid solution and hematite inclusions
are found to coexist. More recently, Gairet al. [2] also
confirm by XANES and EXAFS analyses the existence
of two distinct coloring sources: 4-coordinated iron in-
corporated in the zircon lattice substituting for silicon
(in disagreement with the interstitial location assumed
by Berryet al.), which by itself only produce a cream
color, and occluded discrete hematite particles, which
are responsible for obtaining a good commercial coral
red pigment. In this work, the amount of iron intro-
duced into the zircon lattice is found to be higher by
sol-gel routes than by the conventional ceramic method,
but with these unconventional synthesis methods only
a cream peach color is obtained instead of a red coral,
due to the lower proportion of occluded hematite.

Therefore, the presence of hematite inclusions in the
zircon matrix appears to be the main responsible for
the commercial coral zircon color. With regard to this
encapsulated nature of the pigment, Airey [3] proposes
a reaction mechanism in which zircon grows around an
iron oxide particle, trapping it. Lahuerta [4] also accepts
the encapsulated nature of the pigment, and concludes
that a satisfactory coloring performance of the pigment
is not only due to an adequate development of the pro-
tecting microstructure, but also due to the hematite par-
ticles having the appropriate color. Llusaret al.[5, 6], in
agreement with Airey, suggest a coarsening-occlusion
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mechanism as a general model for the formation of the
pigment. In this model, the processes of crystallization,
synthering and occlusion are considered to take place
simultaneously, and the kinetics of the reaction is con-
sidered to follow the nucleation-coarsening model ob-
served by Eppler [7]. From optic and scanning electron
microscopy observations, the authors also find the col-
oring performance to be closely related to the amount
of colored zircon particles occluding hematite [6], and,
therefore, the better the efficiency of hematite occlu-
sion, the more intense the coral color. On the other
hand, Eppler studies the mechanism of formation of
zircon pigments in the presence of fluorides using the
marker technique [8] and concludes that, while silica re-
acts with fluoride mineralizers to be vapor-transported
to zirconia reaction sites (as SiF4), iron remains in its
place. Hence, it is considered that the iron oxide must
be present at the reaction site prior to the zircon for-
mation. However, the same author [9] doubts of the
inclusion nature of the pigment, since a lot of the iron
fails to react and remains as hematite impurity in the
calcine.

Considering the role played by the mineralizers, their
addition has been found effective to reduce the temper-
ature of pigment formation. This can be achieved in
different ways [5, 6] but basically two of these mineral-
izing processes seem to be determinant. Firstly, as pre-
viously commented, fluorides can facilitate the trans-
port of silica to ZrO2 reaction sites by the volatile SiF4
species formed from the reaction between silica and
NaF [8], in which the ferrous sulphate (iron precursor)
also could be involved being oxidized to hematite and
forming Na2SO4 [10]. And secondly, the formation of
flux phases, such as the glassy phase formed between
NaF and NaCl at temperatures compressed between
600 and 700◦C (both form an euthectic around 674◦C
with a molar ratio NaCl : NaF equal to 2 : 1) can trigger
the diffusion of reactants to form the pigment (Berry
et al. [10] detect the formation of this glassy phase at
680◦C with an equiponderal mixture of NaF and NaCl,
which is very close to the temperature, around 700◦C,
at which zircon starts forming).

Nevertheless, even though these contributions of
mineralizers to the kinetics of formation of the coral
zircon pigment are very important, one must keep in
mind that, finally, the “major” mechanism or process
determining the final peach color is the effective oc-
clusion of hematite by the nascent zircon particles. As-
suming the relevance of obtaining an efficient inclusion
of α-Fe2O3 particles, the existence of binary interac-
tions between ZrO2 and Fe2O3, and/or between SiO2
and Fe2O3 also must be decisive in the synthesis, and
should be analyzed with more attention to determine
the most appropriate synthesis method and precursors
to obtain an intense coral red pigment. In the study of
Berryet al. [1], for instance, EPR studies of a calcined
iron-impregnated zirconia seem to confirm the presence
of Fe3+ species in low-symmetry sites on the ZrO2 sur-
face. In the same direction, Tartajet al. also mention
[11] the possible formation of a solid solution of Fe3+
in the tetragonal zirconia lattice as a reaction interme-
diate when preparing the iron zircon coral by pyrolysis

of aerosols. As for the binary SiO2-Fe2O3 interactions,
the potential ability of amorphous SiO2 as a host matrix
to protect or occlude hematite particles cannot be ne-
glected. In this respect, a stable red pigment can easily
be prepared by occluding hematite (α-Fe2O3) in a sil-
ica matrix employing conventional or aqueous sol-gel
processing routes [12, 13].

