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ARTICLE INFO ABSTRACT

Keywords: Since the prehistoric era, hematite has been known as a reddish color pigment on rock art, body paint, and

Hematite decorating substances for objects discovered almost worldwide. Recently, studies about purple hematite used in

Rock prehistoric pigment have been done vigorously to investigate the origin of the purple pigment itself. These

Pigment hist t have been d ly t tigate th f th 1 t itself. Th
ock art

previous studies indicate that the differentiation of crystallinity, crystal size, morphology, and electronic structure
can cause the color shift, resulting in purple hematite. In this study, we conducted a detailed study of the sintering
temperature effects on the formation of hematite minerals. This study aims to reveal the structural, crystallog-
raphy, and electronic transformation in hematite due to heating treatment at various temperatures. The hematite
was synthesized using precipitation to imitate the primary method of hematite formation in nature. The sintering
process was carried out with temperature variations from 600 °C to 1100 °C and then characterized by crystal-
lographic and structural properties (XRD, Raman Spectroscopy, FTIR), particle size (TEM), as well as electronic
properties (DRS, XANES). The crystallinity and particle size of hematite tend to increase along with higher sin-
tering temperatures. Moreover, we noted that the octahedral distortion underwent an intensification with the
increase in sintering temperature, which affected the electronic structure of hematite. Specifically, the 1s — 3d
transition exhibited lower energy for hematite produced at a higher temperature. This induced a shift in the
absorbed energy of the polychromatic light that led to a color shift within hematite, from red to purple. Our
finding emphasizes the importance of electronic structure in explaining hematite pigment’s color change rather
than relying on simple reasons, such as particle size and crystallinity. In addition, this might strengthen the
hypothesis that the prehistoric human created a purple hematite pigment through heating.

Thermal transformation
Structure transformation

1. Introduction

Ochre has been a favored material as a pigment since the prehistoric
era. Ochre contained clay and silica with various types of iron minerals.
These types of iron minerals in ochres produce a range of colors, from
yellow, a-FeOOH—goethite (Longa-Avello et al., 2017; Mondragon et al.,
2019; Salomon et al., 2012), brown, y-FepO3—maghemite (Cornell and
Schwertmann, 2003), red, o-Fe;O3—hematite, and purple,
a-FepOs—hematite or KFe3(SO4)2(OH)g—jarosite (Hunt et al., 2016;
Huntley et al., 2015; Ilmi et al., 2020; Kurniawan et al., 2019; Nurdini
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et al., 2020). In addition, other colors in rock art images, such as black,
contain manganese oxide or charcoal (McPeak et al., 2013; Chalmin
et al., 2003, 2004, 2006), while white contains Al,O3
28i04-2H,0—kaolinite, MgsCa(CO3)4—huntite (Huntley et al., 2014),
CaS04.2H,0—gypsum or CaCOs—calcite (Ilmi et al., 2021a). Among all
the natural minerals that have been mentioned, red ochre, which con-
tains hematite, is the most widely used natural material as a pigment in
prehistoric rock art around the world.

The formation of ochre occurred through the aerobic natural
weathering of iron-bearing minerals (Miot and Etique, 2016).
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Furthermore, the formation of the mineral hematite in red ochre can go
through several other processes, such as the hydrolysis of a solution of
2-line ferrihydrite (Heaney et al., 2020), solid-state transformation at
high temperatures from iron hydroxide, oxidation of Fe?* (magnetite and
maghemite), and the thermal decomposition of iron salts (Cornell and
Schwertmann, 2003). Utilization of natural pigments, especially ochre,
has been practiced by the direct ancestor of modern humans (Homo sa-
piens sapiens) on various occasions, such as wall paintings, funerary
contexts, and ceramic artifacts (Chalmin and Huntley, 2018; Elias et al.,
2006; Iriarte et al., 2009). In Indonesia, the discovery of the rock art of
wild Bovid from Kalimantan and the hunting scene of therianthropes
from Sulawesi revealed that red ochre (hematite) was used from at least
43,000-40,000 years ago based on the U-Th series dating (Aubert et al.,
2018, 2019). This rock art is currently the oldest found artwork depicting
hunting activities in the world ([lmi et al., 2021b). In addition, Studies on
prehistoric rock art exhibit the purple color of hematite alongside the red
color in several sites, such as in Australia and Indonesia (Huntley et al.,
2015; Hunt et al., 2016; Kurniawan et al., 2019; Ilmi et al., 2020; Nurdini
et al., 2020). Previous studies stated that elements composition and
particle size are different between purple and red hematite (Cornell and
Schwertmann, 2003; Marshall et al., 2005; Opuchovic and Kareiva,
2015).

