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Anovel pigment of B-LiAlSi O,:Cr ceramic was developed by a partial proteic sol-gel process, using
gelatin as a ligand. X-ray diffraction (XRD), energy dispersive spectroscopy (EDS) and visible and
near-infrared diffuse reflectance spectroscopy (vis-NIR DRS) were performed. XRD results confirmed
that the crystal structure of the lattice corresponded to f-LiAlSi,O, (or B-spodumene), and the addition
Cr* ions by doping did not interfere in the formation of this crystalline phase. EDS confirmed the
homogeneous existence of Cr*" dopant in B-LiAlSi,O, particles. From the vis-NIR DRS, selective
absorption of visible light wavelengths was identified in the bands of 425 nm and 600 nm, resulting in
the perception of a yellowish-green color when B-LiAlSi,0, is doped with Cr**. CIE-XYZ colorimetric
coordinates were generated to characterize the resulting colors. The obtained results demonstrated the
viability of B-LiAlSi,O,:Cr synthesis by a proteic sol-gel route and its great potential for obtaining a

yellowish-green ceramic pigment.
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1. Introduction

Ceramic pigments can assign color from the dispersion
of insoluble particles. The selective absorption of visible
light wavelengths occurs due to the action of a chromophore
ion (usually transition metals) incorporated in the structure
of the lattice'. The chromophore ions whose radius and
charge properties are close to the ions replaced can be
introduced in the crystalline structure by high temperature
synthesis?. Pigments can assign different color possibilities
to the materials, depending on the addition of the dopant,
the quantity, the type, and the method of production®. These
colors are responsible for technological applications that
are quite vast, encompassing both the cosmetics and dental
materials industries, as well as paints, resins, plastics, among
others*. In some cases, mechanochemical using ball milling
or other processing techniques can be applied to pigment
powders to form nanopowders, increasing specific surface
area and improving their performance’.

The production of pigments based on the structure
of silicates and aluminosilicates as novel raw material
alternatives has increased significantly®®, mainly due to
its high availability, in contrast to others scarce materials.
Among the materials capable of forming ceramic pigments
is LiAlSi, O, (spodumene), which is a mineral of importance
in the extraction of lithium and has also been obtained
synthetically for several applications'*". Spodumene, in its
natural polymorphic form of hiddenite, has a greenish color
due to the presence of Cr*" in its matrix, which is shown
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to be mostly in AI’* sites'® and probably occurs due to the
similarity of the properties of the ions (radius and charge).
Moreover, this pyroxene mineral has thermal stability and
is chemically inert. However, the synthesis of LiAlISi,O,-
based pigments, after extensive bibliographic research, has
not been reported.

Several methods can be used for the oxide pigments
synthesis, the most common being the solid-state reaction,
based on the ionic diffusion process. However, the high
temperatures used and problems with homogenization
are disadvantages of this method'’. Therefore, solution
chemical synthesis techniques are preferably employed to
reduce synthesis temperatures and produce materials with
good homogeneity, such as sol-gel, Pechini'®, combustion
method, among others. The advantage of combustion method
is enabling it to synthesize pigments in short reaction times
and at a moderate temperature, however, the process is
uncontrollable'. The Pechini method provides homogeneous
powders with small particle size, high purity and relatively
low calcination temperatures?. However, most of them
employ environmentally hazardous reagents or highly
complex processes involved in the synthesis that may limit
its application on an industrial scale?!.

The sol-gel route represents a valuable technique for
obtaining materials, in which the organic and inorganic
members are closely linked®**, and shows a few advantages,
including the ability to produce a solid-phase material from
a chemically homogeneous precursor®. This method is used
in several applications, mainly due to the good homogeneity
and low sintering temperatures'”. In a proteic sol-gel method®,


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1913-8427
https://orcid.org/0000-0002-2986-262X
https://orcid.org/0000-0001-7703-3183
https://orcid.org/0000-0002-8455-1226
https://orcid.org/0000-0002-8235-0308

2 Ferrari Ferraz et al.

the precursor metal alkoxides are replaced by proteic ligands.
Coconut water was initially used, and gelatin powder is
commonly used due to its high concentrations of partially
hydrolyzed collagen®. This organic ligand is from a renewable
source, being considered an eco-friendly reagent®’. The gel
is produced by the partial hydrolysis of peptide bonds and a
consecutive formation of cross-links in the gelation process?.
The precursor metals (and semimetals) can be included as
soluble salts in the colloidal solution. For this method, the
heating rates for the drying and calcining processes must be
slow enough to prevent material retraction during solvent
elimination and organic cross-linked polymeric chains
degradation.