Accordingly, both Fe2O3-ZrO2 and Fe2O3-SiO2 bi-
nary interactions have proved to occur readily when fir-
ing intimate mixtures of these components obtained by
unconventional synthesis methods. Thus, the employ-
ment of different precursors and/or synthesis methods
seems to influence the reaction mechanism, since differ-
ent intermediates can form, and, consequently, the effi-
ciency accomplished in the hematite occlusion may not
be the same. In this respect, sol-gel processing exhibits
potential advantages to obtain highly reactive precursor
systems [14], with a much more intimate mixture of the
elements taking part in the solid-state reaction. In addi-
tion, the aqueous sol-gel processing has proved to be a
good synthesis method to control the conditions needed
for obtaining a good efficiency in the encapsulation of
ceramic pigments of inlusion or heteromorphic nature
[13].

In this paper, the synthesis of an iron zircon ceramic
pigment by sol-gel or coprecipitation routes has been
examined to see if any improvement can be made with
respect to the ceramic method. Together with a ref-
erence composition prepared by the ceramic method
and with a “complete” colloidal gel containing all the
precursors and mineralizers, raw and precalcined inti-
mate binary mixtures of Zr-Fe and Si-Fe also have been
prepared by the coprecipitation route to be used as pre-
cursors in the synthesis of the pigment, and have been
characterized by XRD and SEM/EDAX. The effect of
binary interactions on the efficiency of hematite oc-
clusion, and, therefore, on the coloring yield, has been
analyzed.

2. Experimental
An optimized composition of the iron zircon coral
[6], responding to the overall stoichiometry (SiO2)
(ZrO2)0.97(Fe2O3)0.15(NaF)0.7(NaCl)0.3 was prepared
by the traditional ceramic procedure and by aqueous
sol-gel or coprecipitation procedures. Quartz and zir-
conia (baddeleyite) of commercial technical grade, sup-
plied by Navarro (withφ50= 3.9 and 5.6µm, respec-
tively), and FeSO4·7H2O (Panreac) were used as Si,
Zr and Fe precursors in the ceramic route; a fine col-
loidal silica (φ50 around 250 nm) of Quimidroga, and
ZrOCl2·8H2O (Merck) were employed instead of the
commercial oxides in the coprecipitation route. The
iron precursor (ferrous sulphate) and the mineralizers
(technical grade, commercial NaF and NaCl, also sup-
plied by Navarro) were the same in both methods.

To prepare the reference ceramic composition (CER
sample), the appropriate amounts of each precursor
and mineralizers were mixed and ball-milled in ace-
tone medium. Residual acetone was then removed by
evaporation, and the resulting dried powder was finally
homogenized in an agate mortar.

154



By using the aqueous sol-gel processing three differ-
ent gels or coprecipitates were obtained. A complete
colloidal gel (CC sample) was first prepared by adding
the zirconium oxychloride to an aqueous suspension of
the colloidal silica, with continuous stirring and heat-
ing at 70◦C; two hours later, the ferrous sulphate was
added and the resulting acidic mixture (pH= 2) was
left under the same stirring and heating conditions for
four hours before the addition of the mineralizers (NaF
and NaCl); the viscosity of the mixture was observed to
rise abruptly with mineralizer addition, and, therefore,
a yellowish-brown gel was readily obtained at pH= 2-3
with the addition (dropwise) of a little amount of con-
centrated ammonia. A binary coprecipitate containing
only the Si and Fe precursors (SFC) also was prepared
by leaving the ferrous sulphate in an aqueous suspen-
sion of colloidal silica (continuously stirred and heated
at 70◦C) for 24 h. After this time, concentrated ammo-
nia was added dropwise to the yellowish-orange acidic
mixture (pH= 2), which did not produce a gel but a
greenish-brown coprecipitate at pH= 4. Finally, a bi-
nary, yellow colloidal gel containing Zr and Fe precur-
sors (ZFC) was obtained (at pH= 2) by adding drop-
wise concentrated ammonia to an aqueous solution of
ZrOCl2·8H2O and FeSO4·7H2O kept at the same stir-
ring and temperature (70◦C) conditions.

