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1 Abstract

Synthesis reproducibility of mixed spinels; €0y Cr, Al 2004 (0<W<1), obtained
by Solution Combustion Synthesis using urea as has been studied. Pigments
with spinel structure Fd-3m have been obtainedliahe compositional range
analyzed. Characteristics such as crystallinitl},p@ameter, crystal size and
specific surface area show a noticeable dependeiticé!, but some of them present
a low reproducibility, indicating a pronounced degency with process conditions

in each batch.

Colouring power of synthesized pigments is highiygicant, so they can be
directly integrated in ceramic glasses withoutadtrcing a second thermal

treatment. However, the generated colour also iuffem a limited reproducibility.
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2 Introduction

Solution combustion synthesis (SCS) is an innoeatiethod to synthesize ceramic
pigments, which allows obtaining materials in adirpathway, with a low particle

size, using short reaction times and moderate teatypes [1].

Experimental results reported on this topic shaat the traditional methodology for
preparation of spinels via ceramic method involesealing at temperatures up to
1400°C and long soaking times [2]. During this thaktreatment, solid state
reactions take place and the chromophore catiensmeorporated into the newly
generated host lattice. However, due to the eleMa&®perature reached during the
process, the resulting pigment presents low spesififace area and high particle
size, which is reflected in a low colouring powor this reason, in the industrial
practice a milling operation of the pigment is matady in order to obtain a
marketable product. In addition, the ink-jet tedogy applied to ceramic decoration
requires pigments with a particle size around 500 which supposes an increase in
the cost of the milling stage and a change in thengntechnology. As a
consequence, there is a growing demand for aligenaiutes for synthesizing
pigments that give directly particle sizes neahwinterval recommended for ink-jet
machines. SCS is a method suitable to overcome gsopwtant disadvantages of
ceramic pigment traditional processing becauseutdcgenerate pigments as low
cohesive masses formed of nanograins, easier tapib the submicrometer

interval.



SCS method begins with a concentrated aqueousaohitprecursors of the desired
product (being the nitrates the most frequenthdyusand a suitable fuel (glycine,
urea, hexamethylentetraamine, hydrazine and tleeivates, etc.). The solution is
heated at high rate in order to evaporate all water, afterwards, to ignite the fuel
present in the solid residue, which supplies enargrgy to carry out the synthesis

reaction. The reaction product is frequently ol#dias a spongy mass.

SCS has been used to synthesize large numberrgaimo materials, either simple
oxides (-Al,0s3 [3], ceria [4],y-Fe03[5], magnetite [6], anatase [7], zirconia [8]
and cobalt oxides [9]), or mixed oxides with difat complexity (wollastonite [10],
CaAlL,O4[11], YAG [12], doped MgO [13], kixMxO,[14], perovskites [15-17]). In
addition, due to SCD high versatility to obtain q@ex structures, some research
groups have investigated the synthesis of ceraigingnts by means of this method.
Patil et al. have obtained many spinels, as @0AI18], CrAl,xO3[19], and also Zn
and Ni ferrites [20] and Co, Cu and ¢reomites [21]. Afterwards, other groups have
studied other mixed oxides as the ones derived tr@nZnO-NiO-FgO3[22] CoO-

FeO-CpOs3 [23] and ZnO-CoO-AlO; [24] systems.

Most of the spinel-type ceramic industrial pigmentdude more than three metals
in their composition to adjust the final colour. Agonsequence, it was investigated
whether SCS was adequate to synthesize compleglspirne system FeO-CoO-
Cr,03-Al,03was selected for the research, because it coulel @wide palette of
colours, being the extreme spinels F£&lzrand CoA}O, two of the most common
pigments used in the traditional ceramic sectaha<Color Pigments Manufacturers
Association defines [25]. On the other hand, sthegpigments prepared by SCS are
candidates to develop suitable inks to be useldnnkjet technology, the

reproducibility of the synthesis process was arglysecause it would be an



essential factor to consider in regards to a ptessitaling-up of the method to an

industrial level.

