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ARTICLE INFO ABSTRACT

Keywords: Boehmite is a mineral of aluminum oxyhydroxide widely used as a catalyst support, adsorbent for dyes, and a key
Recyc_ling component in producing advanced optical and electronic devices. This study focuses on the synthesis of boehmite
A'lum‘““m using recycled metallic aluminum through acid digestion (HCI) and subsequent precipitation by pH correction
:ﬁzir:;ﬂity (NaOH). The aluminum source used was can seals, which were characterized using various techniques, including

X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-
ray photoelectron spectroscopy (XPS). XRD analysis confirmed a boehmite-like phase of the recycled aluminum
oxyhydroxide powder. SEM analysis revealed that the synthesized boehmite-like powder consisted of agglom-
erate plates, which influences its thermal and optical behavior, resulting in a lower dihydroxylation temperature
and smaller band gap (~3.7 eV) compared to the literature value (~5.5 eV) for boehmite. The boehmite-like
powder derived from recycling was used as a precursor for the synthesis of manganese aluminate (MnAl,O4).
XRD analysis confirmed the formation of the MnAl,O4 galaxite phase, with XPS and absorbance spectroscopy in
the visible region indicating the presence of mainly Mn?' ions. The resulting brown manganese aluminate
powder exhibited stability in harsh chemical environments, with a color change imperceptible to the human eye.
Moreover, a near-infrared (NIR) reflectance of approximately 50% was achieved, superior to other brown pig-
ments reported in the literature. These findings suggest that recycled aluminum can seals in aluminate have
potential applications as pigments for coatings.

Color stability

1. Introduction aluminum solutions in an alkaline medium [12], thermal decomposition
[13], microwave [14], electrodeposition [15] and microemulsion [16].
Among these methods, hydrothermal synthesis and sol-gel are the most

used. The energy expenditure in hydrothermal synthesis can be large

Boehmite (aluminum oxyhydroxide (y-AlIO(OH))) is used as a pre-
cursor to obtain different alumina phases (Y, 0, , k, and y-Aly03)) [1].

Furthermore, it is used in the preparation of optical and electronic de-
vices, as support for catalysts, in cosmetics pigments, and as a dye
adsorbent due to the high density of hydroxyl groups on its surface,
allowing its modification [1-5]. Boehmite has a layered orthorhombic
structure; each layer has compacted cubic oxygen packing. However, the
overall structure is not compacted; hydroxyl groups are arranged on the
surfaces of the layers, and the layers are held together by hydrogen
bonds, with O-H-O distance of approximately 2.70 A, facilitating surface
and interlayer modification [6]. Boehmite can be synthesized by hy-
drothermal synthesis [7-9], sol-gel process [10,11], hydrolysis of

due to the need to maintain high temperatures and pressures during the
synthesis. However, the synthesis parameters can be finely controlled to
produce a material with high crystallinity [1]. Sol-gel processes, typi-
cally initiated from aluminum alkoxides, can yield xerogels or aerogels
as end products. Despite the preparation of very pure and reproducible
boehmite, the process is costly [10]. Alternatively, metallic aluminum or
aluminum salts can be used as a precursor to obtain boehmite via pre-
cipitation [17].

Aluminum is the third most abundant element on earth and the
second most used metal after iron, although it is not found in its
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elemental form in nature [18]. The high aluminum useableness is
associated with its versatile properties; it is a light, conductive,
malleable, corrosion-resistant, low density (~2.70 g.cm’B), and low
melting temperature (~660 °C) metal [19]. These characteristics have
widely explored this metal in various industry sectors [19]. Currently,
the production of aluminum is conducted through two distinct pro-
cesses: primary aluminum production, which involves the extraction of
bauxite, and secondary aluminum production, which involves the uti-
lization of scrap and pre-existing aluminum products [19,20]. For every
kilogram of recycled aluminum, approximately 5.4 kg of bauxite is
saved, while also preventing the generation of salt dross [21]. Aluminum
production has the most significant energy difference between primary
production (174-186 MJ/kg) and secondary production (10-20 MJ/kg)
[18,20]. The disparity arises due to the utilization of distinct raw ma-
terials in the recycling (secondary production) and primary aluminum
production processes. In recycling, aluminum scrap serves as the pri-
mary material, while in primary aluminum production, bauxite acts as
the source material, necessitating energy-intensive extraction methods
[19]. The main aluminum recycling process is through smelting, a
process wherein a metal is extracted, either as the element or as a simple
compound, from its ore through heating beyond the melting point. This
process typically occurs in the presence of oxidizing agents, such as air,
or reducing agents, such as coke [22]. Moreover, the molten aluminum
in the furnace is shielded by a flow of molten salt to protect the metal
from the reactive atmosphere and facilitate the agglomeration and
separation of the aluminum. The liquid stream completely absorbs the
non-metallic components of the raw mixture, and before capturing the
molten metal, the top layer (salt dross) is skimmed off. Consequently,
over a million tons of salt dross are generated yearly, with approxi-
mately 95% of this waste directed to landfills [19,23]. However, it is
worth noting that aluminum can also be recycled through chemical
treatments, such as acid digestion, exploiting the solubility of aluminum
and generating less waste compared to primary aluminum production
[24]. According to Abralatas (2022) [21] and European Aluminum
(2022) [25], the annual production of can seals in Brazil is approxi-
mately 33.4 billion, with a recycling rate of 98.7%. In contrast, in
Europe, the recycling rate drops to 76%. To produce 1 kg of boehmite,
approximately 1500 can seals are needed. The future lies in recycling
waste to synthesize materials, especially those that come from
non-renewable sources. Therefore, aluminum recycling plays a crucial
role in conserving natural resources, reducing pollution, saving energy,
creating jobs, and promoting a circular economy. This practice can be
readily adopted through the correct separation of waste at the household
level, active participation in selective waste collection programs, and
the provision of incentives for recycling by industry and governments.