The partial or complete raw gels (or coprecipitates)
were dried under infrared (IR) lamps for 24 h and then
homogenized in an agate mortar. The raw mixtures were
not washed, since the presence of species that can act
as heterogeneous nucleation agents (such as chlorides,
and/or sulphates) can be used to improve the reactiv-
ity of the gels and/or coprecipitates [15–17], which is
useful in the synthesis of heteromorphic pigments [13].
To accomplish the stoichiometry of the chosen iron zir-
con coral formulation, the appropriate amounts of the
remaining silicon or zirconium precursors (commer-
cial oxides) and mineralizers were added to the dried
raw ZFC gel and to the SFC coprecipitate, and were
ball-milled together in acetone medium. The resulting
mixtures were dried under IR lamps and referenced as
ZFC1 andSFC1samples. In addition, to analyze the
effect of using precalcines of binary ZrO2-Fe2O3 and
SiO2-Fe2O3 mixtures as precursors, a portion of each
of the dried raw ZFC and SFC coprecipitates were pre-
calcined in Si-Al crucibles at 800◦C for 2 h in anelec-
tric furnace. As before, the remaining Si or Zr precur-
sors (oxides) and mineralizers were then added to these
precalcined mixtures to obtain the desired iron zircon
formulation. These samples were referenced asZFC2
andSFC2. The precursors, preparation methodology,
and sample nomenclature employed is summarized in
Table I.

Simultaneous Differential Thermal and Thermo-
Gravimetric Analysis (DTA-TGA) was performed with
a Mettler Toledo thermal analyzer on representative raw
samples to aid in the understanding of the processes or
reactions occurring during the firing of the samples.
Thermal analysis was carried out in Pt crucibles with a
constant 5◦C/min heating from 25 up to 1100◦C.

To obtain the iron zircon coral pigment, the dried
powders were fired following a previously optimized

TABLE I Preparation methodology, precursors, and nomenclature of
the samples

Sample Precursors Preparation Methodology

CER ZrO2 (baddeleyite), Ceramic procedure
SiO2 (quartz), (ball-milling)
FeSO4·7H2O (Panreac),
NaF, NaCl

CC ZrOCl2·8H2O (Merck), SiO2 Colloidal gel with all the
(colloidal, Quimidroga), precursors and
FeSO4·7H2O (Panreac), mineralizers
NaF, NaCl

SFC1 SiO2 (colloidal, Quimidroga), Raw coprecipitate with Si
FeSO4·7H2O (Panreac), and Fe precursors (SFC),
ZrO2 (baddeleyite), NaF, ball-milled with ZrO2 and
NaCl mineralizers

SFC2 SiO2 (colloidal, Quimidroga), Precalcined (800◦C/2 h)
FeSO4·7H2O (Panreac), SiO2-Fe2O3 coprecipitate,
ZrO2 (baddeleyite), ball-milled with ZrO2 and
NaF, NaCl mineralizers

ZFC1 ZrOCl2·8H2O (Merck), Raw gel with Zr and Fe
FeSO4·7H2O (Panreac), precursors (ZFC),
SiO2 (quartz), NaF, NaCl ball-milled with SiO2 and

mineralizers
ZFC2 ZrOCl2·8H2O (Merck), Precalcined (800◦C/2 h)

FeSO4·7H2O (Panreac), ZrO2-Fe2O3 gel,
SiO2 (quartz), NaF, NaCl ball-milled with SiO2 and

mineralizers

firing schedule in an electric furnace up to 950◦C, with
heating and soaking times of 4 h and 2 h 30min, respec-
tively. Sample calcination took place in Si-Al crucibles
filled completely with the raw powders, which were
manually pressed and inverted upon a lid of the same
Si-Al material. The resulting fired pigments were
washed before being enameled following a standard
procedure. Washing served to eliminate undesirable
soluble salts that have negative effects during the
enamel firing and to measure the Fe3+ and SO2−

4 con-
centration leached from the pigment in washing wa-
ters. With this purpose in mind, 1 g of each calcined
composition was washed with 0.3 M HCl in the pres-
ence of Fe (acid-reductor washing) until 100 mL of
washed waters were obtained. Washed-off Fe3+was de-
termined by colorimetric measurement at 475 nm with
a Perkin-Elmer spectrophotometer of the complexes
formed adding a tiocyanate solution in acidic media. On
the other hand, SO2−4 concentration in washing waters
was gravimetrically determined by quantitative precip-
itation with 0.1 M BaCl2.