3 Experimental procedure

The pigments were designed as solid solutions ofsminels with high colouring
power, such as brown Fex, and blue CoAlO,. Consequently, their compositions
corresponded to the formulaiR&€0yCro.wAl 2004 (0<W<1 in steps of 0.2).
Solutions were prepared from their correspondiniatas, using urea as fuel (all
reactants were from Panreac Quimica, S.A.U. Spairg distilled water as solvent.
The addition of urea was calculated following teaation stoichiometry in order to

assure the complete combustion of the mixture €tahpl

The solution was placed in a pyrex container o€lin diameter and 350 mL
capacity which was introduced in a kiln preheateslofd °C (BLF 1800, Carbolite
Furnaces Ltd, UK). After 20 minutes of soaking tjrtte kiln was turned off and

allowed to cool the sample. Three replicas weraiabt for every composition.

Every synthesized pigment was wet milled in watea ball mill, using agate jars
(Pulverisette 5, Fritsch GmbH, Germany). The evolubf the crystalline phases
present, the crystal size and the cell paramegesasfanction of composition were
monitored by XRD (Theta-Theta D8 Advance, BrukegyiBany), with Cul&
radiation { = 1.54183 A). The generator settings were 45 k¥ 4hmA. The XRD
data were collected in & 2f 5-90° with a step width of 0.015° and a cougntime

of 1.2 s/step by means of a VANTEC-1 detector. @dlected data were used in a
Rietveld refinement. The 4.2 version of the Riatvahalysis program DIFFRACplus
TOPAS was used, assuming a pseudo-Voight functiatescribe peak shapes. The

refinement protocol included the background, treestactors and the global-



instrument, lattice, profile and texture parameté&hge specific surface area was
determined according to the BET method using tls®r adion isotherm and nitrogen
gas as adsorbent (Tristar 3000, Micromeritics, USAg microstructure of the
samples was characterized by FEG-SEM (QUANTA 20H,Co, USA). Chemical
composition was determined by an energy-dispeb$iva@y microanalysis instrument
(Genesis 7000 SUTW, EDAX, USA) coupled to the FEHSWS Moreover, oxidation
state of the elements was studied by means of Xnayoelectron spectroscopy
(XPS) using a Specs SAGE 150 instrument. In ora@tdntify all the elements
present, the range of binding energies was analystdeen 1100 eV and -5 eV. The
analyses were performed using non-monochromexAdkadiation (1486.6 eV) at 20
mA and 13 kV, a constant energy pass of 75 eV verall analysis, 30 eV for
analysis in the specific binding energy rangesasheclement, and a measurement
area of 1x1 mrh The pressure in the analysis chamber wa8%hPa. The energy
corrections of the spectra were performed considaireference value of C 1s

owing to the organic matter at 284.8 eV.

Colour development was evaluated by introducingyep@ment into a transparent
fast-firing wall tile glaze (chemical compositiorb@ NaO 4.0 % KO, 15.3% CaO,
0.9 MgO, 9.0% ZnO, 7.4% AD3, 3.0% BOs, 59.5% SiQ). A 2/98 wt% slip was
applied over a fired wall tile, and afterwardseéirtogether in an electric laboratory
kiln according to a thermal cycle of single-firdddr tiles (maximum temperature
1100 °C and 6 min of soaking time at this tempeeatd he spectrophotometric
curve and CIELab chromatic coordinates of the glazefaces were determined
using CIE llluminant @ and CIE 10° standard observer (Color Eye 7000/ it€-

Inc, USA).



4 Results and discussion

Synthesized pigments covered a wide colour paligttey dark brown to dark green,
passing through different grey intensities and dvank. Colour gradients were
absent in the as-obtained mass, which indicate®d ghemical homogeneity in the
pigments. Regarding their consistence, an impogaailution in the final product
was observed, due to the fact that whHén 0.0 a very spongy mass was obtained,
but while as¥ was increasing, the mass was progressively regulgir porosity,
indicating a gradual change in the reaction medmanihe spongy consistence of
the pigments can be justified because of the hadbme of gases generated during
the combustion process. However, it has also beseritbed that in the case of urea
the volume of gases is not high enough to dissifzgdielly the heat of reaction,
which favours the produsintering [21], which could be the cause of thenggain

the consistence.

4.1 Chemical composition

EDX analysis was used to evaluate the chemical lgemaity of the pigments.
Figure 1 shows the molar percentage of the fiveetds as a function &f. The
results confirmed that pigment synthesis have loeseloped in a very effective
way. The homogeneity in the distribution of metals good, since experimental
values follow the theoretical path. That behavim@ans the reaction takes place
following stoichiometric proportions, so the eneggnerated by the combustion of
urea is far enough to synthesize the desired sptveays talking from a chemical

homogeneity point of view.