In this context, this paper reports the development of
B-LiAlSi, O, which corresponds to the synthetic polymorph
of spodumene with a tetragonal structure, doped with Cr**
ions and synthesized by a proteic sol-gel route using gelatin
as a ligand, aiming at the production of a novel ceramic
pigment. The processes of synthesis and characterization of
the crystalline structure and optical behavior are discussed.

2. Experimental

The production of the material was based on the
methodological procedure described by Lima et al.'’, who
established a proteic sol-gel route for the synthesis of pure
B-LiAlSi,O, using silica precursor. The authors identified,
from thermal analyzes (TGA and DTA), that the total
decomposition of the polymer chains and the beginning of
the formation of the B-LiAlSi, O, crystalline phase occurred
at a temperature of 700 °C, but the complete formation of
the single-phase occurred over 1000 °C.

A solution containing a 1:2 ratio of gelatin:reagents
was initially prepared. For this solution, the stoichiometric
proportions were obeyed by the balanced chemical reaction
(Equation 1) containing the reagents of basic composition
for the formation of 1 g of B-LiAlSi,O,. This route can be
considered as a hybrid of sol-gel and solid-state reactions
since silica is insoluble in the initial solution. In this way,
it is treated in this paper as a partial proteic sol-gel route.

T=1100 °C
LiNO3 + Al(NO3 ), 9H20+25i0, - (1
B~ LidiSi,O + 4HNO; (gas)+7H,0( gas)

Initially, 20 mL of distilled water were heated to 70 °C
and were added: 20 mL of LiNO, (Dindmica®, purity of
95%) solution (0.27 mol/L), 20 mL of AI(NO,),.9H,0
(Dinamica®, purity of 98.5%) solution (0.27 mol/L) and
0.646 g of SiO, (NEON, purity of 98%) powder. Samples were
produced containing weight percentages of Cr,O, (NEON,
purity of 98%) — 0.5, 1, 1.5, 2, 2.5, and 3%. As a ligand,
1.516 g of gelatin powder (Royal®) dissolved in 20 mL of
distilled water was added. The final solutions were heated
to 200 °C with constant magnetic stirring for 1 h to the gels
forming. The gels obtained were submitted to oven drying
at 100 °C for 48 h to form the xerogels.

After drying, the xerogels were macerated with a
porcelain mortar and taken to precalcination in a resistive
oven at 700 °C for 2 h at a heating rate of 10 °C/min in an
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alumina crucible (boat), for the decomposition of nitrates
and loss of organic ligands (pyrolysis of gelatin), followed
by slow cooling, in closed oven. Samples were removed at
room temperature (25 °C). After a second maceration, under
the same conditions, all samples were calcined in a resistive
oven at 1100 °C for 2 h at a heating rate of 10 °C/min in
the alumina crucible, for the formation of the crystalline
structure of B-LiAlSiO,. The final samples were removed
at room temperature (25 °C) after slow cooling. The samples
were macerated one last time and sieved to obtain suitable
granulometry for X-ray diffraction (75 - 150 pm) and vis-NIR
diffuse reflectance electronic spectroscopy (< 75 pm).

X-ray diffraction (XRD) measurements were taken with a
powder diffractometer Rigaku Miniflex, with Cu-K  radiation
(L= 1.5418 A), with the tube operating at 40 kV/15 mA in
the continuous mode with steps 0f 0.02 °, speed of 10 ®/min
and room temperature. The experimental results obtained
were compared with the theoretical patterns available in the
PDF?2 (Powder Diffraction File) crystallographic database from
the positions and intensities of the Bragg crystalline peaks
and the most likely references selected using the software
X’Pert HighScore Plus (PANalytical B. V.). The Rietveld
refinement method” was provided to ratify the occurrence
of the B-LiAlSi O, phase for the samples produced, using
the DBWSTools 2.4 program*.