In order to identify the crystalline phases present in
the raw, precalcined (ZFC and SFC) and fired powders,
X-ray Diffraction (XRD) patterns were obtained using
conventional powder techniques in a Siemens D-5000
diffractometer with Ni-filtered, Cu Kα radiation and
with a goniometer speed of 0.05◦2θ /s (1s of counting
time per step). A microstructural characterization and
semiquantitative analysis of ZFC and SFC binary pre-
calcines, and of representative (optimal) fired pigments
were also carried out by scanning electron microscopy
(SEM), using a Leo-440i Leyca microscope equipped
with an energy dispersive X-ray analysis (EDAX) at-
tachment supplied by Oxford University.

Washed pigments were finally enameled with a frit-
ted transparent glaze adding a 5% of color in the glaze.
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The frit and the color were ball-milled adding water
(40% approx.), and the as obtained slip was dip-coated
onto engobbed, red-clay, single-firing ceramic biscuits.
A single firing of the enamel-ceramic biscuit set was
then performed in a Nanetti furnace at 1085◦C, with a
45 min fast-firing scheme.L∗a∗b∗ color parameters of
representative samples were measured with a Perkin-
Elmer spectrophotometer using a standard lighting C,
following the CIE-L∗a∗b∗ colorimetric method rec-
ommended by the CIE (Commission Internationale de
l’Eclairage) [18]. On this method,L∗ is the lightness
axis (black (0)→ white (100)),a∗ is the green (−)→
red (+) axis, andb∗ is the blue (−)→ yellow (+) axis.

3. Results and discussion
3.1. Previous characterization of raw

samples and precalcines
3.1.1. XRD and SEM/EDAX characterization
XRD of raw gels and/or coprecipitates showed the pres-
ence of ammonium sulphate and/or ammonium chlo-
ride as the only crystalline phases, confirming the amor-
phous state of the precursor systems (apart from the
remaining oxides or mineralizers added later). Figs 1
and 2 show the XRD patterns of the binary ZFC and
SFC precalcines (800◦C/2 h), before the addition of
the remaining precursors and mineralizers. As it can be
observed in Fig. 1, the characteristic vitreous halo of
amorphous silica can be seen around 15–20◦2θ , which
indicates that the silica still remains amorphous after the
precalcine treatment of the SFC binary coprecipitate.
In addition, well-formed XRD peaks corresponding to
hematite (α-Fe2O3) also can be seen, being evidence
that a complete protection or inclusion of the iron in the
amorphous silica has not been accomplished. The pres-
ence of unprotected hematite in the 800◦C precalcine
had not been observed in a previous study [13] where
a similar coprecipitate was prepared with FeSO4·7H2O
and LUDOX silica. The much higher specific surface
of the LUDOX silica with respect to the colloidal sil-

Figure 1 XRD pattern of precalcined (800◦C/2 h) SFC coprecipitate.
Crystalline phases:H (hematite,α-Fe2O3).

Figure 2 XRD pattern of precalcined (800◦C/2 h) ZFC coprecipitate.
Crystalline phases:T (tetragonal zirconia, ZrO2), C (cubic zirconia,
ZrO2), B (baddeleyite or monoclinic zirconia, ZrO2) and H (hematite,
α-Fe2O3).

ica (Quimidroga) here employed (φ50= 3.2 nm for the
former and around 250 nm for the later) could be an ex-
planation, confirming the hypothesis of Bondioliet al.
[12] that a higher protection efficiency can be accom-
plished with a finer silica.

As for the ZFC precalcine (see Fig. 2), the XRD
pattern confirms a significative crystallization of the
tetragonal and/or cubic polymorphs of zirconia, ac-
companied by little XRD peaks of baddeleyite (mono-
clinic zirconia); in addition, weak peaks corresponding
to hematite with a lower particle size (the peaks are
broader) also can be observed. Thus, it seems that zir-
conia crystallizes first in its metastable tetragonal form
when precalcining the ZFC binary colloidal gel, as it
commonly happens in the calcine of Zr-containing gels
or coprecipitates [19], and then the martensitic transfor-
mation from tetragonal into monoclinic zirconia starts
occurring.