Aluminum recycling starts with the selection of the precursor. Here,
aluminum can seals were chosen as the precursor. To fully comprehend
the recycling process, we conducted a detailed analysis of typical can
seals using X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dispersive X-
ray analysis (EDX). These analytical methods were used to gather in-
formation regarding the composition, morphology, structure, and sur-
face characteristics of the can seals. Subsequently, the obtained
boehmite-like material derived from the recycled can seals was exam-
ined using thermogravimetric analysis (TGA), ultraviolet-vis spectros-
copy (UV-Vis), Photoluminescence, XRD, and SEM. The boehmite-like
was then used as a precursor for the synthesis of manganese aluminate,
which was studied using XRD, XPS, SEM, UV-Vis, Near-infrared spec-
troscopy (NIRS), and Colorimetry.

We recently reported using boehmite-like to synthesize aluminate
paint pigments [3,26]. The aluminate host can be doped with elements
such as Cr, Mn, Fe, Co, and Ni, which results in distinct quadrants on the
colorimetric diagram for the a* and b* regions. [27]. One notable
pigment among the aluminates, particularly in the brown range, is the
manganese aluminate (MnAl,O4) phase galaxite, exhibiting versatility
and a wide range of applications in various industrial sectors. It is widely
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recognized as a valuable pigment for ceramics, glass, paints, and coat-
ings, imparting vibrant, long-lasting colors [28]. The brown color of
manganese aluminate can provide distinctive shades when incorporated
into ceramics and glasses [29]. Furthermore, its role as a catalyst in
chemical reactions and its contribution to the manufacture of advanced
ceramic materials, permanent magnets, and ferroelectric electronic
components highlight its importance in chemistry, electronics, and
materials engineering [30]. Its resistance to high temperatures and
corrosion also makes it a preferred choice in manufacturing refractory
materials for industrial applications [31]. Here, manganese aluminate is
produced using recycled aluminum in the form of boehmite-like. The
obtained synthetic inorganic pigment was evaluated for its suitability as
a pigment for architectural painting, with its color stability in harsh
environments and NIR reflectance being assessed.

2. Materials and methods
2.1. Characterization techniques

The samples were characterized by X-ray diffraction (XRD), carried
out in an Empyrean from Panalytical, model D2 Phaser, equipped with a
copper cathode (A = 1.5418 A), operated at 30 kV, current of 10 mA,
with a working window between 10° and 80° (26) scanned with step of
0.02 0 /s. A scanning electron microscope Hitachi SU8020 SEM (Tokyo,
Japan) equipped with an EDX model 4505A-6UUS-SN, with a resolution
of 134 eV (Thermo Scientific), was used to observe the sample
morphology and elemental composition. The chemical composition of
the samples was evaluated by X-ray photoelectron spectroscopy (XPS)
(Versaprobe PHI 5000, Physical Electronics, Chanhassen, MN, USA),
equipped with a monochromatic Al Ka X-ray source. The EDX typical
depth of analysis is about 2 micrometers, while XPS measures the sur-
face layer composition of the material [32]. To conduct XPS depth
profile analysis, argon ions with a kinetic energy of 500 V were rastered
over 2X2 mm? surface area; the ion gun was positioned at an angle of
45° to the surface. For a comprehensive analysis, a thin plate or lamella
was prepared by cutting the seal with nippers and polishing the
cross-section side with a SiC polishing mat until a smooth, shiny surface
was obtained (Fig. 1). The resulting lamella was then washed with iso-
propanol, and two distinct regions were identified: the top region and
the cross-section; both regions were analyzed by XPS and SEM.

