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Abstract

The morphology and the dimensions of the hematite particle influenced the shade of the red pigments obtained; both fine (<30 nm in length)
spherical and long (>250 nm in length) acicular shapes gave poor red shades. The morphology of the hematite particles depends on the pre-
cipitant used; ammonia provided spherical, whereas NaOH produced acicular hematite particles. The dimensions of the hematite particles de-
pended on the mineralisers used; while the silica structure did not influence pigment shade, the use of mineralisers promotes tridymite structure

crystallization.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Inorganic natural and synthetic pigments produced and
marketed as fine powders are an integral part of many decora-
tive and protective coatings and are used for the mass colora-
tion of many materials, including glazes, ceramic bodies and
porcelain enamels. In these applications, the pigments disperse
in the media, forming a heterogeneous mixture. The powders
used to color ceramics must possess thermal and chemical sta-
bility at high temperature and must be inert to the action of
molten glass (frits or sintering aids) [1]; these characteristics
limit the number of available ceramic pigments [2—12]. The
need for high chemical and thermal stabilities has dominated
research and development in recent years, especially as re-
gards new red or pink pigments. In particular, interest has
focused on the development of inclusion pigments which are
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not tolerant of the high thermal and chemical environment,
but which can be occluded in a stable glassy or crystalline ma-
trix (heteromorphic pigments). The inclusion or encapsulation
of a reactive, coloured or toxic crystal inside a stable crystal-
line or amorphous uncoloured matrix, provides protection to
the chromophore; in this way, the crystal is inactivated inside
the matrix.

Hematite—silica, heteromorphic pigments are popular de-
spite the fact that the traditional preparation method yields
powders that are unable to tolerate neither the glazing compo-
sition nor the sintering temperature. To achieve high-efficiency
chromophore encapsulation, the temperature of the matrix sin-
tering and crystallization must synchronize with the tempera-
ture of nucleation and growth of the occluded chromophore
phase. The crystallization, sintering and inclusion processes
must take place simultaneously and, consequently, control of
the particle size and the choice of mineraliser are major pa-
rameters that need to be controlled [6].

In this work, a coprecipitation route, employing two precip-
itant agents, ammonia and sodium hydroxide, was used to inclu-
de hematite in a silica matrix so as to control the microstructural
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Fig. 1. Flux diagram of coprecipitation method used.

characteristics and particle morphology [1,3,6]. The effect of
the mineralisers, NaF and NaCl, was investigated in order to op-
timize the pigment calcination temperature and secure control
over the color obtained in an industrial glaze.

2. Experimental procedure

Samples of Si0,—0.2Fe,0O3 were prepared using the copre-
cipitation (P) route shown in Fig. 1. A 0.5 M aq solution was
prepared by adding iron sulphate (Fe,SO,-7H,0, Aldrich) in
the required mole ratio to an aqueous suspension of colloidal
silica (Ludox). The precursors used are reported in Table 1.
In mineralized samples, 0.2 M NaF, NaCl, NaF-NaCl or
NaF-2NaCl (Sigma—Aldrich) was added to the aqueous solu-
tions before reaction. Drops of concentrated ammonia solution
(PI) or 5M aq sodium hydroxide solution (PII) were then
added to the mixture, which was continuously stirred and
kept at 70 °C until the pH stabilized at 9. The resulting dark
green coprecipitate was dried at 110 °C and fired. In order
to determine the effects of firing temperature and mineraliser
composition, the powders were fired at temperatures ranging
from 800 to 1100 °C in an electrical furnace with a soaking
time of 3 h. The fired samples were micronised, wet milled
in water and finally dried at 110 °C.

To identify the crystalline phases present in the raw and
fired samples, X-ray diffraction patterns were collected using
a conventional powder technique in a Siemens Diffractometer
(D500 mod) employing Cu Ka Ni-filtered radiation. To define
the color developed by the samples, a Gretag Macbeth, Color-
Eye 7000, was used, employing a 10° Standard Observer. The

Table 1
Precursors used to prepare 0.2Fe,03—SiO, samples

Method

Sample Si precursor, Fe precursor and precipitant agent

PI Coprecipitation Ludox (30% in SiO,), FeSO,-7H,0 and NH,OH
PII Coprecipitation Ludox (30% in SiO,), FeSO,-7H,0 and NaOH

Table 2

Crystalline phases and CIELab values of PI samples as a function of calcina-

tion temperature

Mineraliser T (°C) Phase composition (XRD) Color L*/a*/b*

Without Raw Ma Maroon
900 H 45.8/27.2/23.4
1000 H, C(w) 43.5/26.6/23.1
1100 H, C(s) 41.9/25.6/22.8

