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Abstract

A sol-gel reaction starting from Si and Zr alkoxides, in water-ethanol mixtures, was employed to obtain iron doped zirconium silicate powders
(zircon). The starting amount of the ferric salt in the sol—gel reacting mixture was varied in order to ob@ifZFenolar ratios in the range

0.7-10%. The products of the sol—gel reaction were calcined in the range 800€1300ay diffractograms, EDX analyses and diffuse
reflectance spectra were obtained and analysed for all the calcined powders; the colour of the pigments was characterised on the grounds of
the CIE (Commission Internationale de I'Eclairage) standard procedurel(@i5* measurements). Results from the structural and spectral
characterisations are examined and cross-compared to produce a consistent picture of the role played by iron on the promotion of the zircon
lattice and on the optical properties of the reaction products.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction tutional positions, or (ii) of segregated hemafit&10.11.13
In this latter case debate exists concerning the occurrence of

Zircon, ZrSiQy, assumes a garnet-like structure in which the oxide as a separate phase or encapsulated in the zircon
guest metal ions can be incorporated to give coloured mate-|gttjce 101113

rials. The metal dopant can be accommodated into the zir-  The role played by the metal on the promotion of the
con network as a guest cationic species, either interstitial or zircon lattice is hardly negligible. Several authors suggest
substitutional, or be present as a separate oxide phase. Ifhat the metal may act as an initiator in the nucleation of
several cases controversial conclusions are reached in thehe zircon structure within the zirconia lattieeEppler has
literature concerning the actual location of the metal and its shown that during the formation of the zircon pink pigment,
valence in the zircon latticE:*3 silica is transported in a fluid state to reaction sites promoted
The doping of the zirconium silicate matrix by iron pro- by iron in the zirconia lattice. The reaction occurs and it
vokes the formation of a coral-red material which is one of is limited at first by the rate at which the zircon product is
the most widely used zircon-based pigments. nucleated and subsequently by the diffusion of silica through
In the case of iron-doped zircon pigments the valence of the zircon layet%13
the metal, in the host matrix, is generally accepted to be |n the case of high iron loading, Tartaj et “ahave
three and this has, also, been directly verified by Mossbauergbserved that before the formation of zircon, tetragonal
spectroscopy. The more controversial topics, in this case, zirconia forms with a unit cell volume smaller than that
concern instead the role played by iron in the formation of the blank, suggesting the formation of a solid solution
of the zircon lattic&'%13 and the actual presence, in the petween the iron cations and the zirconia lattice. The pro-
pigment (i) of iron cations either in interstitial or in substi- cess generates vacancies which favour the nucleation of
zircon. The authoPssuggest that after the zircon formation
+ Corresponding author. Tel+39 02 503 14225; iron(l11) segreggte; with the ensuing fgrmatlon of hematite
fax: 439 02 503 14300. and that hematite is the only responsible of the red colour
E-mail addresssilvia.ardizzone@unimi.it (S. Ardizzone). of the iron zircon pigment. The same authors have observed
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by XPS that the surface Fe/ZrSiOratio is compara- passed through a Milli-Q apparatus was used to prepare
ble to the average iron content of the sample indicating solutions and suspensions.
that hematite is homogeneously distributed in the zircon
matrix. 2.1. Sample preparation
Berry et al.”-8 in the case of samples prepared by the
ceramic method and in the presence of mineralisers, have The zircon Samp|es were prepared byaso|_ge| procedure
found that iron is present in the pigment both as hematite consisting of two different hydrolysis steps. In the reaction,
and also as Fe species in interstitial rhombic and axial the water/alkoxide (75) and the catalyst alkoxide (0.5) mo-
sites; the effective accommodation of iron in the lattice was |ar ratios were chosen such as to promote a fast hydrolysis
found to depend on the final concentration of the dopant in step. The occurrence of a fast hydrolysis step, in the sol-gel
the pigment, and the authors concluded that, for contentspreparation of an oxide, leads to products with large surface
higher than 1 mass%, the colour was dominated by hematiteareas; further, in the case of iron doped red pigments, pre-
inclusions. Gair et &. reported, in their turn, the existence cursors Showing |arger surface areas have been observed to
of Fe** cations in the lattice but located in 4-coordinated crystallise more easily to zircot.
positions of the zircon lattice substituting for silicon and not At the beginning Si(O@Hs)4 (0.20 mol) was added drop
in interstitial positions as reported by Berry efal. by drop to a solution (260 ml) of milli-Q water and iron(l1l)
The presence in the literature of divergent results concern-gg|t (FeC-6H20, Fe(NQ)s, FeSQ) at different concen-
ing various aspects of these systems is, at least in part, dugrations in order to have in the end 0.007, 0.02, 0.03, 0.045,
to the manifold features of these materials, and to the close.05, 0.06, 0.10 FE©s/Zr molar ratios. The mixture was
interplay between different parameters introduced by the stirred at 60°C for about 20 min in order to achieve the com-
preparative steps. In fact the adopted preparative route playsplete dissolution of the dopant ion. The obtained suspension
in the present authors opinion, a key role in defining the final \as stirred for 30 min at 60C, then 0.36 mol of ethanol and
features of the pigments. Consistently with these consider-0.10 mol of reaction catalyst (HCI, HNand 0.05 mol in
ations, Monros and co-workéréiave recently shown that  the case of HSOs) were added to the solution which was left
the conditions adopted for the sol-gel process and particu-under rapid stirring for a fixed time length (120 min, first hy-
larly the sequence of the iron addition to the reacting mix- drolysis). Subsequently Zr(Q&7)s (0.20 mol) was added
ture lead to the formation of samples with different phase drop by drop to the suspension and finally the last 260 ml
composition and colour. of milli-Q water were mixed. The final suspension was kept
In a recent work performed in our laboratéfywe have  under stirring at 60C for fixed time length (30 min, second
observed that in the case of iron-zircon pigments, obtained hydr0|ysis)_ The homogeneous wet ge|' cooled at room tem-
by a sol-gel procedure, the speciation of iron and the length perature, was dried in oven at 60 (xerogel) and then was