SEM/EDAX characterization of both SFC and ZFC
precalcines was carried out to analyze the possible bi-
nary SiO2-Fe2O3 and ZrO2-Fe2O3 interactions occur-
ring in the calcine, which could have an important ef-
fect on the formation of the iron zircon coral ceramic
pigment. Fig. 3 shows some SEM micrographs corre-
sponding to the SFC precalcine; the topographic images
obtained with the secondary electron detector (Fig. 3a
and b), let us appreciate highly amorphous silica ag-
glomerates with sizes around 2–10µm. At a submi-
cronic level (Fig. 3b), these silica agglomerates are
found to consist of smaller granules (around 0.25µm),
which form broad pores that coalesce in irregular chan-
nels, as previously observed by Bondioliet al. [12]
in this system. The observations carried out with the
backscattering electron emission detector (BSED) in-
dicate, in general, an acceptable compositional homo-
geneity (see Fig. 3c), which means that the iron is reg-
ularly distributed or occluded within the amorphous
silica agglomerates, though some heterogeneity also
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Figure 3 SEM micrographs of some details of precalcined (800◦C/2 h) SFC coprecipitate: a) secondary electron detector (SED),×6000, b) SED,
×8000, c) backscattering electron detector (BSED),×2500 and d) BSED,×2000.

can be observed (see the slight differences in contrast in
Fig. 3d); semiquantitative analyzes obtained by EDAX
at intermediate magnifications (×6000–×8000) show
SiO2/Fe2O3 weight ratios which in general are consid-
erably higher than the theoretical value for the stoi-
chiometry prepared. The presence of iron rich aggre-
gates also was observed and confirmed by EDAX, and
could be associated to hematite segregation, in agree-
ment with the XRD characterization discussed before.
Fig. 4 shows the EDAX mapping of the same field pre-
sented in Fig. 3d, along with the EDAX spectrum cor-
responding to a spot analysis performed on a brighter,
Fe rich aggregate, confirming the existence of some
heterogeneity in the Fe distribution.

Considering the precalcined ZFC binary gel, SEM
observations (Fig. 5) show the presence of big mono-
lithic zirconia agglomerates (mostly tetragonal or cu-
bic, according to XRD characterization) with irregu-
lar forms, and with sizes ranging from 50 to 100µm.
Apart from the possible entrance of Fe3+ in the zirco-
nia lattice as solid solution, which has not been ana-
lyzed in the present work, iron mainly appears to be
in two different forms: i) segregated, forming Fe2O3
aggregates of different morphology and sizes (up to
50 µm), as the one observed in Fig. 5a; or ii) as mi-
cronic Fe2O3 particles (around 1–3µm) adsorbed (or
even encrusted) on the surface of the bigger zirconia

monoliths, as can be seen in the BSED images shown
in Fig. 5b to d. The EDAX mapping presented in Fig. 6
(accompanied by the EDAX spectrum) let us appre-
ciate the two types of iron: along with the iron rich
aggregates, some iron appears to be associated with
the zirconia monoliths. The EDAX mapping of Fig. 7
(same field of Fig. 5b) obtained at a higher magnifi-
cation (×3740), evidences that the micronic particles
adsorbed on the surface of zirconia particles correspond
to iron (α-Fe2O3 according to XRD characterisation).
Therefore, an important ZrO2-Fe2O3 surface interac-
tion also appears to take place when firing an intimate
mixture of Zr-Fe obtained by sol-gel or coprecipitation
methods, as suggested in the studies of Eppler [9] and
Berryet al.[1] with samples prepared by the traditional
ceramic procedure. This surface interaction occurs to
such an extent that, in any event, it must be much more
relevant than the possible iron entrance in the zirco-
nia lattice as solid solution (which can be as high as
5 wt% at 0.21 atm, according to phase equilibria studies
[20]). On the other hand, SEM observations also evi-
dence that most zirconia monoliths appear to be cracked
(see Fig. 5c). The presence of these cracks extending
throughout the tetragonal zirconia monoliths could be
due to the mechanical stresses accumulated as a con-
sequence of the volume gain experienced during the
martensitic transformation into monoclinic zirconia, or
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Figure 4 EDAX mapping (with BSED) and spectrum of a detail (×2400) of precalcined (800◦C/2 h) SFC coprecipitate.

Figure 5 SEM micrographs of some details of precalcined (800◦C/2 h) ZFC colloidal gel: a) secondary electron detector (SED),×3000, b) backscat-
tering electron detector (BSED),×3500, c) BSED,×4500 and d) BSED,×2000.
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Figure 6 EDAX mapping (with SED) and spectrum of a detail (×1000) of precalcined (800◦C/2 h) ZFC colloidal gel.

Figure 7 EDAX mapping (with SED) and spectrum of a detail (×3740) of precalcined (800◦C/2 h) ZFC colloidal gel.

even due to the stresses arising from the crystalline
growth of the iron particles adsorbed or encrusted on the
surface.