Hematite has been known to have rhombohedral symmetry with R3¢
space group with hexagonal close-packed (hcp) oxygen sheet and octa-
hedral interstices between the sheet of Iron (Kubaniova et al., 2019; Xu
et al., 2015). On the other hand, purple hematite was reported to have a
larger particle size, higher crystallinity, and distorted symmetry of
octahedral (Castagnotto et al., 2021; de Oliveira et al., 2002; [Imi et al.,
2020; Mastrotheodoros et al., 2010; Nurdini et al., 2020). These
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discrepancy characteristics of hematite are induced by optical spectrum
shift absorbed by materials, thus resulting in hematite with purple color.
This phenomenon can be occurred either naturally and/or synthetically
(Faivre, 2016). Previous research’s hypotheses stated that purple he-
matite on prehistoric rock art is formed due to the heat treatment of red
hematite, thus changing the size and structural properties, albeit the
hypothesis has not been proven (Ilmi et al., 2020; Nurdini et al., 2020).
Meanwhile, research on natural pigments purple (Caput mortuum) by
Castagnotto et al. (2021) explained that natural pigment (hematite purity
< 80%) cannot change then produce a purple color, and only pure he-
matite can obtain purple color due to heat treatment. However, a more
detailed explanation regarding the color change of the hematite pigment
from red to purple, other than differences in grain size, has not been
obtained and understood.

Thus, this study will explain the effect of heat treatment on changes,
especially in crystallographic and electronic properties, along with the
particle size of hematite and its effect on color shift. This research was
conducted by laboratory-scale hematite synthesized using the precipita-
tion method. The obtained hematite was treated with various calcination
temperatures to understand the effect of temperature on the crystalline
structure of the hematite and then generate color changes. The precipi-
tation method in the synthesis of hematite can produce a relatively small
particle size (<1 pm) and a more uniform size (Pomies et al., 1999; Bora
et al., 2013). Furthermore, the precipitation method forms hematite as
the most stable mineral that occurs naturally, then used as a natural
pigment. The results of this study are expected to provide comprehensive
information about the effect of heating on color change, especially he-
matite, which was used as a pigment for prehistoric images. On top of
that, this study envisioned pre-treatment of hematite from a natural
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Figure 1. (a) The scheme of hematite synthesis using precipitation method, and (b) Physical properties of samples after precipitation phase.
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Figure 2. (a) XRD patterns of hematite calcinated at 600 °C-1100 °C. The sample with a higher calcination temperature has a sharper peak and higher intensities that
indicate the crystalline phase increase than samples with a lower calcination temperature. (b) Cell parameters (a and c) with (c¢) Cell volume of calcinated samples at
various temperatures between 600 °C and 1100 °C that obtained by Rietveld refinement. The observed data represent cell parameter values were decreased along with

calcined temperature increases.
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Table 1. The calculated crystallite size of samples using Scherrer equation on preference peak (104) with the cell parameters, crystallinity, and cell volume of samples

obtained by Rietveld refinement using Rietica.

T (°C) D A) Crystallinity (%) a, b (A) c(A) Cell Volume (A”) Rp (%) Rwp (%)
1100 115.03 (1) 100.00 5.0345 (1) 13.7352 (3) 301.50 (1) 13.44 11.89
1000 56.468 (2) 88.67 5.0353 (5) 13.740 (1) 301.70 (5) 13.15 11.79
900 35.890 (3) 70.60 5.0359 (1) 13.7485 (4) 301.99 (1) 12.39 9.59
800 31.922 (3) 61.00 5.0369 (1) 13.7485 (5) 302.07 (1) 12.59 9.75
700 27.627 (3) 59.06 5.037 (1) 13.754 (3) 302.2 (1) 12.43 10.12
600 22.528 (4) 55.90 5.0374 (3) 13.761 (1) 302.37 (4) 13.51 12.51

T: Temperature (°C).