of the hydrolysis-condensation steps affected both the bulk thermally treated in the temperature range of 800—1800
and the morphological features of the samples. Further, iron  The samples have been denoted as following:

ions were found to be present in the samples both as hematite
and also as interstitial ions located in octahedral positions of ® the first letter is relative to the anionic environment and
the zircon lattice. By elaboration of diffuse reflectance spec- the anionic partner of iron (& chloride, N= nitrate, S
tra both interstitial ions and hematite appeared to contribute = sulphate);
to the colour of the pigment. o the doped samples with different iron content (4Bg/Zr),
The present work is aimed at obtaining a better under- for example, 0.7%, 4.5%, 5%, 10%, in chloride environ-
standing concerning the effects provoked by the variation of ment are denoted C007, C045, C050, C100.
the iron concentration with respect to both the zircon lattice
promotion and colour of the pigments. A sol-gel preparative 2.2. Sample characterisation
route was selected as, with comparison to the classical ce-
ramic preparations, it allows a homogeneous distribution of ~ Structural characterisation of the powders was performed
the guest metal species both in the starting reaction mixtureby X-ray diffraction, using a Siemens D500 diffractome-
and in the ensuing gel and xerogel. The structural featurester, using Cu K radiation in the 10-8029 angle range.
have been analysed for all the samples as a function of theThe fitting program of the peaks was a particular Rietveld
calcination temperature. Spectral reflectance measurementgprogram*>16 named QUANTOY’ devoted to the automatic
were performed to obtain information concerning the opti- estimation of the weight fraction of each crystalline phase
cal properties of the powders. in a mixture.
The peak shape was fitted using a modified Pearson VII
function. The background of each profile was modelled us-
2. Experimental ing a six-parameters polynomial i'2, wheremis a value
from 0 to 5 with six refined coefficients.
All the chemicals were of reagent grade purity and were  The mean dimensiord, of crystallites was obtained by
used without further purification; doubly distilled water elaborating the most intense X-ray peak of each phase by
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the Scherrer’'s equation:

K\ 1 *x Z
= o M
B cosh < T X (@)
whereK is a constant related to the crystallite shape (G89), o C C050.800
is the pure breath of the powder reflection, free of the broad- vV H

ening due to the instrumental contributions. This calibration
was performed by means of the spectrum of a standard Si
powder. The accuracy with which the Scherrer’'s equation "
can be applied is limited by the uncertaintieskinrand by
the success with whicff can be deduced from the experi-
mentally observed breadth. This equation is quite satisfac-
tory for studies comparing the crystallite sizes of a number (b)
of samples belonging to a related series. C050.1000
SEM-EDX analyses were performed using a Hitachi 2400
scanning electronic microscope equipped with a quantum o
Kevex energy-dispersive X-ray micro-analyser (EDX). Pow- *h
der samples were coated with a thin gold layer deposited by
means of a sputter coater. *
Diffuse reflectance spectra were acquired in the Vis-NIR
range from 350 to 1200nm using a JASCO/UV/Vis/NIR ©
spectrophotometer model V-570 equipped with a barium sul- €050.1200
phate integrating sphere. A block of mylar was used as ref-
erence sample following a previously reported procedgire.
The colour of the fired samples was assessed on the
grounds oL*, a* andb* parameters, calculated from the dif-
fuse reflectance spectra, through the method recommended O /
by the Commission Internationale de I'Eclairage (CHE).
By this method the parametér represents the brightness ' w ; w , w ; w

of a sample; a positive* value stays for a light colour while 0 20 40 60 80

a negative one corresponds to a dark col@irrepresents 20

the green £) — red (+) axis andb* the blue ¢) — yellow Fig. 1. Powder X-ray diffraction spectra of doped samples (5%0B&r)
(+) axis. in chloride environment calcined at different temperatures: (ay 80@b)

1000°C, (c) 1200°C.

3. Results and discussion content and calcined at 1000, 1200 and 13DMhave been

fitted with the Rietveld program QUANTO; the results are
reported inTable 1 As a general trend, the amount of zir-
con phase can be observed to increase, for each iron con-
tent, with the temperature of calcination. The formation of

3.1. Structural and textural characterisations

Fig. 1reports the X-ray pattern of three samples, calcined
respectively at 800, 1000 and 120D, prepared in chloride
environment with the same 0.05 f&5/Zr molar ratio. It
can be observed that the tetragonal zirconia polymorph is Table 1
the sole crystalline phase at 800; at 1000°C the peaks Main crystalline phases of all samples as a function of the calcination
of zircon are appreciable, together with the ones of mono- emperature
clinic zirconia but the tetragonal component is still the major Sample Wt.% (Z) wt.% (M) wt% (T) wt% (C) wt.% (H)
one. At 1200°C, instead, zircon is present as the main com- .- 700

: S ! X - 15 98.5 - -

ponent together with monoclinic zirconia; tetragonal zirco- cgo7.1200 51.8 24.2 7.0 17.0 _

nia, hematite¢-Fe,O3) and crystobalite (Sig) although in C007.1300 64.7 22.4 2.0 10.9 -
traces, are appreciable in the spectrum. These results are i¢050.1000 4.8 30.2 60.3 0.7 4.0
agreement with literature data which describe the nucleation €030-1200  60.6 208 22 118 4.6
. C050.1300 68.4 17.8 1.4 7.7 4.7
of the zircon structure to be supported by the presence of 5507000 - 135 756 37 79
the metal dopant within the tetragonal zirconia latfidé12 C100.1200 51.4 25 9 26 116 85
In order to obtain an accurate quantitative estimation of €100.1300 54.9 27.2 1.0 8.1 8.8

the fraction of zircon phase _presen_t in the powders, j[he ?peC'M: ZrO, (monoclinic), T: ZrQ (tetragonal), Z: ZrSi@ (zircon), C: SiQ
tra of three samples, obtained with different starting iron (crystobalite), H:a-F&;05 (hematite).
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Fig. 2. (a and b) Structural features of 12@calcined samples in chloride environment at variablgdz&r molar ratios. Quantitative phase composition
by the QUANTO elaboration of X-ray diffractograms; Crystallite sizes by Scherrer's equation.