Thermogravimetric analysis was performed on a Perkin Elmer® STA
6000 thermal analyzer (Massachusetts, USA), scanning from 30° to
1000°C in an oxygen atmosphere with a 50 mL/min flow rate and a
heating rate of 10 °C/min. The visible spectra were obtained using the
Ocean Optics spectrophotometer (USB 2000), equipped with optical
fiber, tungsten-halogen source, and silicon (350-720 nm) and germa-
nium (720-1050 nm) detectors. The band gap was calculated by the
Kubelka-Munk method [32] with reflectance measured on the equip-
ment Agilent Cary 5000 UV-vis-NIR spectrometer (Santa Clara, USA).
For photoluminescence, a Fluorog-QM-75-22-C from Horiba (Canada)
was used. The samples were supported on carbon tape that does not
show photoluminescence in the studied range. The excitation

Ar ions

uo1309S SS01D

Cutting and SiC polishing

Fig. 1. Schema of the cross-section and top preparation for depth profile
analysis by XPS using argon ions for sputtering.
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wavelength was 254 nm, and the long-pass emission filters used were
270 and 325 nm. The optical reflectance of the pigment powder was
measured using a UV-Vis-NIR spectrophotometer (Perkin Elmer Lambda
950, Waltham, MA, USA). As a baseline standard, BaSO4 was used to
measure the optical properties of the samples between 300 and
2500 nm. The NIR solar reflectance (R*) of the pigments in the wave-
length range of 750-2500 nm was obtained by the following Equation
1)

r;\l'/udﬂ

izdA

0

Where r(2) is the spectral reflectance obtained from the experimental,
and i(4) is the spectral irradiance obtained from the standard of ASTM
G173-03 reference spectra (Wom‘zonm_l).

2.2. Can seal characterization before recycling

The initial stage of the study involved the characterization of
aluminum can seals. The seals were chosen due to their high aluminum
content, low level of contaminants, and no requirement for pre-
treatment to eliminate dyes, unlike whole cans. The X-ray diffracto-
grams of the can seals indicate that they are predominantly composed of
metallic aluminum (Fig. 2). However, low-intensity peaks (marked with
arrows) attributed to magnesium oxide [33] are observed, which agrees
with the results obtained from EDX and XPS.

EDX measurements of four can seals (reaction precursors) were
performed at three points to verify their elemental composition
(Table 1). The analysis revealed that the can seals are predominantly
composed of aluminum (~76.6 at%), while carbon (~10.7 at%) and
other impurities, such as magnesium, were also found in their compo-
sition. It is hypothesized that the carbon signal originates mainly from
the sealant layer applied at the final stage of manufacturing the can
seals. The sealant helps ensure perfect sealing, preventing leaks or loss of
gas [17]; its composition usually consists of polyethylene (PE) and
polypropylene (PP) polymers. These are flexible and resistant materials
capable of forming an airtight seal. Fillers can be added to the sealant to
improve its mechanical and processing properties. These fillers can
include calcium carbonate, silica, or other inert materials. Additives are
applied to provide specific characteristics to the sealant. For example,

Can seal
S Metallic aluminum
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Fig. 2. Typical diffractogram of an aluminum can seal, indicating that the
primary phase consists of metallic aluminum.
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Table 1
The elemental concentration of four can seals evaluated by EDX. The EDX was
recorded at three points of each seal.

Elements (%at)

Sample Al Mg (0] C Cl
Can seal 1

Point 1 74.9 3.9 9.4 11.7 0
Point 2 77.5 4.0 7.5 11.0 0
Point 3 79.8 3.9 7.0 9.3 0
Can seal 2

Point 1 78.1 4.1 7.0 10.9 0
Point 2 79.6 4.0 6.5 9.8 0
Point 3 74.6 3.9 7.1 14.3 0
Can seal 3

Point 1 82.3 4.1 6.4 7.3 0
Point 2 76.4 3.7 7.8 12.1 0
Point 3 81.3 3.5 7.0 8.2 0
Can seal 4

Point 1 62.6 3.1 23.5 10.0 0.7
Point 2 73.6 3.5 9.9 13.0 0
Point 3 77.9 4.2 6.6 11.3 0
Average 76.6 3.8 8.8 10.7 ~0

antioxidants can be added to protect the sealant from degradation
caused by exposure to light or heat [34]. Other additives may include
UV stabilizers, colorants, or lubricants. Some sealants may contain
bonding agents to improve adhesion between the sealant and the surface
of the aluminum can. These agents can be based on resins, silanes, or
other chemical compounds. It is important to highlight that sealant
formulations can vary between manufacturers and can be adapted to the
specific requirements of each application [22]. However, exact sealant
formulations are often proprietary information and, therefore, not
publicly available.

To investigate the source of carbon in the elemental composition of
the can seals, depth profile XPS measurements were performed, and the
amount of aluminum and carbon were monitored (Fig. 3). Two geom-
etries were explored for the sputtering: a depth profile from the top
region and a cross-section exposing the bulk of the seal. In the depth
profile performed from the top of the aluminum can seal, the relative
atomic percentage of carbon decreases from 38% to 0% with increasing
depth of analysis, indicating that carbon is mainly localized near the
surface. This is confirmed when performing the depth profile in the
cross-section cut where the sealant layer is absent. The atomic per-
centage of carbon dropped to zero after the first sputtering cycle. Thus, it
is suggested that the carbon signal arises from the sealant layer on the
surface.