With respect to oxygen, pigments with higher petages of Fe and Cr showed an O
content slightly superior to the theoretical valwbjch could be associated to
changes in the state of oxidation of iron. In fig@rcan be observed that the peak
deconvolution of the XPS spectrum obtained to mesthe electronic state of iron

in the FeCsO, spinel W=0) clearly indicates the presence of both'eed F&*

cations in the structure. By contrast, pigmentserdn Al and Co presented an

oxygen content more similar to the theoretical one.

According to the reproducibility of data, the pigmeomposition was relatively
stable, independently of thi¢-value considered. However, it has been observed a
higher deviation from the stochiometric compositwamen¥>0.8, phenomenon that
could reveal some difficulties to obtain a comgleteomogeneous composition for

the CoAbO, spinel in the short time of reaction.

The results demonstrate the effectiveness of S&Sioa to develop a homogeneous

product which includes more than three metals.
4.2 Crystalline structures

XRD analysis showed that all samples possessenhal sgructure, face centred
cubic crystal phase (space group Fd-3m) whose mgansity peaks ranged between
the reflections of pure Fegd, and CoA$O,spinels. No signals of free oxides not
integrated in the structure were detected, indigadi perfect development of spinel-
type structure. However, composition of initial muire exerted a pronounced effect

on cell parameters and crystal size of spinels.

The evolution of the main X-ray reflection pattefrthe spinel (log), as function of
W-value, shows important events regarding the faonaif the spinel structure

(Fig. 3). Contrary to what might be expected, mpimels are not the ones that



present the highest crystallinity. In fact, theemgity of the main peak increases as
reduced proportions of Co and Al cations are irdtgt in the FeGO, spinel.
Mixtures withW values between 0.2 and 0.4 promote a consideirapl®vement of
the pigment crystallinity, since thdigis higher than in the rest of the cases.
However, ifW is further increased, the pigments show a progeskecrease in their
crystallinity and, as a consequence, the diffracfieak becomes practically an
amorphous hallo fow=1. In other words, when the composition of theigoh is
designed to obtain the CoAl), (W=1), the product has a low crystallinity because
this spinel is highly difficult to crystallize inGS conditions. Experimental
behaviour observed in the XRD patterns is condsistéth the evolution of crystal
size (Fig. 4) determined by Rietveld adjustmentsia maximum in crystal size was
observed when the spinel crystallinity was the agii¥ = 0.2). The smallest
crystals were measured in the cobalt aluminate @rge) and the biggest ones in the
cobalt-rich chromite structures, but the descengnogress was more pronounced
for ¥ > 0.6, corroborating the negative effect of alummiand cobalt ions on the

crystallization of the spinel.

As some authors have studied [1], SCS is adegogtespare non-transition metal
aluminates that are totally crystalline and spormyy;there are some disadvantages
when transition metal aluminates like Ce®@} are synthesized because they are
thermally unstable at that temperature. Refernnigstequilibrium phase diagram
[26], CoAlLO, is absolutely stable at temperatures achieveth@BCS process (
1500°C), as long as the mixture follows the corstgichiometry because sample
temperature is far below its melting point (1980°T}us taking into account both
references, it could be thought that one of theaesa for the lack of crystallinity for

CoAl,O, spinel is the fast kinetics of the reaction. latféhe process is too fast to



allow the cation reorganisation to obtain a higtrystalline spinel because during
the drying process to obtain the gel, there coeld Begregation between the
different salts. This phenomenon only happensenctise of Co and Al precursors

but not in the case of Fe and Cr ones.

Regarding crystallinity of the mixtures, the effetexchanging Fé ion by C&" in
the iron-chromite spinel was studied in previousksd23], observing an
improvement in the pigment crystallinity as the €@mtent increased. Therefore,
taking into account the isolated effect of the Gorent, what it seems to happen is
that Co helps to improve crystallinity of chromitamaining unalterable spinel
structure. However, Af cation acts in a different way, possibly becausest lower
ionic radii than C¥, and this fact could difficult crystallization uadSCS

conditions.

