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ABSTRACT

The structural and morphological properties of a novel chromium-doped B-spodumene based ceramic pigment
were evaluated aiming to study its chemical and thermal stability in industrial applications. The pigment
samples were synthesized by the proteic sol-gel method using gelatin as a ligand. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) were performed. Rietveld refinement of experimental diffractograms and
average crystallites size by the Scherrer’s method analysis were carried out. XRD results confirmed that the
crystal structure of lattice corresponded to B-spodumene, and the Rietveld refinement indicated the absence of
structural changes with doping up to 3% of chromium. Scherrer’s method indicates that there are no trends
changes in the average size of crystallites in the analyzed doping contents. SEM analysis indicated that there are
no morphological changes in the chromium-doped particles. The present study concluded that structural or
morphological alterations are not noticed for p-spodumene samples produced with chromium doping up to 3%
by weight and that this pigment possibly preserves the chemical and thermal stability of pure f-spodumene. The
absence of changes in these properties by doping with low chromium contents was attributed to possible

substitutions of AP* by Cr** ions in the B-spodumene crystal lattice.
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1. INTRODUCTION

Spodumene (LiAlSi2Og) is an important mineral to lithium extraction and has been synthesized
for several applications [1-5]. It also has been evaluated for solid-state dosimetry using optically
stimulated luminescence (OSL) and thermoluminescence (TL) and has shown great potential use for
high gamma radiation doses detection [5-10]. Among its most recent studied applications, the use in
the production of industrial ceramic pigments stands out, due to its chemical and thermal stability
and the possibility of incorporating chromophore ions in its structure of lattice by high-temperature
synthesis [11].

Pigments can color materials from the dispersion of insoluble particles and their color occurs
due to the action of a chromophore ion incorporated in the structure. Chromophore ions, usually
transition metals, have a partially filled electronic envelope, enabling electronic transitions by
interacting with visible radiation and can replace ions with similar properties (charge and radius) in
the matrix [12]. For B-spodumene ceramic pigment, the occurrence of selective absorption was
produced by the addition of Cr** ions into the structure. This absorption occurs in the 425 nm and
600 nm bands (violet and orange light), resulting in the complementary yellowish-green color [11].

The production of silicates and aluminosilicates-based pigments as raw materials has increased
significantly, mainly due to its solid-phase reactions at relatively low temperatures [13] and the eco-
friendly synthesis possibilities using highly available raw material or from waste [14,15]. Sol-gel
method has been noteworthy to the synthesis of oxide ceramics, presenting advantages such as good
homogeneity of metallic precursors and reduced synthesis temperatures compared to the solid-state
reaction method, due to shorter diffusion path [16,17]. The proteic sol-gel method is an improved
method of the traditional sol-gel, which replaces metal alkoxides with protein ligands, usually the
hydrolyzed collagen, associated with inorganic precursors [18]. The formation of the gels is caused
by hydrolysis and polycondensation reactions [19].

In this paper, the structural and morphological characteristic of synthetic chromium-doped
B-spodumene based pigment were evaluated. This structure corresponds to the synthetic polymorph

with the tetragonal unit cell, produced by a proteic sol-gel route. It was verified whether chemical
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and thermal stability are preserved with the addition of chromium dopant in this structure, enabling

its application as a novel industrial ceramic pigment.

2. MATERIALS AND METHODS

The preparation of samples was based on Ferraz et al. [11], who first produced the chromium-
doped B-spodumene ceramic pigment using the proteic sol-gel route and determined its optical
behavior. The applied synthesis temperatures were based on the thermal analyzes determined by

Lima et al. [10], who first synthesized pure B-spodumene by this method. The flowchart in Figure 1

summarizes the materials and methods used in this research.

LiNO3 AI(NO3)3.9H,0 Sio, Cr,03 Gelatin
m=0.371g m=2016g m=0.646 g (0.5 - 3%) m=15169
Legend:
Solution (heating) Vm::\/;Tj;s;
Vv (H20)=80ml/T=70°C/pH=5 !

T = temperature;
t=time;
l r =rate;

Formation of the gels (heating and stirring)
T=200°C/t=1h

l Synthesis

Formation of the xerogels (oven drying) —
T=100°C/t=48h Characterization

l

Combustion of organics (pre-calcination)
T=700°C/t=2h/r=10°C/min

Rietveld refinament

i X-ray powder
diffraction (XRD)

Formation of the pigments (calcination) Scherrer's method
T=1100°C/t=2h/r=10°C/min

Scanning electron
microscopy (SEM)

Figure 1: Methodology flowchart: materials and synthesis and characterization techniques.