Scanning electron microscopy was performed to evaluate the
morphology of the can seals. Typical SEM micrographs are shown in
Fig. S1 (See Supplementary Material). The micrographs reveal imper-
fections in the seal, probably caused by the manufacturing process or
handling of the aluminum can. The SEM images recorded on the cross-
section following a similar geometry as the XPS measurements show a
smooth surface (Fig. S2). The cross-section cut was polished and
analyzed using a backscattered electron detector (LABSE) to determine
the thickness of the sealant layer present in the seal (Fig. 4). LABSE is a
specific type of backscattered electron detector positioned at a low angle
to the sample, allowing the detection of backscattered electrons scat-
tered at small angles. This provides enhanced contrast for analyzing
materials with different scattering properties. Exploring the contrast in
the micrograph (Fig. 4a), the thin, darker layer can be associated with a
carbon-containing layer, and a thicker, lighter layer is related to an
aluminum layer. Fig. 4b presents the chemical mapping corresponding
to the SEM micrograph, a thin layer of carbon represented in green and
an extensive layer of aluminum represented in red. The thickness of the
sealant layer is approximately ~65 nm, which is in accordance with the
XPS depth profile (Fig. 3), which shows that at ~60 nm under the sur-
face, the concentration of carbon is very low.
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Fig. 3. XPS Depth profile of aluminum can seal made at the a) top of can seal and b) cross-section cut. The carbon is present primarily near the surface of the
aluminum can seal.

Fig. 4. a) Micrograph of the cross-section of the aluminum can seal using a backscattered electron detector (LABSE) and b) chemical mapping of the same region
showing the elemental composition of the layers.

2.3. Can seal recycling — boehmite-like synthesis and the boehmite. Following a 5-minute boiling, the sample was

vacuum-filtered using a Buchner funnel and dried at 70 °C for 24 hours

The detailed characterized can seals were used for obtaining [271].
aluminum. First, the aluminum can seals were washed in running water
to remove major contamination. Then, acid digestion of the can seals 3. Results and discussion
was performed using HCl in the proportion of 1 g of metallic aluminum
for 100 mL of solution (1.1 molL™Y) (Fig. 5). After obtaining the AI>* The recycled material is a white powder after a cleansing step, as
ions in the solution, the pH was corrected to 8 with the addition of NaOH shown in Fig. 5. We turn now to the comprehensive characterization of

to precipitate the boehmite. Subsequently, the sample was filtered and this powder using various techniques.
dried. As NaCl is also formed during the reaction, a step for its removal is
necessary. In this step, the powder in an aqueous medium was heated to
its boiling point, exploiting the disparity in solubility between the NaCl

Filtration
—

Drying : . N

HCl 1.1 molL!  Correction to pH 8 .
Cleansing

Fig. 5. Schematic representation of the synthesis process for boehmite-like.
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3.1. Morphology by scanning electron microscopy (SEM)

Fig. 6 displays a micrograph revealing that the powder is composed
of plate-like agglomerates. As discussed in the next section, the ag-
glomerates have a boehmite-like crystallographic phase. The boehmite-
like agglomerates particular morphology is a result of the precipitation
synthesis route, whereby the precipitate particles exhibit minimal
electronic charge, thereby promoting agglomeration [35]. In addition, it
has been reported that the lower the synthesis temperature, the greater
the tendency to form agglomerates [35]. The average size observed for
the particles was ~0.39 um (Fig. 6b)).

The elemental composition of the powder obtained by EDX is shown
in Table 2. The presence of chlorine is attributed to the acid digestion
process used to obtain AI** ions in the solution (Fig. 5). Sodium may
remain from the NaOH used for precipitation, although its concentration
is below EDX detection limit. Notably, the percentage of carbon (1.9 at
%) in the powder is lower than that observed in the can seal by EDX
(~10.7 at%), supporting the hypothesis that the sealant is the carbon
source in the can seals. However, during the wash step the carbon that
has been digested is leached out, and the remaining amount of carbon
does not adversely affect the application as a precursor for synthetic
inorganic pigments.

3.2. Crystallographic phase by X-ray diffractometry (XRD)

The observed crystallographic phase using XRD (Fig. 7) is similar to
the boehmite phase RRUFF ID: R120123.9, thereby confirming the
efficient synthesis route. However, the broad structures in the XRD
pattern indicate a low degree of crystallinity. Therefore, the powder is
classified as “boehmite-like”. This occurred due to the choice of pH used;
according to the Pourbaix diagram [36], at pH 8, there is a predomi-
nance of [Al(OH)4] species, favoring the preparation of the boehmite
phase (AIO(OH)) by dehydration. Typically, the boehmite phase pre-
cipitation occurs between pH 7 and 10 at temperatures ranging from
20 °C to 85 °C. The pH is a crucial synthesis parameter for obtaining the
boehmite phase due to the difference in solubility of species (AI3Y,
AlOH?*, HAIO,, AIOH?) as a function of the pH [37]. In this work, the
precipitation was carried out at room temperature (~25 °C), and the pH
was 8, minimizing energy consumption in the synthesis, different from
what has been reported in the literature for the synthetic precipitation
route that uses a higher temperature, i.e., ~85 °C [35,38].

3.3. Boehmite-like thermogravimetric analysis

Fig. 8 shows the thermogravimetric analysis of the boehmite-like
obtained through metallic aluminum recycling. The first event
observed up to 100 °C involves a mass loss of 18%. This can be attrib-
uted to the loss of water molecules between the boehmite-like layers and
the elimination of water from the precipitated aluminum hydroxide
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Table 2
Elemental composition obtained by EDX.