D: Crystallite size (A).

a,b,c: Lattice parameter (A).

Rp: Profile R-factor.

Rwp: Weight profile R-factor in.

source before heat treatment and technological developments in the
prehistoric era.

2. Material and methods
2.1. Materials

The synthesis path of hematite was conducted by the precipitation
method employed by Lassoued (Lassoued et al., 2017, 2018). The re-
agents were Fe(NO3)3-6H20 as a precursor, ammonia solution (NH4OH)
as a precipitating agent, and ethanol to rinse the precipitation. All re-
agent was purchased from Merck and used without further purification.

2.2. Synthesis procedure

Figure 1a exhibits the illustration of the synthesis procedure. First,
Fe(NO3)3-6H0 solution (0.05 M) was heated at 80 °C, then added
ammonia solution (NH40H) dropwise while stirring thoroughly at the
constant temperature. Next, the solution was stirred for 3 h and cooled
down until room temperature. Figure 1b shows the precipitate as a red-
brown precipitate. Afterward, the precipitates were gathered using a
centrifuge at 4000 rpm for 15 min. Next step, all solid substances were
washed with distilled water and dried at 110 °C for 24 h in the oven.
Then, the sample was calcinated for 4 h at temperatures between 600 °C
and 1100 °C in an Air atmosphere. Finally, the samples were collected
and ground using agate mortar until a fine powder was established.

2.3. Characterization

The crystalline phase of samples was characterized by X-Ray
Diffraction (XRD) using Bruker D8 Advance with Cu Ka radiation (A =
1.5418 A). The measurement data was collected at 20 from 10° to 90°
with 0.002°/s scan step mode. Before the measurement, all samples were
ground to form a fine powder. The diffractogram was analyzed to identify
the characteristic of the crystal phase, then compared with references
using Highscore PAN Analytical (standard ICDD card no. 33-0664). The
diffraction pattern was refined using Rietica to identify samples' lattice
parameters.

Raman spectroscopy was employed to investigate the mineral
composition based on the typical chemical bonding of the samples.
Raman spectra were measured using the Bruker Senterra instrument with
a 785 nm excitation, the power output of 20 mW, and spectral resolution
of4em™ L. In addition, the Fourier Transform Infrared (FTIR) spectra of
samples were recorded by Shimadzu Prestige FTIR spectrometer using
the KBr pellet method. The measurement was conducted between 400
em ™! and 4000 cm ™! with a resolution of 4 cm™?.

The particle size and shape of hematite were observed using Hitachi
TEM HT7700. The observation was conducted with accelerated voltage
120 kV and 50,000x magnification. In addition, evolution" 201,/220

UV-Visible Spectrophotometers performed the spectra reflectance of
hematite at wavelengths 400 nm-900 nm.

Identification of the hematite phase (a-FexOs) and the electronic
properties was employed using Fe K-edge X-ray Absorption Near-Edge
Structure (XANES) in fluorescence detection mode under ambient air
conditions using synchrotron radiation source at Synchrotron Light of
Research Institute (SLRI), Thailand. The measurements were recorded
using a Ge detector in the energy range of 7112 eV with five eV/s of step
size. The measurement process was conducted using a 6 pm thickness of
polypropylene sample container. The results in the form of spectra are
processed using Athena software to remove the background, performed
normalization and calculation using the Linear Combination Fittings to
determine the mineral phase of Fe, thus compared with reference spectra
of standard hematite (a-FeoO3) (Ravel and Newville, 2005).