Energy dispersive spectroscopy (EDS) analysis was
taken with a scanning electron microscope (SEM) Vega
3XM (Tescan) at accelerating voltage of 20 kV equipped
with an EDS detector. The powdered samples were placed
on carbon strips and submitted to the metallization process
with a thin layer of gold, in order to improve the quality
of the analyzed micrographs, due to the better electrical
conductivity provided. The analysis of elements present in
sample particles was performed by SEM image and overlaid
EDS at 1000x magnification.

The vis-NIR diffuse reflectance electronic spectroscopy
(vis-NIR DRS) measurements were performed in a spectrometer
FieldSpec®3 (Analytical Spectral Devices) with optical sensor
with 8 © field vision, operating with wavelengths ranging
from 400 nm to 2000 nm, resolution from 3 to 10 nm and
scanning time of 100 ms, a 50 W quartz and tungsten halogen
light source, a darkroom measuring 100 x 50 x 50 cm, and a
computer with RS3 software (Analytical Spectral Devices).
A ceramic plate Spectralon® (Labsphere Inc.) was used as
white standard reference. Spectra were provided in absorbance
values and converted into colorimetric coordinates of the
CIE-XYZ?' space using the SpectraLux 1.0 software (Ponto
Quantico Nanodispositivos).

3. Results and Discussions

X-ray powder diffractograms obtained for B-LiAlSi,O,
samples, calcined at a temperature of 1100 °C, doped with
different concentrations of Cr**, are plotted in Figure 1. The
experimental XRD patterns were compared with the standard
reference ICSD 26817, corresponding to B-LiAlSi,O, with a
tetragonal crystalline structure®. All samples have identical
crystalline structures and their peaks are well defined. When
comparing the experimental XRD patterns with the standard
reference ICSD 26817, the positions and intensities of the
peaks are corresponding, demonstrating the success of the
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Figure 1. Experimental XRD patterns of f-LiAlSi,O:Cr and the standard reference ICSD 26817.

synthesis. The presence of the dopant in the material did not
cause distortions in the crystalline lattice, which is possibly
due to the insertion of Cr*" ions to vacancies of AI**, since
the chemical properties (charge and radius) are close.

Figure 2 presents the experimental X-ray powder
diffraction (XRPD) patterns, the XRD calculated by the
Rietveld method and the intensities difference for the samples
of B-LiAlSi,O,:Cr. The XRD patterns were compared with
the standard reference ICSD 26817, being verified that the
used sample corresponds to B-LiAlSi,O,, which belongs to
the tetragonal crystal system having the space group P43212.
The crystallographic parameters are: a = b = 7.5410 A,
c=9.1560 A, a. = p =y = 90° density = 2.37 g/cm’; and
volume = 520.67 x 10° pm?.

The results of the Rietveld refinement obtained from the
analysis are expressed as index indicating disagreement, in
percentage. This index is as values of permitted error (R,),
obtained error (R,), expected error (R ), and the ratio R /R,
(or, simply, x)**. The y value is of critical importance, as
long as y = 1 means that the calculated spectrum is perfectly
adjusted to the experimental spectrum®. Factors close to
the unit indicate a good fit, since the errors obtained in the
process (R ) are close to the expected errors (R,)*. Bragg
R-factor Ry is quoted as an indicator of the quality of
the fit between observed and calculated® and the values

obtained demonstrate that the 0.5 to 2.5% Cr**-doped
samples approximate 12 to 16% of the crystalline structure
of a perfect B-LiAlSi,O, crystal. For the B-LiAlSi,0,:3%Cr
sample, an increase in the ‘y factor’to 1.90 and in the Bragg
R-factor to 22.6% was identified, indicating that possibly
the increase in Cr** content over 3.0% may start a dopant
saturation point. Despite this, no additional phases were
identified by the refinement. All refinement factors, in detail,
are shown in Table 1.