Elements at%

Sample Al (0] Cl C

Boehmite-like 25.6 69.9 2.5 1.9

Boehmite-like
~ 4000 ~ RRUFF ID: R120123.9
-
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Fig. 7. XRD Diffractogram of the boehmite-like phase obtained by recycling
metallic aluminum.
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Fig. 8. TGA curves of boehmite-like were obtained by scanning from 30° to
1000°C in an oxygen atmosphere with a flow rate of 50 mL/min and a heating
rate of 10 °C/min.
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Fig. 6. a) Micrography of the boehmite-like powder showing agglomerates b) boehmite-like particle size histogram.
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hydrated [39,40]. From this temperature, the second main event occurs,
with 14.5% mass loss up to approximately 420 °C, which can be
attributed to the structural modification of the boehmite-like. This
temperature is similar to the observed for the natural boehmite [41].
However, the literature reports the loss of hydroxyl groups at up to
550 °C for boehmite obtained via hydrolysis and precipitation with
varied morphologies [40,42,43]. The decrease in the temperature
required for structural modification may be attributed to the formation
of smaller crystals resulting from the loss of hydroxyl groups and the
transformation of the oxyhydroxide into alumina (y-Al203) [39,44].
However, the dehydroxylation of natural boehmite occurs at similar
temperatures. In contrast, the boehmite-like synthesized in this study,
characterized by plate-like morphology, exhibits dehydroxylation at a
lower temperature than previously observed, thus requiring less energy
for crystallographic phase conversion.

3.4. Boehmite-like UV-Vis spectroscopy

The absorption spectrum is used to identify the wavelengths of light
absorbed by a material, which can provide information about the
chemical composition and structure. The boehmite-like absorption
spectrum (Fig. 9a)) shows a broad band centered at approximately
475 nm, possibly associated with the presence of NaCl in the sample,
referring specifically to a single electron trapped in an anion vacancy,
identified as F absorption [45]. Fig. 9b) presents the linear extrapolation
of the curve obtained from the reflectance spectrum and represents the
estimated value of the energy band gap (EBG) using the Kubelka-Munk
method [46]. The energy band gap determines the electrical conduc-
tivity of a material and its ability to absorb or emit light. The band gap
for the synthesized boehmite-like was ~3.7 eV. This value is lower than
reported in the literature (~5.5eV) [46,47], possibly due to
defect-associated electronic states and also to particle size effects in the
electronic states. It was reported that the boehmite band gap increases as
the pH used for its synthesis increases because pH controls particle size
[46]. In addition, plate-like agglomerates in a material can facilitate
interlayer interactions, decreasing the distance between the valence and
conduction bands. This is attributed to the stronger atom-to-atom
interaction within the particles, mainly due to the incorporation of
neighboring atoms in the layered structure. Consequently, the band gap
value tends to decrease [46].

3.5. Boehmite-like photoluminescence

The boehmite-like photoluminescence spectrum showed a broad and
intense band of blue emission centered at ~406 nm (Fig. 10). This can
be attributed to anion vacancies from F and F+ centers or a combination

Boehmite-like

475 nm

.

Absorbance (arb. units)

a)

400

T T T
600 700 800
Wavelength (nm)

T
500 900
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Fig. 10. Photoluminescence spectrum from boehmite-like obtained by recy-
cling aluminum can seals. The PL blue emission band is centered at ~406 nm.
The excitation wavelength was 254 nm. The jump at 325 nm is due to long-pass
optical filter exchange.

of these defects [48]. The electronic transitions between the local band
edge and the F+ center defects result in the photon emission from the
F+ center in the visible blue wavelength region [49]. The F+ center
corresponds to an oxygen vacancy with one electron, being positively
charged with respect to the lattice, and the F center has two electrons
and is electrically neutral with respect to the lattice [50]. Reports show
asimilar band with a maximum at 441 nm for boehmite synthesized
using high-purity reagents, so the aluminum source alters the defects in
the structure [48].

The blue emission observed in the boehmite-like is fundamental for
producing white light in LEDs (light emitting diodes). Blue LEDs and
luminescent phosphors that convert blue light into green and red light
create long-lasting, efficient white light sources [51]. Blue emission
forms colors and images in liquid crystal displays (LCDs) and OLED
screens. The combination of different red, green, and blue light emis-
sions creates a wide range of visible colors [52]. Materials that emit blue
light can be used as markers or probes in various biological and chemical
applications. For example, blue-emitting fluorescent dyes can be used in
cell biology to label and track different cellular components [53]. In
addition, blue-emitting semiconductors can be used as photodetectors,
converting incident blue light into electrical signals [54], a possible
application for the boehmite-like synthesized in this work since its band

8
= Boehmite-like J
B
6 'S
2N Z
E
241
N—-\
z
g2
EBG=3.7eV
0
b)
2:5 3.0 35 4.0 4.5 5.0

Energy (eV)

Fig. 9. a) Visible absorption spectrum of boehmite-like with a broad band centered at ~475 nm b) band gap energy estimation calculated by Kubelka-Munk

method [46].
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gap is ~3.7.