3. Results
3.1. X-ray diffraction (XRD)

The crystalline phase and the purity of hematite were determined
using X-ray diffraction. Figure 2a presents the diffraction pattern of
samples under six calcination temperatures between 600 °C and 1100 °C
with an interval of 100 °C. According to the hematite database, ICDD
card standard no. 33-0664, all peaks showed the plane of pure hematite
(a-Fe03) that possesses a rhombohedral structure with an R3c space
group at (012), (104), (110), (113), (024), (116), (018), (214), (300),
and (1010) (Almeida et al., 2009; Rafi et al., 2015; Zhang et al., 2013;
Morales-Morales, 2017; Tadic et al., 2019). These patterns indicate that
only a-Fe;0j3 is formed at calcination temperatures between 600 °C and
1100 °C with no other mineral phases detected. Meanwhile, if the syn-
thesis is carried out at a temperature below 600 °C, it shows the for-
mation of other iron compounds such as ferrihydrite, goethite (Rout
et al,, 2014), and maghemite (y-FepOs3) (Rafi et al., 2015; Moral-
es-Morales, 2017).

Observation of the diffraction pattern in Figure 2a showed that the
peaks at the diffractogram of samples escalated and narrowed as the
temperature increased as a-Fe;O3 without other iron phases detected.
Equation (Eq. (1)) presented the Scherrer formula that exhibits the
relation between the FWHM (Full Width at Half Maximum) value and the
level of crystallinity and crystallite size (Rout et al., 2014).

_ Ki
"~ Pcosf

@

D symbolizes the mean of crystallite size, K is the shape factor constant
that varies with the crystallite shape, 1 is X-ray wavelength, f is Full
Width at Half-Maximum (FWHM), and 6 is Bragg’s angle. Thus, the
sample’s crystallite size was estimated by calculating using the Scherrer
equation based on preference orientation peak (104). The calculated
crystallite size presented in Table 1 exhibits the greater crystallite formed
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Figure 3. (a) Optical appearances, (b) TEM images of hematite at various calcined temperatures (°C) with (c) the histogram of respective particle sizes, and (d) the
SAED pattern of each sample. Higher calcined temperature presents an image with a hexagonal shape with a more prominent and denser crystal than hematite that was
calcined at a lower temperature.
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Table 2. Average particle size value of hematite synthesized with precipitation method at various temperatures of calcination.

Temperature (°C) 600 700 800 900 1000 1100
Particle Size (nm) 50 + 18 66 + 24 94 + 35 103 + 41 119 £ 55 189 + 69
at the high calcination temperature. Therefore, the Crystallite size can be temperatures of calcination was not detected since the peak was broader;
predicted through peak sharpness. thus the Ka; and Ka, were merged in one peak. As we know, the char-
If the diffractogram was enlarged (Figure 2a), the sharpened peak at acteristic x-ray diffraction spectrum consists of Ka;, Kas and K§ radiation
the high calcination temperature also generates the splitting peak of Koy with a peak intensity ratio of 1:0.5:0.25, respectively. K is generally
and Kay. In contrast, the splitting peak of Ka; and Kay in lower removed using a monochromator to avoid errors in data interpretation.
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Figure 4. (a) Spectrum of Raman shift and (b) Fitting peak of spectra of Raman spectroscopy from 50 cm™* to 1000 cm ™! of hematite calcinated at 600 °C-1100 °C.
The spectrum of hematite calcined at lower temperatures has fewer and broader peaks than hematite that calcined at a higher temperature, indicating that the
crystallinity of hematite increases within higher temperatures. (c) FTIR spectra of hematite synthesized at calcination temperature 600 °C — 1100 °C with the fitting
curve at ~440 cm™* — 470 cm ™! using Gaussian of E,, vibration with (d) normalized peak area and FWHM value at 470 em L

Table 3. Raman shift and FWHM values of hematite at 600 °C-1100 °C (Fouad et al., 2019; Jubb and Allen, 2010; Kurniawan et al., 2019; Mansour et al., 2017; Marshall
et al., 2020).