2.1. Preparation of the samples

The reagents used were: LiNO; (Dindmica®, 95% of purity), AI(NO3)3.9H>O (Dinamica®,
98.5% of purity), SiO2 (NEON, 98% of purity), Cr2O3 (NEON, 98% of purity), and gelatin powder

(Royal®) as a proteic ligand. Initially, a solution was prepared to contain a ratio of 0.5 to 1 by
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weight of ligands to reagents. The proportions used for the production of 1g of B-spodumene per
sample were: 0.341 g of LiNOs, 2.016 g of AI(NO3)3.9H20, 0.646 g of SiO, and proportions
relative to the total weight of the reagents of 0.5, 1, 1.5, 2, 2.5, and 3% of the dopant Cr,0s. The
mass of gelatin used was 1.516 g per sample. The balanced chemical reaction is presented in

Equation 1.

T=1100¢2C
LINO; + AI(NO3)3.9H,0 + 25i0, ——— B — LiAlSi,0, + 4HNO5(gas) + 7H,0(gas) (1)

Initially, 80 ml of distilled water were heated to 70 °C and the reagents and ligands were added
in the specified proportions. This solution has an acidic character (pH = 5) due to the formation of
nitric acid in an aqueous medium, which favors gelatin condensation reactions. The solutions were
heated at 200 °C for 1 h with constant stirring to form the gels. The gels were dried in an oven at
100 °C for 48 h to form xerogels. After crushing in a porcelain mortar and pestle (Figure 1a), the
xerogels were subjected to pre-calcination in a boat-type alumina crucible at 700 °C for 2 h and a
heating rate of 10 °C/min for complete combustion of the organic chains (Figure 1b). The samples
were submitted to final calcination at 1100 °C for 2 h at a heating rate of 10 °C/min for the
formation of the B-spodumene crystalline phase (Figure 1c). Cooling was applied slowly in a closed
oven until reaching room temperature (25 °C). Figure 2 illustrates the 3% chromium-doped
B-spodumene sample, during the different stages of synthesis. The final pigments obtained have a

yellowish-green color.

(@) (b) (c)

Figure 2: 3% chromium-doped B-spodumene pigment sample: (a) after drying the xerogel; (b) after
pre-calcination / loss of organics; (c) after calcination / formation of the crystalline phase.
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2.2. Structural and morphological characterization

Measurements of X-ray diffraction (XRD) were taken with a powder diffractometer (Rigaku
Miniflex), with Cu-K, radiation (A = 1.5418 A), tube operating at 40 kV and 15 mA in the
continuous mode with a speed of 10 °/min, steps of 0.02 ® and room temperature. Powder samples
produced with different concentrations of the dopant and with particle sizes between 75 — 150 um
were analyzed. The experimental diffractograms obtained were compared with the theoretical
patterns available in the PDF2 (Powder Diffraction File) crystallographic database from the
positions and intensities of the Bragg crystalline peaks and the most probable references using the
X’Pert HighScore Plus (PANalytical B. V.) software. The Rietveld refinement method [20] was
provided to confirm quantitatively the occurrence of the B-spodumene phase for the samples
produced, using the DBWSTools 2.4 program [21].

The size of crystallites (1) was determined by the Scherrer’s method (Equation 2) [22], which
are obtained from the line broadening at half the maximum intensity (FWHM), or simply B, in
radians, a dimensionless shape factor, with a value close to unity (K), the X-ray wavelength (1) and
the Bragg angle (0). The values given are averages for the size of the crystallites obtained from the

five highest intensity peaks.

k2
T_ﬁcose

(2)

The Pseudo-Voigt function was used to fit the peak profiles of the identified crystalline phase.
The Caglioti equation (Equation 3) was selected to correct the line broadening for the instrumental

effects, where U, V and W are the half-width parameters obtained from the Rietveld refinement.

B =+ Utan?6 +V tanf + W (3)

Morphological analysis of the pigment particles was taken with a scanning electron microscope
(SEM) Vega 3XM (Tescan) at accelerating voltage of 20 kV, equipped with secondary electrons

detector. The specimen was mounted on a metal stub using a sticky carbon strip that increases
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conductivity. Gold coating was additionally applied for even more conductivity. The micrographs

were performed at magnifications of 100, 500, and 1000 times in a low vacuum.

3. RESULTS AND DISCUSSION

3.1. Structural characterization

Figure 3 shows the X-ray powder diffractograms (XRPD’s) obtained for the chromium-doped
B-spodumene samples produced. The experimental patterns were compared to the ICSD 26817
reference pattern, which corresponds to the synthetic spodumene with a tetragonal crystalline
structure [23]. All diffractograms showed identical crystalline structures and well-defined peaks,
that are matched to the reference pattern, demonstrating that the synthesis was successful. No

changes were noted in the diffractograms as the chromium content increased up to 3%.