4. Manganese aluminate pigment from recycled can seals
4.1. Synthesis

4.1.1. Brown pigment synthesis

In 50 mL of water, 5%, 10%, and 20% of MnCl; was added to the
total mass of boehmite-like powder (w/w). Then, 3 g of boehmite-like
were added and left under constant stirring (600 rpm) for 24 h. After
this period, the mixture was calcined at 1000 °C, macerated, and stored.
The samples were named MnAl;04 — 5, MnAl;O4 — 10, and MnAl;O4 —
20.

4.1.2. Application as pigments

Water-based acrylic paint for outdoor and indoor was used to eval-
uate the use of manganese aluminates as pigments for architectural
paints. 10 wt% of the colored powder to the total mass of acrylic white
paint was dispersed in the proportion of 2:1 paint/water [27]. The
prepared dispersion was applied on plaster specimens by painting two
coats of paint according to the manufacturer’s instructions.

4.1.3. Color stability test

The color stability test was carried out in acidic and alkaline envi-
ronments using desiccators as a controlled experimental environment. A
petri dish was placed in each desiccator with hydrochloric acid (HCI)
and sodium hydroxide (NaOH), both 1 mol~L*1, to yield environments
with aggressive vapors [55]. The plaster blocks were placed in the
desiccators, which were then sealed. Colorimetric measurements were
performed before the test and after 240 h to determine the colorimetric
stability of the aluminates applied as synthetic inorganic pigments [26].

4.2. Results

4.2.1. Morphology analysis

The SEM micrographs show irregular agglomerates in the micro-
meter range for the different MnAl,04 samples (5, 10, and 20) (Fig. 13).
Reports suggest this is the typical morphology of manganese aluminate
[56,57]; galaxite morphology can occur in granular aggregates or
compact masses, without a well-defined crystalline form, with a massive
and rock-like appearance [58]. The granular morphology of galaxite is
beneficial for refractory applications and for promoting the uniform
distribution of the material in coatings, helping to improve mechanical
resistance and thermal stability in these materials.

4.2.2. Evaluation of the crystallographic phase

The sample prepared with manganese showed two phases: aluminum
oxide o - Al;03 [96-900-8082] and Galaxite - MnAl;04 [96-900-0877]
(Fig. 11). The Galaxite phase has a typical spinel-like structure in which
Mn?" ions are strongly ordered at tetrahedral sites and is also known as
manganese aluminate [59]. The coexistence of these two phases may
result from variations in environmental conditions, such as temperature,
causing the formation of distinct phases [60] related to the difference in
Mn solubility within the a-Al;03 network. That is, due to the tendency of
the Mn ion to spinel formation, low solubilization in the a-Al;03 phase is
expected because the structure is more compact [61]. Combining
alumina and galaxite phases can be advantageous in specific applica-
tions such as ceramic products, refractories, linings, and catalysis. The
mixture can provide combined properties of wear resistance, tempera-
ture resistance, and electrical insulation, depending on the ratio in
which they are mixed. In the case of this work, the properties of this
mixture of phases in the NIR reflectance were studied.

4.2.3. Chemical characterization of the pigment
The chemical composition at the particles surface was studied using
XPS (Table 3). The highest percentage of manganese (6.9 at%) was
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Fig. 11. The diffractogram of manganese aluminates in different percentages of
added manganese. Indexing in black: a-Al,03 [96-101-0952] and in red: gal-
axite (MnAl,04) [96-900-0877].

Table 3
Composition of the MnAl,O,4 samples according to XPS.

Sample Elements (at%)

Al o Mn Na Mg
MnAl,O4 - 5 29.5 63.2 3.0 3.6 0.8
MnAl,O4 - 10 26.7 63.5 6.9 2.3 0.7
MnAl,O4 - 20 27.2 61.7 6.7 3.4 0.9

observed in the MnAl,O4 — 10 sample, with the lowest sodium concen-
tration (2.3 at%). The presence of sodium can be associated with resi-
dues of NaCl used in the boehmite-like preparation. The stability and
durability of the pigments can be impacted by sodium chloride residues.
NacCl is an ionic compound that can react with other compounds in the
pigment or the environment. These reactions can lead to undesirable
changes in the physical and chemical properties of the pigment,
affecting its stability and durability [62]. For example, sodium chloride
is hygroscopic. If a pigment containing sodium chloride is exposed to a
humid environment, the salt can attract moisture, forming salt crystals
and the pigment absorbing water. This can result in color changes,
pigment agglutination, deformation, or deterioration of the support on
which the pigment is applied, among other problems [63].

Furthermore, under certain circumstances, sodium chloride may
react with other compounds in the pigment, such as binders or other
additives, resulting in corrosive processes or chemical degradation.
These reactions can lead to loss of color, changes in the crystalline
structure of the pigment, or even the formation of unwanted chemicals.
However, the percentage of NaCl observed for the pigments was low and
could be removed with water wash cycle. Thus, the pigment MnAl;O4 —
10 is expected to show higher stability because it has the lowest per-
centage of NaCl. In addition, the EDX analysis did not reveal the pres-
ence of sodium and chlorine contamination within the bulk of the
particles, suggesting that contamination is at their surface.