SEM image and overlaid EDS for the B-LiAlSi,0,:3%Cr
sample is shown in Figure 3. In Figure 3a, a particle with an
average diameter of 150 um is emphasize, and has an irregular
and angular shape. This type of particle morphology has
already been verified for B-LiAlSi,O,”. Lithium locations are
not possible to be detected by the equipment, due to its low
energy of characteristic radiation. Figure 3b-¢ illustrated the
element mapping of Si, Al, Crand O. It is clearly perceived
that the Cr** distribution had similar contours to the particle
in Figure 3a, verifying the homogeneous existence of Cr**
dopant in B-LiAlSi,O, particles. This was conceivable
because the supply of precursors and dopant by the proteic
sol-gel method undergoes in an aqueous solution, which can
easily blend all components uniformly. A similarity between
the contours for the dopant Cr** and the elements Al and
Si is noticed. The great possibility of Cr** occupying AI*
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Figure 2. Y(obs) X-ray diffraction pattern for different samples of B-LiAlISi,O,:Cr and Y(calc) spectra calculated by Rietveld method.

The result of refinement is the difference Y(obs) - Y(calc).

Table 1. Quality factors of the Rietveld refinement for B-LiAlISi,O,:Cr samples.

Sample R (%) R, (%) R_ (%) % R,.. (%)
B-LiAlSi,0,:0.5%Cr 14,47 19,23 12,92 1,48 12,07
B-LiAISi,0,:1%Cr 15,68 21,47 12,98 1,65 11,95
B-LiAlISi,0,:1.5%Cr 14,40 19,12 13,08 1,45 11,71
B-LiAISi,0,:2%Cr 16,90 22,82 13,35 1,70 13,96
B-LiAlSi,0,:2.5%Cr 15,64 21,07 13,47 1,56 15,97
B-LiAISi,0,:3%Cr 19,77 26,00 13,64 1,90 22,61

sites in the structure of natural spodumene has already been
observed'’, however, for B-LiAlSi,O, the Si*"ions and AI**
share the same occupation site, and it is very possible that
Cr’** occupy these sites when added as a dopant. This occurs
considering AI** and Cr** equal charges and coordination
numbers, as well as their similar ionic sizes.

The spectra from the vis-NIR DRS, converted in absorbance
values for the samples produced, are plotted in Figure 4. Four
main spectral signatures have been identified, corresponding
to the wavelengths 425 nm (violet), 525 nm (green), 600 nm
(orange), and 770 nm (transition to infrared). The presence

of these spectral signatures indicates the selective absorption
of visible light due to the insertion of Cr** chromophore ions
into the crystal lattice of B-LiAlSi,O,. For the wavelengths
analyzed in the near-infrared range, no relevant signatures
were identified. This region of the spectrum is responsible for
absorptions associated with high-energy functional groups,
which, because they involve atoms of relatively low mass,
have harmonic transitions in this region of the spectrum?.

The occurrence of selective absorption by the material is
produced by the introduction of chromophore ions of Cr** in

the structure of B-LiAlSi,O,, which, when interacting with
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Figure 3. SEM image and overlaid EDS of $-LiAlSi,0,:3%Cr sample. The micrograph has a magnification of 1000x.
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Figure 4. Vis-NIR absorption spectra of B-LiAlSi,O,:Cr samples.

visible radiation, are responsible for promoting electronic
transitions from the valence band to the conduction band.
The color of Cr**-doped materials is explained by the crystal
field theory, and this dopant has a d* electronic configuration
and in oxides presents octahedral coordination®”. The two
absorption bands that occur in the visible region (425 nm and
600 nm) are attributed to the transitions 4Azgﬂ“ng(“F) and
4Azg—>“Tlg(“F). Selective absorption occurs at higher relative
intensities for the wavelengths of violet and orange light, and
these optical absorption bands are responsible for identifying
the pigment in the complementary yellowish-green color.
The spectra obtained demonstrate a tendency for an
increase in the intensity of absorption in the visible light
wavelength range as the Cr** content increases. This
upward trend decreases for the 3-LiAlISi,0,:3%Cr sample,
demonstrating a possible saturation point, where the increase
in the dopant concentration no longer exerts considerable
variation in absorbance. Furthermore, the increase in the
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Figure 5. CIE-XYZ (1931) diagram chromatic coordinates of
B-LiAlSi,O,:Cr samples. The coordinates were generated from the
radiance emitted by the halogen light used by the vis-NIR DRS, and
there may be variations in the pigment color perception depending
on the local luminosity.