B-Spodumene: 3% Cr

B-Spodumene: 2.5% Cr

pB-Spodumene: 2% Cr

Intensity (a.u.)

| B-Spodumene: 1.5% Cr
3 . "‘r J\J WA N ~ A _ e . N

B-Spodumene: 1% Cr

¥}

B-Spodumene: 0.5% Cr

I B-Spodumene (ICSD 26817)
1

1 vl
10 20 30 40 50 60 70 80

2 Theta (degree)

Figure 3: Experimental XRPD'’s of chromium-doped f-spodumene pigment samples, and the
reference pattern ICSD 26817.
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The crystalline structure for this f-spodumene phase is shown in Figure 4. This structure has a
tetragonal crystal system having the space group P432,2. The crystallographic parameters are: a =b
=7.541 A #¢=9.156 A; a =B =7 =90°% volume = 520.67 x 10° pm?; and density = 2.37 g/cm’.
The structure consists of a three-dimensional aluminosilicate framework and lithium atoms are stuffed
in interstitial positions [23]. The presence of the Cr** dopant, at low levels presented in this research,
does not cause the formation of a second phase, which is probably due to the substitution of AI**

ions in the crystal structure, owing to their similar chemical properties (charge and radius).

be e a

¢ Si/Al
0-2
¢ Li+1

Figure 4: Crystalline structure of f-spodumene (ICSD 26817) generated from the Diamond 4.6.3
software (Crystal Impact).

Figure 5 presents the experimental XRPD’s (Yobs), the least-squares fit by the Rietveld
refinement method (Ycac), and the intensities difference (Yobs- Ycae) for the chromium-doped
B-spodumene pigment samples produced. Table 01 presents the refinement quality factors,
expressed as a percentage: permitted error (Rp), obtained error (Rwp) and expected error (Rg). The
Rwp/ RE ratio, or simply y, is of critical importance. If y = 1 indicates good quality refinement since
Rwp = Rg (only x = 1 values are possible) [24]. Integrated intensities R-factors (Rpragg) are quoted

as an indicator of the fit quality between observed and calculated [25].
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Figure 5: Experimental XRPD's for different samples of chromium-doped [-spodumene pigment
samples (Yobs) and the fit calculated by the Rietveld method (Yca). The result of refinement is the
intensities difference (Yobs- Yeaic).
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Table 1: Quality factors of the Rietveld refinement fit of experimental XRPD’s.

Sample Ry (%)  Rwp (%)  Re (%) x Rpragg (%0)
B-Spodumene: 0.5% Cr 14.47 19.23 12.92 1.48 12.07
B-Spodumene: 1% Cr 15.68 21.47 12.98 1.65 11.95
B-Spodumene: 1.5% Cr 14.40 19.12 13.08 1.45 11.71
B-Spodumene: 2% Cr 16.90 22.82 13.35 1.70 13.96
B-Spodumene: 2.5% Cr 15.64 21.07 13.47 1.56 15.97
B-Spodumene: 3% Cr 19.77 26.00 13.64 1.90 22.61

The result of the Rietveld refinement provides a good fit, which is expressed as low y values.
This indicates few errors obtained in the process and demonstrates quantitatively that the
experimental XRPD’s correspond to the ICSD 26817 reference pattern of B-spodumene structure.
The Rprage values obtained demonstrate that the 0.5 to 2.5% chromium-doped samples approximate
12 to 16% of the B-spodumene perfect structure. However, for the 3% chromium-doped sample,
there is an increase in factors values to y = 1.90 and Rprage = 22.6% indicating a possible chromium
saturation point. Despite this, no peaks corresponding to additional phases were identified.

Table 2 shows the average sizes of crystallites obtained by Scherrer’s method. The values reveal
that there is no tendency to reduce (or increase) the average size of crystallites with increasing
dopant content. The values oscillate alternately, which shows a constant trend in this range. This
indicates that the addition of chromium in the spodumene structure does not generate significant

distortions in the crystal lattice, which is possibly due to the substitution of AI** for Cr3".

Table 2: Average crystallite size (Scherrer’s method).