The XPS Mn 2p core level spectra for the MnAl,04 samples are shown
in Fig. 12 a). The satellites are particularly sensitive to the stoichiometry
of the aluminate, decreasing in relative intensity upon either surface
oxidation or reduction and disappearing completely in higher oxide
phases [64], suggesting the MnAl,04 — 5 sample is mainly composed of
oxide and not aluminate, as seen on the XRD pattern. The Mn 3 s peaks
indicate that the aluminate structure is rich in Mn®" ions (Fig. 12b)),
which is confirmed by the peak splitting of 5.9 eV [65]. This split is
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Fig. 12. XPS of the MnAl,;0,4 samples a) Mn 2p and b) Mn 3 s core level spectra. The satellite feature is indicated with an arrow.

Fig. 13. SEM micrographs of the manganese aluminates (20 u) samples: a) MnAl,O4 — 5, b) MnAl,O4 — 10, and ¢) MnAl,0,4 — 20. The morphology does not vary in the

Mn concentration range studied.

caused by an interaction between the electrons in the d orbitals of
manganese and the crystal field in which it is embedded, characteristic
of the presence of Mn?™.

4.2.4. Absorbance

Manganese aluminate does not have significant optical properties in
the visible absorption spectrum (Vis) (Fig. 14); being an opaque or semi-
translucent powder, it does not show distinct absorption or transmission
in this wavelength range. The UV-Vis spectrum is commonly used to
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Fig. 14. The absorption spectrum in the visible region of manganese alumi-
nates. The spectra have a broad band centered at ~510 nm.

analyze the light absorption by substances at different wavelengths.
However, in the case of galaxite, light cannot pass through the material
due to its opacity, and no specific absorption in the Vis spectrum can be
attributed to it.

The broad band observed at ~510 nm in the absorption spectrum
was attributed to the 4T—>6A(6S) transition of Mn%" [66], which is a
high-spin to low-spin transition. In spectroscopic terms, “T refers to a
term with a spin multiplicity of 4 (tetraquartet), while 6A(®S) denotes a
term with a spin multiplicity of 6 (hexasextet) and with the contribution
of the orbital 6 s. Transitions from high to low spin are common in
transition metal ion systems. These transitions involve the redistribution
of electrons between orbitals of different energies, usually from d or-
bitals to p orbitals. A change in electron configuration and orbital
occupation occurs during the transition from high to low spin. The en-
ergy released or absorbed in this transition corresponds to the energy
difference between the two electronic states. Each transition system and
ion has its characteristics and behaviors, which can result in different
observed electronic transitions [67]. The observation of Mn2t agrees
with the XPS results, indicating that the obtained manganese aluminate
is rich in Mn2" ions in the galaxite phase observed by XRD. These Mn*"
ions are responsible for imparting the brown color to the pigment.

MnAl,O, -5

MnAl,O,- 20

MnAl,O,- 10

Fig. 15. Photographic image of manganese aluminates in powder form and
after its dispersion in white commercial paint and applications in plaster blocks.



D.F.L. Horsth et al.

4.2.5. Colorimetry

The pigments are brown before and after dispersion and application
(Fig. 15). Brown is a tertiary color usually associated with earthy and
natural tones, and it plays an essential role in conveying feelings of
connection to nature, stability, authenticity, elegance, and versatility. It
adds depth, warmth, and a sense of visual balance to objects and places
dispersion in white acrylic paint and application on plaster surfaces.

The CIEL*a*b* color model comprises three components: L* , a*,
and b* . These components represent luminosity (L*), position on the
red-green axis (a*), and position on the yellow-blue axis (b*). The value
of L* ranges from O (black) to 100 (white), while the values of a* and
b* range from — 128-127 [68]. In Table 4, it is possible to observe that
all samples have positive values for both a* and b* . Therefore, they are
arranged in the red/yellow quadrant (Fig. 16). C* chromaticity is used
to describe the intensity or saturation of the color. It represents the
distance between a point in the L*a*b* color space and the lightness axis
(L*) [68]. In this work, the chromaticity increases as the percentage of
coloring ion (Mn) increases, confirming that the color depends directly
on the coloring ion both in hue and saturation.

4.2.6. Color stability

After dispersion in a commercial water-based acrylic white paint and
application on a plaster surface, the color stability of the pigments in
aggressive environments (acid and alkaline) with an exposure of 240 h
was evaluated. The total color difference (AE) was calculated by
comparing no exposed and exposed samples synthesized with the same
parameters (Table 5). Total color difference (AE) is a measure used to
quantify the color difference between two samples or colors. A total
color difference (AE) value close to zero indicates a close match or an
unnoticeable color difference. The higher the AE value, the greater the
color difference between the samples. Generally, a AE less than one is
considered an imperceptible difference, while a AE above 3 or 4 can be
easily discernible to the human eye [69]. The white (commercial
water-based acrylic) paint was exposed to the same environments for the
same amount of time. In both environments, the sample that presented
the best performance (smallest color difference, higher stability) was the
sample MnAl,O4 — 10, showing that the percentage of 10% manganese
(Mn) and less amount of sodium led to the most stable sample against
aggressive environments. However, the values obtained were generally
low and close to 1, i.e., the color variation is nearly imperceptible to the
human eye.