In conclusion, the XRD and SEM/EDAX character-
ization performed on the SFC and ZFC precalcines has
proved that important SiO2-Fe2O3 and ZrO2-Fe2O3 bi-
nary interactions occur when firing intimate mixtures
of these components. On the one side, Fe2O3 readily
becomes occluded in amorphous silica agglomerates,
which a protection efficiency that strongly depends on
the specific surface of the silica precursor employed. On
the other side, along with an important iron segregation

and with the possible Fe3+ forming a solid solution in
the tetragonal zirconia lattice, micronicα-Fe2O3 parti-
cles become adsorbed or even encrusted on the surface
of bigger tetragonal zirconia monoliths, which trans-
form into its monoclinic form as the thermal treatment
proceeds. Both processes, the iron occlusion in silica
agglomerates, and the iron adsorption on the surface
of zirconia monoliths, could be relevant as reaction in-
termediates to facilitate the hematite encapsulation in
the formation of the iron zircon coral pigment, follow-
ing the general coarsening-occlusion model previously
proposed.
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Figure 8 DTA/TGA curves corresponding to samples CER (a), ZFC1
(b) and SFC1 (c).

3.1.2. Thermal analysis (DTA/TGA)
In order to have a previous information about the behav-
ior of the samples during the firing treatment, a thermal
characterization was performed on representative raw
samples. The DTA and TGA curves corresponding to
CER, ZFC1 and SFC1 samples are shown in Fig. 8.

In the calcination of the reference ceramic compo-
sition (see Fig. 8a), the loss of the water molecules
of the FeSO4.7H2O employed as precursor seems to
take place at 160◦C (first six molecules) and at 360◦C
(the seventh molecule), while the sulphate decomposi-
tion occurs at 470◦C. A significative endothermic band
also can be observed in the DTA curve at about 620◦C,
which is not accompanied by any important weight loss
in the TG curve. Although this band could be associ-
ated with some kind of surface interaction between iron
and zirconia oxides, as suggested in the literature by
Eppler [9], it seems more reasonable to associate this

band around 620◦C with the formation of a flux glassy
phase between NaCl and NaF, in agreement with the
study of Berryet al. [10]. On the other hand, a 4%
weight loss also may be observed from 1000◦C, with
an endothermic effect in the DTA curve. XRD of the
DTA/TGA residue showed the presence of strong in-
tensity baddeleyite peaks, together with weak peaks of
zircon, hematite and sodium sulphate. Both, the ab-
sence of unreacted quartz and the presence of a little
quantity of sodium sulphate in the residue could be
explained, as suggested by Berryet al. [9], by the ex-
istence of an interaction among the ferrous sulphate,
silica and NaF, resulting in the formation of Na2SO4
and of the volatile SiF4, and followed by iron oxida-
tion toα-Fe2O3. Accordingly, the weight loss observed
from 1000◦C could be assigned to the volatilization of
silicon-fluoride species and also to the decomposition
of the sodium sulphate formed during the calcine. This
weight loss also could be caused by the partial reduc-
tion of hematite to magnetite, though this phase was
not detected by XRD in the residue.

In the case of ZFC1 sample (see Fig. 8b), broad
endothermic bands are first observed at 100, 220 and
300◦C, also accompanied by a huge weight loss (above
20%); the first two bands could be attributed to the loss
of hydration water, while the later may be associated to
the loss of sulphates and/or chlorides. In fact, ammo-
nium sulphate and ammonium chloride (both present in
the raw ZFC1 sample) decompose or sublimate at about
235◦C and 340◦C, respectively. The narrow exothernic
peak appearing in the DTA curve around 350◦C could
be due to some early crystallization arising from the
condensed gel network, though a clear assignment can-
not easily be done. In addition, two broad exothermic
bands also can be appreciated around 700 and 1000◦C,
which may be related to tetragonal zirconia and zir-
con crystallization, respectively. In this respect, XRD
of the DTA/TGA residue showed the presence of strong
intensity baddeleyite peaks, along with medium peaks
of tetragonal zirconia and zircon, and weak hematite
peaks. Therefore, ZFC1 sample seems to behave in
the calcine similarly to the binary ZFC gel: tetragonal
zirconia first crystallizes to later transform martensiti-
cally into monoclinic zirconia, which then reacts with
silica to render zircon. Moreover, a slight weight loss
also occurs from 1000◦C, as with the ceramic sam-
ple, which could be due to the volatilization of silicon-
fluoride species (quartz is not detected in the residue),
and to a less extent to the decomposition of sodium sul-
phate and/or to the partial reduction of hematite to mag-
netite (both phases were not detected in the DTA/TGA
residue). In this respect, the formation of sodium sul-
phate as a reaction intermediate is less probable in this
sample, since SO2−4 and Fe2+ species are chemically re-
tained in the precursor condensed gel network together
with Zr4+ ions (ZFC colloidal gel used as precursor),
and therefore the mechanism of reaction must be dif-
ferent to that of the ceramic sample (ferrous sulphate
molecules cannot freely interact with mineralizers).