zircon, seemingly, occurs at the expenses of tetragonal zir- The role played by the amount of iron in the sample is
conia, whose amount decreases markedly with the temper-evidenced also by EDX analyses obtained for samples with
ature. Crystobalite is present in traces at 100@&s SiQ is variable FeOs/Zr molar ratios Fig. 3). All samples, even
still mainly amorphous at this temperature; as the crystal- after calcination at 1200C, are composed by several crys-
lization of zircon proceeds the crystalline amount of crys- talline and amorphous phases (Zr$i@rO;, SiOp, Fe03),
tobalite decreases. The presence of crystalline hematite, nois shown by data ifrig. 1 and Table 1 EDX data show
appreciable for the lowest iron content, increases with the in fact that different regions of the same sample are differ-
initial starting amount of iron and the temperature of calci- ently enriched in the various phases. For iron contents lower
nation. or equal to 5%, the iron peak is appreciable only when the
The singular aspect which emerges from the analysis of amount of Zr-containing compounds is larger than that of
data inTable lis the appearance, at 1000, of the zircon Si (Fig. 3a, &). This result suggests that iron is preferably
phase only for the intermediate iron concentration (5%) and located either in ZrSi@ or in ZrO, and less (or nihil) in
that for each temperature the 5% iron content provokes theSiOy,, either crystalline or amorphous. For iron oxide con-
formation of the largest zircon amount. tents larger than 5%, instead, the amount of iron is found
In order to investigate, in detail, the role played by the to vary significantly in the different positions of the same
iron content on both the zircon promotion and the size of the sample, independently of the Zr/Si local amounts (see e.qg.
crystallites, samples with variable f&&s/Zr starting ratios Fig. 3y and k). This finding suggests that for higher Fe
were analyzedrig. 2shows that the amount of zircon phase concentrations hematite is present in the samples as a sep-
is not a simple function of the iron concentration in the arate phase not only distributed (either encapsulated or as
starting mixture but goes through a maximum (up to around interstitial Fe species) in the Zr-containing lattices.
60%) for iron molar ratios in the range 3-5% and then it  The promotion of the zircon structure and the growth of
levels off to lower contents. Also the size of the crystallites the crystallites are primarily defined by the starting iron
shows a very similar trend with varying the iron amount; content in the preparative mixture (elgig. 2). However
the conditions of best promotion of the zircon phase are also the speciation of the anionic partner of iron (and of the
matched by the largest crystallite sizes. On the grounds ofacid catalyst) can provoke appreciable effects, as we have
the generally reported role of iron on the formation of the previously observed? Fig. 4 shows that, in the case of 5%
zircon structure a promoting effect increasing regularly with FeOgz/Zr, both the formation of the zircon phase and the
the starting iron content could have been expected. To thissize of the crystallites are at the maximum when the anions
end it is worth reporting that in the present case no effects are chlorides while they drop to much lower values in the
of distortion of the tetragonal lattice have been observed case of sulphates. Among the three different anions (Cl
for any iron content. The parameters of the unit cell of the NO3~, SO4%7), chloride ions, which are small and only
tetragonal phase at 80C have been found in fact to be physically interacting with oxides show a promoting role,
invariant with the starting iron content. while the strong chemical interactions present in the case of
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Fig. 3. EDX analyses of 120 calcined samples in chloride environment
() and (a) different regions of C030; () and () different regions
of C060. The EDX spectra are acquired on samples area ofu@0&
200pm using a magnification of 500.

sulphates lead to the formation of xerogels which evolve to
lower zircon content and smaller crystallite sizes. The anion
size, hydration and interacting capability apparently impose
the features of the tridimensional gel network, in its turn

affecting the silicon nucleating step leading to the zircon
phase.