The general trend of lattice parameters of theweadl consistent with the lower ionic
radius of the Al* (0.39 A) with respect to the €r(0.62 A) in octaedric
coordination, since the ionic radii of the divaléris in tetraedric coordination are
similar (0.65 and 0.61 A for Gband Fé*, respectively). The lower the ion size is,
the shorter the distance between ions becomesaara¢onsequence, the lattice
parameter decreases since dimensions of the sgtealre reduced [27]. Figure 5
shows the evolution of the cell parameter obtaimg&ietveld method as a function
of W. As it can be observed, lattice parameter ranges pure Fe-chromite
(reported value 8.26 A [28]) to Co-aluminate (880R9]). The evolution was less
linear than expected according to the Vegard’s laeause a positive deviation
from the estimated values was clearly observedeHlx@ntal data decrease at an

approximate constant rate frd#h= 0.0 toW= 0.6, which could mean that the

pigment structure remains relatively similar to F£5z. But at¥ > 0.6 appears an



inflexion point from which lattice parameter undeeg a more pronounced
downward trend, and the lattice parameter resenibl€9ALO, spinel. This
behaviour has been previously observed in oth@espiystems by Shou-Yong et al.
[30] and Nlebedim et &l31], however, no generally accepted explanatiabieen

proposed yet for this phenomenon.

Apart from the general trend obtained for crystatii and crystal size, it has been
observed certain variability of these propertiesome compositions. The
reproducibility of the method indicates that thstfieeaction kinetics of SCS
difficults to reach the equilibrium structure ogthpinels. This effect is especially
appreciable when the highest grades of crystaflanié expected (02Y < 0.4).
Unless all process conditions in the synthesisraimtained under strict control,

pigment crystallinity could show wide variationschase of their fast kinetics.
4.3 Morphology and grain size

Specific surface area was selected as a paramegetiylrelated to pigment
microstructure, allowing the study of pigment marjagy related to the change in
the composition of spinel. Only for the compositieith W = 0.2, which was the one
that presented more variability in XRD analysig theasurements were carried out
in the three replicas, and thus it was possibkvauate the variability of this

parameter.

Specific surface area was maintained practicadliplstin the range frod = 0.0 to
W = 0.6, since it oscillated inside a defined bahdéz 8 nf-g*. However, it was
observed a change in the trend for higher valuég. dtis is because the specific

surface area increased considerably from this ponttl achieving values around

200 nf-g* for the pigment corresponding to Ce®} spinel. This fact pointed out an

10



important modification in the microstructure of thigment. In this case, the SEM
images allowed understanding the results of a Spatirface area (Fig. 6). Pigments
corresponding t& values from 0.0 to 0.6 showed a microstructurepmmsed by
well-sintered rounded grains. These were formingjagerates with low porosity
and practically smooth surfaces, which correlatits &wmoderate specific surface
area. However, the grain size was not homogen@oesenting a minimum in
W=0.2. Pigment with¥=0.8 also maintained rounded grains, but the shgegrade
was notably inferior, thus the agglomerates weugjher. This was totally coherent
with the observed increase in the specific surtaea. The microstructure changed
completely for the pigment richest in cobak € 1.0). In fact, its morphology
consisted of laminar-shaped grains with a high é@m(up to 150 nm) and a
reduced thickness, being less sintered and forpangus agglomerates. All this

features promoted the sharp increase in speciffaciarea fo = 1.0 sample [32].

In addition, there is a relation betweeya8d crystal size (Fig. 7), the lowest values
of crystal size corresponded to the highest vadfiiepecific surface area due to the
generation of intergrain porosity when the lamishaped grains of the Co-rich
pigment are formed. On the other hand, howeveh bigstal sizes developed round-

shaped grains with no intergrain porosity for Fdtrthromites.

4.4 Determination of colouring power

The incorporation of the pigment samples into agparent glaze generated intense
coloured surfaces in all cases. This confirmed aiiaynthesized spinels behave as

ceramic pigments, despite their particles were &tiny nanosized grains.

The colour palette covers from reddish broWh=0) to intense bluel = 1),

through relatively pure but little saturated bladksvas observed in the glaze

11



reflectance curves (Fig. 8) that'#sncreases, the characteristic absorption band of
Fe?* in tetrahedral position (occurring between 570 @@ nm) was progressively
soften. However, the characteristic reflexion ofa€d10 nm only appeared for
pigment with¥ = 1 [24].Regarding the rest of reflexion curves, their main

characteristic was the reflexion queue getting theinfrared range.

The CIELab coordinates exhibited strong correlatioith the theoretical spinel
composition, but with quite different trends (F. It should be pointed out the high
variability detected in the colouring power of théerent replicas, which could be

the consequence of the limited reproducibility alaed in the XRD results.