4.2.7. NIR reflectance

Heat reflectance is an essential characteristic of architectural paints
for mitigating urban heat island effects. In this context, the NIR reflec-
tance of the MnAl;04 — 10, the most stable sample, is shown in Fig. 17.
The bands in the NIR spectrum associated with the Mn?* ion are related
to electronic transitions between the energy levels of the d electrons of
manganese due to the crystal field around it. The solar reflectance (R*)
in the wavelength range of 780-2500 nm was calculated according to
the standard ASTM E 891-87 [70]1, as described in the literature [71].
The value of R is determined by equation (1):

Table 4
Colorimetric parameters of manganese aluminates in powder form.

Sample Colorimetric Parameters

L* a* b* C* h*
MnAl,O4 - 5 35.5 5.8 11.7 13.1 63.8
MnAl,O4 - 10 34.0 9.4 12.1 15.4 52.1

MnAl,O4 — 20 36.5 14.6 13.3 19.8 42.2
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where r()) is the experimentally obtained spectral reflectance (W m 2
and I (A) is the solar spectral irradiance (W m~2 nmfl) obtained from
ASTM standard E891-87 [71].

Based on the emission spectra for the NIR and the typical Mn?*
absorbance spectrum in MnAl,04 (Fig. 14), the NIR emission cannot be
attributed to the other valence states of Mn (such as Mn®*, Mn**, Mn®>®
or Mn®"). The similar excitation spectra for the VIS and NIR emissions
indicate that the NIR emission should also be related to the Mn?* [72].
Due to the interaction with the crystal field around the Mn?* ion, the d-d
transitions occur over a wide range of energies, resulting in broad bands
in the NIR [73].

Reports show that the near-infrared (NIR) reflectance of other brown
pigments, such as the iron chocolate brown pigment (R*=33%) and the
dark brown BiFeOs pigment (R*=43%), is lower than the NIR reflec-
tance obtained in this study (R*=50%) [65]. Thus, it can be inferred that
the pigment MnAl,O4— 10 exhibits higher efficiency in absorbing
minimal solar heat, thereby reducing heat in environments where sur-
faces are exposed to direct sunlight. As a result, the MnAl»04-10 pigment
can potentially decrease cooling loads on buildings, ultimately reducing
energy consumption required to maintain comfortable indoor
temperatures.

5. Conclusion

In conclusion, our study demonstrated the successful recycling of
aluminum can seals to produce a boehmite-like precursor for synthe-
sizing an inorganic brown pigment. The characterization of the
aluminum can seal revealed the presence of a coating containing mainly
carbon at the can seal surface associated with a finishing sealant. The
proposed sustainable synthetic route used to obtain boehmite-like was
efficient. The obtained boehmite-like powder has a lower dihydrox-
ylation temperature than reported in the literature, making it a good
precursor for alumina due to the lower energy needed for the phase
transformation. The synthesized material also showed promising ther-
mal stability and optical properties, making it suitable for various ap-
plications, such as liquid crystal displays, biological markers, and
photodetectors. Furthermore, our X-ray diffraction analysis confirmed
the successful transformation of boehmite-like to galaxite phase man-
ganese aluminate. The pigment synthesized from this material showed
excellent color stability in aggressive environments, with the MnAl;O4 —
10 sample having the most stable color. The evaluation of color stability
was associated with a lower amount of sodium chloride in its
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Table 5
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Colorimetric parameters of the plaster surface painted with the commercial water-based acrylic white paint pigmented with manganese aluminates after 240 h of
exposure to aggressive environments. Photography of the painted surfaces, the color difference before and after exposure is nearly imperceptible to the human eye.

Environment Sample Colorimetric Parameters
L* ax b c* h AE Photo

Acid White paint — 240 h 96.8 0.4 1.2 1.3 71.3 1.3
5-240h 81.2 2.9 5.8 6.6 64.0 1.2
10-240h 80.4 3.0 4.6 5.5 57.1 0.9
20-240 h 77.4 3.7 5.3 6.5 55.5 1.6

Alkali White paint — 240 h 95.6 0.3 1.0 1.1 73.3 0.9
5-240 h 80.8 2.5 5.3 5.8 65.0 1.2
10-240h 79.5 3.1 5.2 6.1 59.1 0.7
20-240 h 76.7 3.7 5.3 6.5 55.1 1.0

0.6 section (can seal untreated) at different magnitudes.
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Fig. 17. NIR solar reflectance spectrum of the MnAl,04 — 10 sample.

composition. Our investigation also revealed that the pigment obtained
via can seal recycling has high near-infrared reflectance, making it an
option for interior and exterior applications. Our study provides a
promising alternative for sustainable pigment production and recycling
of aluminum can seals.

Supporting information
Supporting Information File 1: Fig. S1: micrographs of the top of the

polished cross-section cut of aluminum can seal at different magnifica-
tions; Fig. S2: Micrographs of the can seal before polishing and cross-
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