Sample T (nm)
B-Spodumene: 0.5% Cr 4494 +0.05
B-Spodumene: 1% Cr 42.74 £ 0.05
B-Spodumene: 1.5% Cr 46.38 £0.05
B-Spodumene: 2% Cr 55.20+0.05
B-Spodumene: 2.5% Cr 44.53 £0.05

B-Spodumene: 3% Cr 55.74 £ 0.05
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It is known that Cr*" ions occupy pseudo-octahedral sites in the spodumene clinopyroxene
(monoclinic system) structure [26] and the substitution of Cr** ions has already been identified in
A" sites in natural spodumene (o-spodumene) using the Cr’* luminescence technique [27].
Although spodumene crystallizes in the tetragonal system (B-spodumene) at high temperatures, the
substitution in AI** sites is more probable, due to the same charge and the proximity of the ionic
radius of these species.

The results presented demonstrate that the production of chromium-doped B-spodumene
pigment samples by the proteic sol-gel route preserved the crystal structure of the pure material.
Cr*" ions can be incorporated into the structure by replacing AI** ions, which have similar chemical
properties (charge and radius). Thus, no distortions were observed in the lattice, as well as the
absence of a second phase formation in the samples produced. The preservation of the material’s
structure is a good indication that its chemical and thermal stabilities are preserved, which is of
great importance for industrial ceramic pigments applications.

Although the B-spodumene ceramic is chemically inert and thermally stable, and the chromium
dopant addition has not caused changes in the structure of the lattice, its application is
recommended only in industrial applications, since studies on its toxicity have not been conducted.
Its use as a biomaterial is not recommended while there are no studies on its biocompatibility. The
chromium-doped B-spodumene based pigment has a great potential in the ceramic materials

industry, and its performance can be tested on glasses, porcelains, refractories, among others.

3.2. Morphological characterization

Figure 6 illustrates the SEM micrographs for 0.5 (a), 1.5 (b) and 3.0% (c) chromium-doped
B-spodumene pigment samples. Particles of micrometric order are presented, which have irregular
and angular morphology, with a particle size in the range of 50 to 200 um. These particles are
polycrystalline, given the average size of the crystallites, which are of nanometric order. These
crystallites have an organized structure of tetragonal cell repeats and are distributed in each particle
in random orientations. In the 500x magnification micrographs, it is already possible to notice the
presence of well-defined edges (highlighted in the figure). This type of particle morphology has
already been identified for B-spodumene samples [28]. No change in the size or morphology of the
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particles was observed with the increase in the chromium content for the samples, which was

expected since no structural changes were evidenced.

SEM HV: 10.0 kV WD: 20.75 mm 1 VEGA3TESCAN  SEM HV: 10.0 kV WD: 20.21 mt VEGA3TESCAN  SEM HV: 10.0 kV WD: 20.23 mm 1 VEGA3 TESCAN
View field: 1.41 mm Det: SE 200 pm View field: 276 ym Det: SE View field: 138 um Det: SE 20 pm
SEM MAG: 98 x Date(m/dly): 09/09/21 UNIVASF SEM MAG: 501 x  Date(m/dly): 09/09/21 UNIVASF SEM MAG: 999 x  Date(m/dly): 09/09/21 UNIVASF

Figure 6: SEM micrographs of the chromium doped [-spodumene pigment samples at 100, 500 and
1000x magnifications: (a) 0.5% Cr; (b) 1.5% Cr; (c) 3% Cr.
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In this analysis, samples obtained after the calcination process were used, without applying
mechanical efforts or sieving, to preserve the morphology of the formed particles to be analyzed.
However, for the application of ceramic pigments, processing (ball milling, or others) is indicated to

reduce the particle size, increase the specific area, and improve their performance.

4. CONCLUSION

The present research investigates the structural and morphological properties of the chromium-
doped B-spodumene based ceramic pigment, aiming to define whether this material preserves its
chemical and thermal stability when modified with the addition of the doping chromophore metal.
The material was synthesized by the proteic sol-gel method, using gelatin as a ligand, and doped
with 0.5 to 3% of chromium, by weight.

XRD analysis confirmed the formation of the single-phase of B-spodumene for all samples
doped with a concentration up to 3% by weight of chromium. Rietveld refinement presented well-
adjusted fit factors and the absence of a second phase formation in the samples produced. Scherrer’s
method confirmed that there is no decreasing or increasing trend in the average size of nanometric
crystallites with increasing chromium content. Also, no changes in the morphology or size of the
particles were noted with the increase in the dopant content, from the SEM analysis.

The unaltered structural and morphological properties are an excellent indicator of the
preservation of the chemical and thermal stability of B-spodumene, characteristics that are
extremely relevant in the ceramic pigment industry. This can be explained by the replacement of
AP¥* ions by Cr*" in the B-spodumene matrix, when added at low doping contents, due to similar

chemical properties, such as radius and charge.
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