L* showed the most complex evolution, but withie tharrowest range of variation.
Luminosity presented a strong minimum arodhe 0.8, with a variation range of
about 18 units and without any symmetry regardimgosition (Fig. 9a). On the
other hand, L* coordinate presented a significamtability, since the mean variation
range between the highest and the lowest valuevienyW reached 2.3 units(
parameter). As it was deduced in previous workgestre et al., such marked
changes in colour brightness generated by somelspane due in part to their lower
crystallinity. This would facilitate the attack llye molten glaze generated during
firing [23]. a* coordinate also showed a significant minimung(Bia), with a
variation range similar to L*. The variability of aoordinate was the lowest, since
o-parameter reached 0.7 units. By contrast, b* doatd presented a behaviour
completely different, because it showed a dimimghrend without critical points
and the maximum variation range (practically 5npmifig. 9b). b* coordinate
progress exhibited two different segments, but Ipo#tctically linear: The first one, 0

<WY<0.8, presented a moderate slope, while the semoadhowed a more

12



pronounced descending. The variability of this domate was intermediate between

the other two ones, sinceparameter was 1.5 units.

Some visual similarities between crystallograplacapeter behaviour and the
chromatic coordinates were observed, but not vaghcrystal size. It is possibly
because the pigments are integrated in the vitrew@isx as big-size agglomerates
and not as individual crystals. Regarding cell peeters, some good correlations
were identified due to the fact that cell paransetee directly influenced by
composition. Luminosity (L*) and a* coordinate shenwvell-defined parabolic
correlation with cell parameter (Fig. 10a). Neveh#iss, it has to be pointed out that
the synthesizing of pigments with the same celhpeater not assures the
development of the same colour. This fact indicalbed colouring power also
depend on other non-identified factors. Regardingdordinate, figure 10b shows
that this parameter presents a practically linektion with cell parameter. This
result correlates with the fact that the major eahin cobalt and aluminium reduces

the cell parameter and the generated colour tebé taore bluish.

5 Conclusions

Solution combustion synthesis has been validatedsastable method to synthesize
ceramic pigments designed as solid solutions betwee spinels with a
composition FeyCoy(Cra-2¢, Aloy)O, (being 0< W < 1) using urea as fuel. The
process is very fast and chemically homogeneousgrigs are obtained, with a
spongy aspect that makes them easy to disintedria¢ecomposition of the raw
material mixture has a significant effect on thamepcell parameter, crystallinity,
crystal size and grain size. The best crystallgg@dels are obtained when a slight

proportion of cobalt and aluminium is incorporatedhe spinel structure of Fe-

13



chromite (0.X ¥ < 0.4). A further increase i reduces considerably the
crystallinity of the structure till obtaining neahn amorphous product due to the
small size of crystals formed. SCS pigment propsrshow an important
dependency with process parameters because ther ligistallinity, the wider
variability they present. Cell parameter is leskignced by the process because it
depends basically on composition. The effect ofcthraposition is also observed in
the microstructure of particles, consisting of eretl nanosized grains. By increasing
the cobalt and aluminium content in the structprgment grains reorganize their
geometry from a sintered round-shaped nanosizéitlearto a completely different
structure based on laminar-shaped agglomerateshwgitier size. All spinels exhibit
a high colouring power in a transparent glaze witlamy additional thermal

treatment, covering a fairly broad colour palette.
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Table 1 Composition of each synthesized spinel (#<1 in steps of 0.2)

CF(N03)3

Fe(NOs)s

Co(NOy),

AI(NO5);

Ref. | @ tg)ea OH,0 | -9HO | 6H,0 9H,0 '(*nf)
(9) (9) (9) (9)
Al 0.0 13.51 24.01 12.12 0.00 0.00 25
A2 0.2 13.21 19.21 9.70 1.75 450 25
A3 0.4 12.87 14.41 7.27 3.49 9.00 25
Ad 0.6 12.61 9.60 4.85 5.24 13.50 25
A5 0.8 12.31 4.80 2.42 6.98 18.01 25
A6 1.0 12.01 0.00 0.00 8.73 22.51 25
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Figure 1 Comparison of theoretical stoichiometomposition (solid lines) with

EDX data of pigments obtained by SCS (points)
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W and the number of replica.
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Figure 6 Micrographies obtained by SEM of synthedipigments
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of the incorporated pigment: a) L* and a* coordesaéand b) b* coordinate
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