dopant content influences a slight increase in luminance (Y),
when the color is characterized in terms of the chromaticity
coordinates of the CIE-XYZ space, which is shown in
Figure 5. All the coordinates for the samples produced are
detailed in Table 2.

Just as the absorbance intensity tends to saturate,
the luminance (Y) tends to stop growing, having a slight
decrease for the B-LiAlSi,O,:3%Cr sample. Despite the
increase in color intensity, the X coordinate, referring to the
chromaticity plane, tends to remain constant with increasing
Cr**. The colors obtained reveal a great potential for obtaining
B-LiAlSi,0,:Cr-based pigment, which is monochromatic
and can be produced with different intensities of yellowish-
green. It is important to emphasize that possible changes
in the crystal structure of B-LiAlSi O, can occur for Cr*
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Table 2. CIE-XYZ (1931) colorimetric coordinates for B-LiAlSi,O,:Cr samples.

Sample X Y Z
B-LiAlSi,0,:0.5%Cr 0,3561 0,3847 0,2592
B-LiAlSi,0,:1%Cr 0,3554 0,3873 0,2574
B-LiAlSi,0,:1.5%Cr 0,3544 0,3916 0,2539
B-LiAlSi,0,:2%Cr 0,3543 0,4019 0,2428
B-LiAlSi,0,:2.5%Cr 0,3533 0,4038 0,2429
B-LiAlSi,0,:3%Cr 0,3539 0,4016 0,2445

contents over 3%, as already demonstrated in the Rietveld
refinement (Figure 2). As an absorbance saturation point
was observed for the 3-LiAlSi O,:3%Cr sample (Figure 4),
it is recommended to use up to 2.5% by weight percentage
dopant to produce these pigments.

The B-LiAlSi,O,:Cr-based pigment has a great potential
for application in materials of ceramic industry, and its
performance can be evaluated on glass, plaster, porcelain,
paints, among others. Although the B-LiAlSi,O, matrix is
thermally stable and chemically inert, and the addition of
the Cr** dopant has not caused changes in this matrix or
the formation of a second phase, no study on its toxicity
has been conducted, and its use is recommended only in
industrial applications. Its inhalation or ingestion, as well as
any biotechnological application must be avoided.

4. Conclusions

The present work reports the development of a novel
ceramic pigment, based on B-LiAlSi,O, structure, a stable
and chemically inert material, using the Cr**-doping process.
A partial proteic sol-gel method was provided, using gelatin
as a ligand, as an alternative to traditional methods that
demand high synthesis temperatures. The results confirmed
the viability of B-LiAlSi,O, synthesis by this route and the
possibility of doping this ceramic with Cr** ions to obtain
a yellowish-green pigment.

XRD analyzes confirmed the formation of the single-
crystal structure of B-LiAlSi, O, and the Rietveld refinement
indicated the absence of significant distortions in the lattice
with doping up to 3.0% of Cr**. SEM image and overlaid
EDS confirmed the homogeneous existence of Cr** dopant
in B-LiAlSi, O, particles and verified the great possibility of
Cr** occupying Al/Si sites in its matrix. The vis-NIR DRS
spectra confirmed the selective absorption of radiation in
the bands of 425 nm and 600 nm and the increase in these
absorbance intensities, as in luminance intensities for CIE-
XYZ coordinates, with the addition in the doping content up
t0 2.5% of Cr*". This B-LiAlSi,0,:Cr-based pigment is inert
and chemically stable and can be evaluated for performance
in diverse materials in the ceramic industry.
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