NaF Raw Ma Green-yellow
900 H, C(w) 45.1/26.2/21.3
1000 H, C, T(w) 43.0/25.2/20.1
1100 Local melting H, C(w), Ty, Brown

NaCl Raw Ma Green-yellow
900 H, C(w) 44.9/26.5/21.1
1000 H, C(w), T 42.5/25.7/19.4
1100 Local melting, H, T, Brown

NaF-NaCl Raw Ma, N(w), S, Ty Light green
800 N(w), H, Tiu(w) 46.4/26.6/22.1
900 N(w), H, Tin(s) 44.8/25.2/20.3
1000 Local melting, H, T, Brown

NaF:2NaCl Raw Ma, N, S, Ty Brown
800 N(w), H, T, 43.2/28.9/24.1
900 N(w), H, Tin(s) 44.2/28.6/23.1
1000 Local melting, H, T,, Brown

Ma: (NH4),SO4 (mascagnite 00-001-0363); H: hematite (00-033-0664);
C: cristobalite (01-076-0937); N: Na,SO, (01-075-1979); T, tridymite-mono-
clinic (01-071-0197); Ty: tridymite-hexagonal (01-089-3141); S: NH,4CI
(00-001-1037); w: weak; s: strong.

powder’s microstructure was characterised using scanning
electron microscopy (Philips XL-30) and by transmission elec-
tron microscopy (Jeol JEM 2010 equipped with a GIF Multi-

scan Camera

Table 3

794).

Crystalline phases and CIELab values of PII samples as a function of calcina-

tion temperature

Mineraliser T (°C) Phase composition (XRD) Color L*/a*/b*
Without Raw N Dark brown
900 N, H, C(w) 42.9/28.9/24.9
1000 N, H, C(s) 41.7/27.9/19.8
1100 Local melting, H, C Red brown
NaF Raw N Green
900 N, H, Ty(w) 43.9/27.1/21.5
1000 N, H, Ty(s), C(w) 42.7/25.8/21.6
1100 Melting, H, T,(w) Brown
NaCl Raw N Green-yellow
900 N, H, To(w) 44.4/27.5/20.9
1000 N, H, Ty(s), C(w) 43.0/26.2/19.7
1100 Melting, H, T,(w) Brown
NaF-NaCl Raw F N Yellow-brown
800 N, H, Ty(w) 46.1/26.5/19.8
900 N, H, Ty(s), C(w) 43.6/25.9/18.6
1000 Local melting, H, T, Brown
NaF-2NaCl Raw F, N, NaCl(w) Light brown
800 N, H, Ty(s), C(w) 45.9/26.9/24.2
900 Local melting, H, To 52.8/26.3/23.1
1000 Melting, H, To(w) Brown

N: Na,SO, (01-075-1979); H: hematite (00-033-0664); C: cristobalite-tetrag-
onal (01-076-0937); T,: tridymite-orthorhombic (00-002-0242); F: FeOOH
(00-034-1266); w: weak; s: strong.
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Fig. 2. XRD patterns of PI dried powder sample with NaF-NaCl mineraliser;
Ma: (NH4),SOy4, N: Na,SOy, Ty: tridymite-hexagonal, S: NH4CI.

3. Results and discussion

3.1. Thermal evolution of crystalline
phases by XRD analysis

The main reactions involved in the coprecipitation route
are [13]

FeSO, + 2NH,OH — (NH,),SO, + Fe(OH),
FeSO, + 2NaOH — Na,SO, + Fe(OH),

Fe(OH), — FeOOH + H,0

Moreover, when ammonia is the precipitant agent, other
competitive reactions are present when both NaF and NaCl
are used as mineralisers:

NaCl + NH,OH — NH,Cl 4+ NaOH and/or
6NaCl + 2FeSO, — 3Na,S0O,; + 2FeCl;s

FeCl; + 3NH,OH — 3NH,Cl + Fe(OH),

The XRD results and colorimetric data of the synthesized
powders are reported in Tables 2 and 3. In the case of the un-
calcined PI powders, the presence of ammonium sulphate can
be attributed to the precipitant used in accordance with the re-
action scheme reported above. Moreover, there were no peaks
that could be attributed to FeOOH or silica precursor, probably
due to the production of very fine or amorphous FeOOH that
could be detected by XRD. In terms of the calcined PI
powders, the use of mineralisers affected silica crystallization

18 20 30 40 58 68

70 [°281 80

Fig. 3. XRD patterns of PII sample with NaF-NaCl mineraliser: (a) raw pow-
ders and (b) powders fired at 900 °C/3 h, N: Na,SO,, F: FeOOH, H; hematite,
C: cristobalite-tetragonal, T,: tridymite-orthorhombic.

5 nr.