T (°C) Raman Mode (cm™!)
1 2 3 4 5 6 7
Ag (1) Eg (1) E,(2) E; (3) Az (2) 1LO E,
600 Raman Shift 210.8 (9) 272.5 (4) 369.4 (5)
FWHM 1714 45.5 (1) 52.9 (4)
700 Raman Shift 214.7 (2) 277.9 (1) 386.9 (3) 584.9 (8)
FWHM 15.3 (5) 27.1 (8) 24.2(8) 43.8 (5)
800 Raman Shift 216.6 (3) 280.6 (2) 392.2 (5) 485.9 (7) 593.6 (1)
FWHM 16.2 (2) 28.4 (6) 37.9(5) 11.9 (5) 40.1 (9)
900 Raman Shift 224.7 (7) 244.2 (2) 291.7 (2) 408.9 (9) 497.5 (7) 609.6 (7) 656.9 (8)
FWHM 10.9 (7) 7.8 (5) 18.4(2) 15.8 (5) 19.7 (49 16.8 (5) 17.6 (9)
1000 Raman Shift 223.9 (2) 243.1 (2) 291.2 (2) 408.6 (1) 495.0 (4) 609.7 (1)
FWHM 5.0 (1) 3.7 (5) 10.3 (1) 11.3 (1) 13.6 (1) 15.0 (5)
1100 Raman Shift 225.02 (2) 244.0 (2) 292.20 (2) 410.17 (5) 496.8 (4) 611.4 (2)
FWHM 4.69 (6) 3.4 (4) 9.45 (6) 9.9 (1) 13.0 (1) 13.6 (5)
Notes Hematite Hematite Hematite Hematite Hematite Hematite Crystal disorder

The number in parentheses indicated the error value of each data.
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Table 4. Fitting curve result of hematite peak of Eu vibration at FTIR using Gaussian fitting.

Fitting peak 2 (Shell)

T (°C) Fitting peak 1 (Core)
Wavenumber Area FWHM Wavenumber Area FWHM

600 471.4 (5) 25.2 (8) 36.8 (6) 443.9 (5) 17.7 (8) 34.3 (5)
700 472.3 (5) 23 (1) 35.1 (8) 443.8 (7) 19 (1) 35.0 (6)
800 474.6 (2) 22.3 (8) 34.6 (8) 441.6 (3) 24.3 (5) 36.6 (4)
900 476.4 (2) 17.8 (5) 33.2(7) 441.0 (3) 26.6 (4) 39.8(4)
1000 475.5 (2) 13.8 (6) 30.6 (5) 440.0 (2) 24.6 (3) 41.3 (4
1100 476.0 (2) 9.9 (2) 29.4 (3) 440.6 (2) 17.3 (2) 42.5 (4

Meanwhile, Kay radiation which is only 0.004° different from Ka; is
generally not visible due to overlapping. However, the Kay peak can
increase the error rate in determining the FWHM value or crystal size
because it produces a 'tail' at the peak (asymmetric peak). From this
explanation, the splitting that appears on the sample diffractogram with a
high heating temperature (1000 °C-1100 °C) results in the calculation of
FWHM and crystal size with a lower error rate (Parrish and Langford,
2006; Rachinger, 1948).

Further analysis of the diffractogram was carried out by Rietveld
refinement using Rietica to obtain parameter lattice (a, b, ¢) and cell
volume values. Based on the Rietveld refinement results (Table 1), cell
parameters ¢ changed significantly compared with cell parameters a and
b (Figure 2b and c). These trends exhibit the relation of calcined tem-
perature with the lattice parameter function of hematite. Samples with
higher calcination temperatures will have a smaller lattice parameter
value, resulting in a contraction of the hematite unit cell (Sorescu and Xu,
2012).

3.2. Transmission electron microscopy (TEM)

The detailed shape and particle size of samples were identified by
TEM characterization. Figure 3a presented the differences in the hema-
tite color at various calcined temperatures. The hematite with lower
calcined temperatures tends to generate red, while higher calcined
temperatures have dark red to purple color. Based on the results of TEM
observation in Figure 3b, the particle size of samples synthesized at
various temperatures between 600 °C and 1100 °C was increased
following the increase in calcination temperature. The particles are
smaller and more transparent at lower calcined temperatures, while
higher temperatures produce larger and denser particles. Hereafter, the
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Figure 5. Diffuse Reflectance spectra of hematite calcinated at various tem-
peratures in the UV-Visible range.