Finally, the DTA/TGA curves corresponding to SFC1
sample may be seen (Fig. 8c) to present some differ-
ences: first, the loss of hydration water is observed to
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occur around 150◦C (strong endothermic band with
an associated 5% weight loss), and then a slight and
continuous weight loss occurs from 280 up to 940◦C.
The DTA curves present weaker endothermic signals at
240, 310, 430, 560◦C (this one slightly more intense)
and 620◦C, difficult to assign (the weak band at 620◦C
could be due to the formation of a glassy phase be-
tween NaF and NaCl, as in CER sample), and then a
broad exothermic band extends from 700 up to 1000◦C,
which could be attributed to hematite and silica crystal-
lization. Similarly to previous samples, a weight loss is
observed from 1000◦C, with an associated endothermic
peak in the DTA curve. This weight loss, as explained
before, could probably arise from the volatilization of
silicon-fluoride species, and/or from the decomposition
of the sodium sulphate (strong intensity peaks of bad-
deleyite were detected by XRD in the residue, together
with very weak peaks of hematite, zircon and sodium
sulphate).

3.2. Characterization of the fired and
enameled pigments

Table II summarizes the XRD crystalline phases present
in the fired pigments (950◦C/2 h 30 min), the Fe3+ and
SO2−

4 concentrations leached in washing waters, as well
as theL∗a∗b∗ colorimetric parameters measured with
the enameled samples (with 5 wt-% color).

Sample SFC1 (prepared with a Si-Fe raw coprecipi-
tate as Si-Fe precursor) stands out for its reactivity (the
zircon yield accomplished is even higher than that of
the reference ceramic composition) and also for its pink
coral hue, similar to that of the ceramic sample. In fact,
SFC1 and CER samples produce the best coral colors,
with a much higher value of the parameter represen-
tative of the red color, (a∗ above 29, which is similar
to the value presented by commercial coral pigments),
and with a lowerL∗ value (darker and intenser colors).
Accordingly, the protection or occlusion ofα-Fe2O3 in
amorphous silica agglomerates of high specific surface,
appears to be an effective reaction intermediate for the
pigment formation.

On the other hand, the employment in sample ZFC1
of a raw, intimate mixture of Zr and Fe precursors
(ZFC) prepared by the aqueous sol-gel processing,
does not produce a positive effect on the synthesis of
the iron zircon coral pigment: in spite of the accept-
able zircon yield obtained, the measured coral or red

TABLE I I Characterisation of the fired pigments

XRD crystalline [SO2−
4 ] [Fe3+]

Sample phases (ppm) (ppm)L∗ a∗ b∗

CER Z(s), B(vw), H(vw) 552 3.1 55.7 29.5 24.2
CC Z(m-s), B(vw), 525 0.8 70.3 17.8 26.6

H(vw-w)
SFC1 Z(vs), B(vw), H(vw) 336 0.8 59.6 29.3 25.8
SFC2 Z(m), B(w-m), H(vw) 25 15.1 70.3 22.2 24.6
ZFC1 Z(m-s), B(vw), H(vw) 443 0.6 81.0 7.5 26.7
ZFC2 Z(m-s), B(w), H(vw) 28 8.0 73.0 13.5 22.3

Crystalline phases:Z (zircon, ZrSiO4), B (baddeleyite, ZrO2), and H
(hematite,α-Fe2O3); XRD peaks intensity: vs (very strong), s (strong),
m (medium), w (weak), ad vw (very weak).

color results to be the poorest (a∗ = 7.5). This result
is in contrast with the improved iron zircon pink pig-
ment that can be obtained, according to Eppler [9],
from intimate ZrO2-Fe2O3 mixtures prepared by the
traditional ceramic procedure. Even the employment
as precursor of a complete colloidal gel including all
the precursors and mineralizers (sample CC) leads to
a more intense pink coral pigment (a∗ = 17.8) than
ZFC1 (though still less intense than CER and SFC1
samples).