3.2. Diffuse reflectance characterisations

Diffuse reflectance spectra have been acquired on the sam
ples calcined at 120CC. In all the spectra the presence of

915

hematite signals has been disclosed as it is possible to ob-
serve inFig. 5where, as an example, the spectra acquired
on samples C007, C050 and C100 are reported together
with hematite spectra. Hematite is characterised by absorp-
tion signals at 500, 660 and 860 nm, which are typical of
this phasé*'® The higher wavelength peaks (660, 860 nm)
are appreciable also in the spectra of the iron-doped zircon
samples while the presence of a large absorption signal be-
low 500 nm could hide the third hematite absorption peak
at 500 nm. Therefore the origin of the red colour of the zir-
con powders is, at least in part, to be attributed to the pres-
ence of hematite in the samples, as generally reported in the
literature®8 Furthermore, examining the second derivatives
spectra (not shown), the presence of interstitial iron located
in the octahedral positions of the zircon lattice has been put
in evidence in all the samples at 470 and 565 nm. The con-
comitant presence of hematite and interstitial ions located
in octahedral positions was already observed by us in a pre-
vious work14

From the diffuse reflectance spectrg a* andb* param-
eters have been calculated. The obtained data are reported
in Table 2together with the values determined, by us, for
hematite; the table reports also, for the sake of comparison,
the parameters of literature pigmefitstepared respectively
by a ball milling (CER) and a colloidal procedure (CC). By
comparing the parameters of the present samples with the
ones of pure hematite, it can be seen that, going from sam-
ple C007 to hematite thie* parameter decreases indicating
a progressively more intense colour. The valuesofind
b* parameters, instead, do not show a definite trend with
the iron content. The CER sample, obtained by a classic
ceramic procedure, shows with respect to the present sam-
ples a more intense coral hue, i.e. a much higher value of
a* which is the parameter representative of the red colour
and a lowerL* value which indicates a darker and more in-
tense colour. The pigments obtained in the present study by
sol—gel procedure have a pink hue and are more similar to
CC, a pink sample synthetised by Monros and co-wofkers
through a colloidal procedure. In comparison with this latter
sample our pigments show lower values for tifeparam-
eter indicating that their colour is less affected by yellow
shades.

Table 2

CIE L*a*b* parameters of Fe pigments samples, calcined at 1200
Sample L* a* b*
Co07 76.0 145 14.6
C020 68.5 15.3 11.2
C030 67.3 14.1 10.2
Co045 64.3 17.8 12.9
C050 62.7 12.6 7.6
C060 58.5 15.7 10.7
C100 54.4 14.3 8.9
Hematite 50.0 10.8 2.8
CER® 55.7 29.5 24.2
(ol0x 70.3 17.8 26.6
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Fig. 4. Structural features of C050 calcined at 120@as a function of the different anionic environment. Quantitative phase composition by the QUANTO
elaboration of X-ray diffractograms. Crystallite sizes by Scherrer's equation.
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Fig. 5. Diffuse reflectance spectra for samples C007, CO50 and C100 calcined &€1a00 pure hematite, in the range from 1200 to 300 nm.

4. Conclusions iron. The colour hue was pink, free of yellow shades, and
became more intense with increasing the iron content of the
ZrSiOy4 precursors containing increasing iron oxide start- sample.
ing amounts (in the range 0.7-10% molar ratio) were
obtained by a sol—gel reaction, in water-ethanol mixtures,
at 60°C. All the precursors were calcined from 800 to

1300°C.
Structurally, intermediate (5%) iron oxide contents were  Financial support from the Ministry of Education, Uni-

found to provoke singular effects with respect to both higher Versity and Research (MIUR, FIRST Funds) is gratefully
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