particle size can be measured using ImageJ software and then plotted as a
histogram with a normal distribution curve (Figure 3c). Based on the
calculated particle size, it was found that the average sizes of the six
hematite synthesis samples were 50 + 18 nm, 66 + 24 nm, 94 + 35 nm,
103 + 41 nm, 119 + 55 nm, and 189 + 69 nm, respectively (Table 2). At
lower temperatures, particles focused on forming crystal core in 2D
orientation. The particles will be agglomerated at higher temperatures to
develop larger particles in 3D orientation and produce a denser material.
Salomon et al. (2012) reported that stable combustion at temperatures
higher than 850 °C produced solid particles with no pores and generated
an octahedral shape. Additional data from the selected area electron
diffraction (SAED) graph in Figure 3d presented the electron diffraction
pattern as concentric white spots rings. The spot patterns indicated the
lattice fringes of hematite related to samples' crystallinity, exhibiting that
the lattice fringes pattern and the intensity of hematite increase along
with the temperature degree (Rafi et al., 2015). Therefore, The SAED
data supported the XRD data that the hematite with high-temperature
treatment will have higher crystallinity.

3.3. Raman Spectroscopy

Raman Spectroscopy is an analytical technique that uses the vibra-
tional mode to obtain information about the composition of chemical
compounds in the material by observing its energy shift (Moldenhauer
et al., 2018). Vibration modes at the first Brillouin zone center based on
crystallography characteristics of hematite were shown by Eq.(2):

Ty = aAqg + 2A1, + 3Asg + 2A0, + 5E; + 4E, 2

where A;, and Ay, vibration modes are optically silent, the symmetrical
modes (g) are Raman active, and asymmetrical vibration modes (u) are
Infrared active (Marshall et al., 2020; Jubb and Allen, 2010; Chernyshova
et al., 2007). Because of the inversion center features of the rhombohe-
dral unit cell in hematite structure, a vibration mode cannot be active at
Raman and Infrared modes simultaneously.

Figure 4a presents Raman spectra of hematite calcinated between 600
°C and 1100 °C. Building upon the peak pattern shown by the six sam-
ples, all of them showed characteristic hematite spectra. Table 3

Table 5. UV-Vis DRS band position and electron transition of hematite at various
temperatures of calcination.

No Transition Band position (nm)

Experiment Cornell and Schwertmann, Sklute et al.,
2003 2017

1 5A; - *Ty 856 884 881

2 SA; - 4T, 740-780 649 672
632-663

3 24, —»4T)) 511 529 537

4 %A; - ‘E*A; 411 404 404

5 A; - ‘E 380 380 380

6 5A; — 4Ty 339 319
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Figure 6. (a) Fe-K edge XANES spectra with (b) their first derivatives indicate that all samples have an oxidation number of Fe®*.

informed the Raman Shift of the vibrational mode of each spectrum.
vibrational modes were detected at ~220 cm ' and ~490 cm™! and
vibrational modes were detected at ~244 cm ™!, ~290 cm ™!, ~390 cm ™},
and ~490 cm™!. Spectra of hematite samples with lower calcination
temperature appear only a few vibrational modes, and then the observed
vibrational modes increase as long as the temperature increases.

The crystallinity of the hematite can also be observed by fitting the
peaks that appear in the Raman spectra. For example, based on the
FWHM value obtained (Table 3) provided by the fitting peak in
Figure 4b, hematite with a higher calcination temperature has a smaller
FWHM value which correlates with the high crystallinity of the hematite
(Marshall et al., 2020; Kurniawan et al., 2019). Another feature that can
be observed is the presence of the peak at ~650 em ! in 900 °C that
might be assigned as magnetite (FesO4) or maghemite (y-FexO3) (Jubb
and Allen, 2010; Chernyshova et al., 2007). Nevertheless, at a tempera-
ture of 900 °C, they should be absent due to the thermal transformation
to the hematite phase as the most stable form of iron oxide (Kinebuchi
and Kyono, 2021). Thus, the presence of this peak should be assigned as
longitudinal optical (LO) E, mode of hematite originated from hematite’s
crystal disorder (Fouad et al., 2019; Jubb and Allen, 2010; Kurniawan
et al., 2019; Mansour et al., 2017; Marshall et al., 2020).