Fig. 4. SEM micrographs of PI (a) and PII (b) unfluxed samples fired at
1000 °C/3 h.

and promoted tridymite phase formation rather than cristoba-
lite. Specifically, the use of two mineralisers allowed the crys-
tallization of tridymite crystals even in dried powders (Fig. 2)
although the crystalline structure changed on heating from
hexagonal to monoclinic. In the context of the colorimetric
data, a stronger red shade was obtained using two mineralisers,
especially in the ratio NaF:2NaCl at a calcination temperature
as low as 800 °C, as shown by the higher a* value of 28.9. At
higher temperature (1000 °C), the use of two mineralisers per-
mitted local melting of the silica matrix due to the formation
of eutectic compounds.

The results in Table 3 for the uncalcined, PII powders,
showed sodium sulphates (Table 3) as the main crystalline
phase; FeOOH crystals were only observed in samples obtained
using both mineralisers (Fig. 3). As far as the calcined powders
were concerned, the use of mineralisers promoted tridymite
crystallization but in an orthorhombic structure. A red shade
was obtained for powders obtained with or without a single
mineraliser. Comparing the colorimetric and XRD data,
FeOOH crystallization in the dried powder can be correlated
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to a paler red shade of the pigments. In fact, during heat treat-
ment, the FeOOH crystals could break down into larger hema-
tite crystals, thus reducing encapsulation efficiency.

3.2. Microstructual analysis of samples
using SEM and TEM techniques

Figs. 4 and 5 show the microstructures of the sample ob-
served using SEM from which it is apparent that the unfluxed,
fired samples comprised aggregates of micronic particles.
Spherical amorphous silica particles, which were more homo-
geneous in size in PII (mean diameter of approximately 2 pm,
Fig. 4b) than PI (Fig. 4a) and needle-like crystals of hematite
are clearly visible. Fig. 5a shows the effect of NaF:NaCl as
flux agent on PI samples fired at 1000 °C for 3 h. Large agglom-
erated particles are visible due to local melting [14]. Fig. 5b re-
lates to PII with NaF as single flux agent: the micrograph shows
low aggregation. When compared with Fig. 4b, Fig. 5b clearly
shows that the mineraliser promoted the encapsulation of

5 um

Fig. 5. SEM micrographs of PI sample with NaF-NaCl fired at 1000 °C/3 h (a)
and PII sample with NaF fired at 1000 °C/3 h (b).

hematite crystals in the silica matrix, which lost its spherical
morphology, which is a characteristic of an unfluxed sample.
The morphology of FeOOH and/or hematite particles can
only be detected by TEM analysis. Fig. 6a shows the morphol-
ogy of the precipitated particles; silica and iron oxide crystals
of an acicular shape were observed. Fig. 6b, in contrast, dem-
onstrates how the acicular hematite crystals were successfully
occluded in the silica particles after firing. Moreover, the calci-
nation step, as expected, promoted the growth of the hematite
crystals, which, starting from 40 nm grew to approximately
100—150 nm in length. Iron oxide particles are acicular in

iron A

(b)

0.5 Hm

Fig. 6. TEM micrographs of unfluxed PII sample: (a) raw powder and (b) fired
at 1000° C/3 h.
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both raw and fired particles. It can therefore be concluded that
the morphology of hematite is dependent on the morphology of
the initial raw iron hydroxide. Fig. 7 indicates that the addition
of the flux agent influenced the iron particle’s growth with crys-
tals being as long as 250 nm.

Fig. 8a shows the TEM images of the PI sample without
mineraliser from which it is clear that the sample comprised
very fine particles even after calcination at 1100 °C. In this
case, the shape of the hematite particles was spherical with
a diameter of approximately 20—30 nm. The use of one or
both mineralisers did not change the spherical shape of the

Fig. 7. TEM micrographs of PII sample with NaF fired at 1000 °C/3 h (b)
particular.

Fig. 8. TEM micrographs of PI powders: unfluxed fired at 1100 °C/3 h (a) and
with NaF-2NaCl fired at 900 °C/3 h (b).

hematite crystals, but increased the diameter of the spherical
particles up to approximately 60 nm (Fig. 8b). Correlating
this evidence with the colorimetric data (Table 2) shows that
the weak red shade of these powders can be attributed to the
nanometric size and the shape of the hematite crystals [15].

4. Conclusions

The morphology and dimensions of the hematite particle
directly effect the shade of the red pigments obtained; both
fine (<30 nm in length) spherical and long (>250 nm in
length) acicular shapes gave weak shades. The morphology
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of the hematite particles depended on the precipitant used; am-
monia provided spherical, whereas NaOH produced acicular
hematite particles. The dimensions of the hematite particles
depend on the mineralisers used; the silica structure does not
influence shade although the use of mineralisers promotes tri-
dymite structure crystallization.
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