In addition, the effect of precalcining at 800◦C the
SFC coprecipitate or the ZFC gel before the addition
of the remaining precursors and mineralizers (samples

(a)

(b)

(c)

Figure 9 SEM micrograph -SED×5000- (a), EDAX spectrum (b), and
EDAX mapping (c) of a detail of CER fired pigment (950◦C/2 h).
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SFC2 and ZFC2), is found to be different in each case.
As for the SFC2 sample, the precalcine proves to have
a negative effect on both, the reactivity (a much lower
zircon yield is obtained) and the coloring performance
(lower a∗). In this respect, the loss of silica as volatile
silicon-fluorine species during the final calcine could
have been triggered by this precalcine (Berryet al. [9]
detect the volatilization of SiF3 species between 600
and 800◦C, probably as a breakdown product of SiF4),
which would account for the lower zircon yield accom-
plished, for the absence of unreacted quartz, and also
for the presence of an important quantity of unreacted
zirconia in the XRD pattern of SFC2 sample. On the
contrary, the precalcine of the ZFC gel results to have

(a)

(b)

(c)

Figure 10 SEM micrograph -SED×5000- (a), EDAX spectrum (b), and
EDAX mapping (c) of a detail of SFC1 fired pigment (950◦C/2 h).

a positive effect, considering the improved red color of
sample ZFC2 with respect to ZFC1 (a∗ = 13.5 against
7.5). This fact, together with the less intense red col-
ors obtained with samples CC, ZFC1 and ZFC2 could
be explained considering that the necessary transforma-
tion of tetragonal zirconia into its monoclinic form prior
to the zircon formation would interfere in the effective-
ness of the hematite occlusion in these samples. In fact,
when this transformation is accelerated, for instance by
precalcining the ZrO2-Fe2O3 mixture in ZFC2 sample,
therefore an improvement in the red color of the pig-
ment is obtained.

On the other hand, a direct relationship between the
coloring yield and the iron extracted in washig waters
cannot be made, since the Fe3+ concentration in wash-
ing waters is not always observed to diminish, the in-
tenser the red color (highera∗ value).

Finally, a microstructure characterization of the op-
timal CER and SFC1 fired pigments was carried out.
Figs 9 and 10 show two SEM micrographs of fired
CER and SFC1 pigments, respectively, along with the
EDAX spectrum and mapping of the same fields. The
microstructure of these two samples is found to be very
similar: in both cases, a bimodal size distribution of
zircon particles can be observed, with 4–6µm sized
particles predominating with respect to accompanying
finer particles (around 1µm). EDAX analysis indicates
a higher iron content in SFC1 than in the ceramic sam-
ple, which may be associated with a higher hematite
segregation in the former as can be seen in the corre-
sponding EDAX mappings.

4. Conclusions
i) Relevant binary interactions have been found to oc-
cur in the calcine of Si-Fe and Zr-Fe coprecipitates
(or colloidal gels) employed as precursors in the syn-
thesis of the iron zircon coral ceramic pigment:α-
Fe2O3 readily becomes occluded in amorphous silica
agglomerates of high specific surface, while micronic
α-Fe2O3 particles to a great extent become adsorbed
or even encrusted on the surface of tetragonal zirconia
monoliths.

ii) The use of a binary coprecipitate as precursor pre-
pared with colloidal silica and ferrous sulphate leads
to a more intense coral hue (L∗ = 59.6, a∗ = 29.3 and
b∗ = 25.8 at 950◦C), than the employment of binary
ZrO2-Fe2O3 (raw or precalcined) or complete ZrO2-
SiO2-Fe2O3 aqueous gels; in the later, theα-Fe2O3 seg-
regation and the necessary transformation of tetragonal
zirconia into its monoclinic form prior to zircon forma-
tion, seem to lower the efficiency of hematite encapsu-
lation in the zircon matrix, following the coarsening-
occlusion process involved in the pigment formation.

iii) the precalcine of the binary SFC coprecipitate
containing silicon and iron precursors has a negative
effect on the synthesis of the coral pigment, as a re-
sult of the stoichiometry loss caused by the formation
of volatile silicon-fluoride species. On the contrary, the
precalcine of the ZFC colloidal gel containing zirco-
nium and iron precursors has a positive effect, since it
produces an advance in the necessary transformation
from tetragonal to monoclinic zirconia.
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