3.4. Fourier Transform Infrared (FTIR)

The analysis of functional groups in the sample was carried out using
FTIR. Based on FTIR measurement spectra (Figure 4c), all hematite
samples showed absorption at wavenumbers of ~450 cm ™! and ~560
cm !, The two wavenumbers are the typical peak of Fe>™-0, defined as
the E, and Ay,/E, vibrational mode of hematite (Chernyshova et al.,
2007; Chukanov and Chervonnyi, 2016). Previous work by Chernyshova
et al. (2007) emphasized that the E, band is more stable from shape and
optical effect to analyze the structural properties of hematite. As seen in
Figure 4d, the peak at ~450 cm™! changed with different calcination
temperatures. Gaussian fitting at the peak presented two peaks located at
~440 ecm™! and ~473 cm™!. These peaks indicated the shell-core
structure of hematite (Chernyshova et al., 2007). Throughout the fitted
peak, the characteristics of peaks can explain the transformation shift of
the Fe-O band. The E, band absorption fit to a shell/core pair at
~440/~473 cm_l, the intensity of shell peak (~440 cm_l) increases
within higher temperature, indicating greater particle size. Furthermore,
the redshift of shell peaks from 443 cm™! to 440 cm ™! and broader peaks

indicated that the Fe-O band was weakened by lattice disorder (Cher-
nyshova et al., 2007). Meanwhile, the FWHM values of the core peak
(~473 cm™!) decrease, indicating the finer crystallinity of hematite and
greater particle size. Table 4 provides the fitting shell/core pair calcu-
lation at ~440/~473 cm ™! peaks.

3.5. Diffuse Reflectance spectroscopy (DRS)

The characterization using UV-Vis DRS was conducted to observe the
electronic transitions that occurred in samples. Figure 5 presents the UV-
Vis DRS spectra of the hematite samples calcined at different tempera-
tures in the range of 600 °C-1100 °C and Table 5 indicates the electronic
transitions of each peak. The spectra present the characteristic of he-
matite with a redshift to a higher wavelength throughout the calcination
temperature increases. The peak shift occurs in the °4; — *T, electronic
transition around the 630-780 nm wavelength from the smaller to the
larger wavelength. The wavelength shift was caused by particle size and
the shape discrepancies of the material. The smaller size of the material
will absorb a smaller wavelength (Sklute et al., 2017; Zhang et al., 2013;
Cornell and Schwertmann, 2003). A study conducted by (Cornell and
Schwertmann, 2003) reported that differences in particle shape would
affect the intensity of the peaks in the spectra. For example, an asym-
metric circular-shaped particle will have a high reflectance value
compared to symmetrical particles. This shape results in a difference in
the hematite color, as shown in Figure 3a. While (Sklute et al., 2017)
reported a shift in the wavelength value due to differences in the shape of
the hematite particles.

In line with the results of TEM observation, as the calcination tem-
perature increases, the shape of the particle will shift from an asymmetric
circular shape to an octahedral shape which is more symmetrical.
Furthermore, the particle size increases with the increase in calcination
temperature. The UV-Vis DRS spectra observations indicated a tendency
of decreasing intensity and a shift in the low wavelength value to a higher
one resulting in a color change from yellowish-red to purplish-red.

3.6. Fe K-edge XANES

The characterization using XANES was carried out to obtain specific
information from the iron atoms contained in the hematite sample,
particularly the local atomic structure, atomic oxidation number, and
energy transition in the atom (Bora et al., 2013). Figure 6a shows the
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Figure 7. (a) Baseline plot (Left) with Pre-edge deconvolution and (b) t./e, ratio of hematite at temperature 600 °C-1100 °C.

XANES spectra of the Fe atom and the spectra of its first derivatives
(Figure 6b). Based on the analysis results, all samples have an iron
oxidation number of 3+, which is indicated by a peak at the energy Eq of
7126.6 eV. Eq defines the ionization threshold to the continuum state and
can assign the oxidation state of materials (Fdez-Gubieda et al., 2016).
Thus, this energy is specific energy indicating the oxidation level of the
Fe3* jon, while the lower oxidation state of an element will have a lower
energy peak. The derivative spectra of samples also showed the K ab-
sorption associated with Is — 4s transition at Ey 7122.8 eV associated
with Fe®*/XFe (Mastelaro and Zanotto, 2018).

Other information that can be used is pre-edge spectra which can
show a 1s — 3d transition via the Ta/e; ratio (A,) octahedral symmetry of
the hematite. Based on the deconvolved pre-edge spectra in Figure 7, the
hematite samples with higher combustion temperatures tend to have a
lower ta,/e, ratio compared to those with lower combustion tempera-
tures. This shows a distortion of the octahedral geometry of the hematite
due to the combustion treatment (Ilmi et al., 2020; Nurdini et al., 2020;
Bora et al., 2013). Furthermore, Pailhe et al. (2008) reported that the
high calcined temperature of hematite leads to the distorted octahedral
site of Fe>* and is linked to the crystallite size. Hematite with a larger

crystallite size tended to have a more distorted octahedral site than he-
matite with a smaller crystallite size.

4. Discussions

Hematite that undergoes heating treatment at high temperatures
produces a darker color compared to those treated at lower temperatures.
This phenomenon can be explained in Figure 8. Based on various in-
strumentations' results, hematite at higher calcined temperatures results
in shorter lattice parameter changes, especially on the c axis. Further-
more, the observation of 1s — 3d transition shows that the value of Ao is
getting smaller due to the distortion of the octahedral symmetry of
hematite—the Ao value changes cause a shift in the absorbed energy of
the polychromatic light. The value of 4¢ has a value that is inversely
proportional to the wavelength, so if the value of A¢ is small, it will
absorb large wavelengths. In the case of hematite burned at a lower
temperature (600 °C), the A value possessed by the material will absorb
light at a green wavelength (~490 nm), then transmit its complementary
color, red. Meanwhile, hematite burned at a higher temperature (1100
°C) has a smaller Ap. Thus, it will absorb light at a wavelength larger than
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Figure 8. The illustration of the electronic properties of hematite that change the absorption of visible wavelength resulted in the color shift from red to purple.

green, yellow (~580 nm) and show a complementary purple color. In the
laboratory, synthesized hematite using the precipitation method from
iron salt precursors and calcined at a high temperature between 600 °C
and 1100 °C showed results that heating treatment to the red hematite
can be used as a reference to support the archaeological theory that
prehistoric humans did the heating process on red ochre as a natural
pigment, then applied in rock art. However, this finding needs to be
confirmed using natural pigment (red ochre) used by prehistoric humans.
Natural red pigment (red ochre) commonly contains a mixture between
hematite and other minerals, including clay and silica, which may affect
the heating treatment results in the pigment color.

5. Conclusions

In summary, we have thoroughly investigated the color trans-
formation of hematite as a function of sintering temperature using
detailed multi-characterization techniques, i.e., XRD, TEM, Raman
spectroscopy, FTIR, UV-Vis DRS, and Fe K-edge XANES. Aside from
common explanations that correlate the hematite’s color transformation
to either particle size or crystallinity that increase gradually along with
calcination temperature increase, herein, we demonstrated that elec-
tronic properties of hematite play a significant role in determining the
color of hematite pigment. The high sintering temperature of hematite
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can cause an octahedral distortion, which affects the hematite’s elec-
tronic structure. In specific, the hematite treated at a higher temperature
exhibited a lower energy for the 1s — 3d transition leading to the redshift
of the adsorbed light that produced a purple color. The XRD, Raman
spectroscopy, and FTIR results indicated that purple hematite possessed
high crystallinity materials. Furthermore, the TEM observation displayed
a dense and octahedral shape with a larger particle size owned by purple
hematite.

The color shift occurred gradually from bright red, dark red, and
purple starting at 1000 °C of calcination temperature. This research is
fundamental research before observing natural pigment samples used in
prehistoric rock art. Thus, when using natural samples consisting of a
mixture of hematite, clay, and silica, the effect of impurities from natural
samples can be explicitly observed. Our finding supports the hypothesis
that prehistoric humans might obtain a purple hematite pigment via a
heating treatment that previously was still speculated.
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