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blue aluminates obtained from
recycling and applied as pigments

Dienifer F. L. Horsth, *ab Julia de O. Primo,ab Nayara Balaba,b Fauze J. Anaissi b

and Carla Bittencourt *a

Aluminates have been used as synthetic inorganic pigments due to their structural stability. In this context,

we report on the synthesis of blue aluminates obtained from the boehmite combination with Co2+ and Ni2+

ions and calcination at 1000 °C. The boehmite was obtained from recycling aluminummetal from can seals.

The aluminates were characterized by X-ray diffractometry (XRD) and Raman spectroscopy. The oxidation

state of the ions responsible for the color was evaluated by XPS and UV-vis, suggesting the presence of

divalent Co and Ni ions. Colorimetry confirmed the blue coloration and different shades. The

colorimetric stability of the blue aluminates in harsh environments for pigments was evaluated. Both

pigments were stable after 240 hours of exposure, showing no strong color difference.
Sustainability spotlight

This work reports on the production of synthetic inorganic pigments from recycling aluminum can seals. In this way, it contributes to the circular economy
because the can seals leave the beverage industry and become part of the pigment industry (goal 9). In addition, the development of our research has the
potential to generate jobs (recyclable waste pickers) meeting the UN goals 1 and 8 of sustainable development, to preserve natural resources (goals 12 and 13),
and to promote partnerships (goal 17), as it involved educational institutions in Brazil and Belgium. Therefore, the subject of our study aims at promoting the
sustainable development.
1. Introduction

The circular economy aims at harmonizing the market, society
and the environment, with an ecologically correct vision. For
this purpose, it encourages the use of alternative secondary
resources such as a recycled material to obtain products.1

Within this context, a fully recyclable material is the aluminum
can; for each kilo of secondary (recycled) aluminum, about 5
kilos of bauxite are saved. Furthermore, for a ton of aluminum
recycled, 95% of the energy to produce the same amount of
primary aluminum is saved.1

Synthetic inorganic pigments have applications in different
areas due to their high hiding power, color stability, weather
resistance, and surface protection.2 The doping of metallic
oxides with coloring ions has been the most used strategy for
their synthesis.3,4 Both structural and physicochemical proper-
ties of the pigments depend on the precursors and synthetic
routes used.5 Some metal oxides widely used as a matrix for
pigments are titanium, aluminum, zirconium, and silicon
oxide.6 The attribution of color to these matrices occurs with the
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insertion of chromophore ions; transition metals such as V, Cr,
Mn, Fe, Co, Ni, and Cu are commonly used for this purpose.7 In
general, the use of inorganic compounds tends to increase the
chemical and physical stability of the pigments,8 ensuring
greater durability.

The cobalt blue pigment with spinel structure (CoAl2O4) is
known to be an environmentally friendly blue pigment.9 In
addition, this pigment can be applied in various areas, such as
ceramic pigment,10 anti-corrosion inks,11 in printing ink,12 and
as a near-infrared reection pigment.13 Another way to produce
blue colored pigment is to use the transition ion Co2+ to Ni2+,
resulting in different shades of blue. However, it is necessary to
nd a stable structure for these ions.14 In this context, there is
the possibility of preparing aluminates.

Aluminates have been widely used as dyes and pigments due
to their structural arrangement in the spinel form (A2+B2

3+O4
2−)

that allows the insertion of chromophore ions, which guarantee
intense color and high thermal stability, in addition to resis-
tance to chemically aggressive environments.15,16 The synthetic
routes most used to obtain aluminates are coprecipitation,17

mixed oxide calcination,18 solid-state reactions,19 and the sol–
gel method.20 In addition, there is the possibility of recycling
aluminum to be used as a pigment precursor,17 providing
a more sustainable synthesis compatible with the circular
economy concept, which is based on reducing, repairing, recy-
cling, remanufacturing, and redirecting the materials life
RSC Sustainability, 2023, 1, 159–166 | 159
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Fig. 2 Scheme of the synthetic route used to obtain aluminates.
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cycle,21,22 contributing to the production of more sustainable
materials.

Within the context of circular economy, the objective of this
study is to evaluate the color stability in environments con-
taining hydrochloric acid (HCl) and sodium hydroxide (NaOH)
of blue aluminates obtained from recycled aluminum for their
application as synthetic inorganic pigments.

2. Material and methods
2.1 Synthesis of boehmite: metallic aluminum acid
digestion

Aluminum can seals were recycled through acid digestion using
hydrochloric acid (HCl) at a concentration of 1.1 mol L−1 and
a ratio of 1 g/100mL (Fig. 1). The reaction lasted about 24 hours,
which is the time necessary for the stabilization of the reaction
medium. The solution containing the Al3+ ions had an acid pH
of 0.35 17.

2.2 Obtaining boehmite (g-AlOOH)

To obtain the boehmite phase (Fig. 1), the pH of the solution
containing Al3+ ions was modied through the addition of
sodium hydroxide (NaOH) by dripping until pH 8, referring to
the formation of the phase of interest. Aer precipitation, the
oxide-hydroxide was vacuum ltered and oven dried at 70 °
C.17,23

2.3 Boehmite purication

For purication (Fig. 1), the obtained product was washed in
hot water to solubilize and remove sodium chloride (secondary
product of the reaction). Aer this step, the boehmite was
ltered and dried at 70 °C.17,23 To obtain the white sample, the
boehmite was calcined at 1000 °C.

2.4 Aluminates synthesis

Transition metal chlorides (coloring ion): CoCl2 and NiCl2 were
used to obtain blue aluminates (Fig. 2). First, the transition
metal chloride (10% in relation to the total mass of boehmite
powder (m m−1)) is added to 50 mL of water. Then, 3 g of
boehmite is added and le under constant stirring (600 rpm) for
24 hours. Aer this period, the mixture is calcined at 1000 °C,
macerated, and stored. The obtained materials were labeled
CoAl2O4 and NiAl2O4, respectively.
Fig. 1 Scheme of the synthetic route used to obtain boehmite.
(Adapted from ref. 23).
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2.5 Application as pigments

For application as a pigment, the aluminate samples were
dispersed in white paint (10% aluminate, 90% white paint)
prepared in the proportion of 2 : 1 paint : water.17 The mixture
was applied on plaster substrates and painted with two paint
coats, according to the manufacturer's instructions.

2.6 Color stability

The color stability test was carried out in acidic and alkaline
environments, using desiccators as a controlled experimental
environment. Separately, Petri dishes with hydrochloric acid
(HCl) or sodium hydroxide (NaOH) were placed in different
desiccators in order to mimic aggressive environments with
vapors.24 The coated substrates, the plaster blocks, were added
to the desiccators; further, these were sealed. Colorimetric
measurements were performed before the test and aer 120 and
240 hours in order to verify the colorimetric stability of the
aluminates applied as synthetic inorganic pigments.

2.7 Characterization

The samples were characterized by X-ray diffraction (XRD),
carried out in a Bruker D2 Phaser diffractometer, which uses
a copper cathode with copper ka emission (l = 1.5418 Å) and
equipped with a LynxEye high-performance detector, with
a power of 300 W. A scanning electron microscope Hitachi
SU8020 SEM was used to obtain morphology information. The
oxidation state and chemical composition of the aluminates
were evaluated by X-ray photoelectron spectroscopy (XPS) (Ver-
saprobe PHI 5000, from Physical Electronics, Chanhassen, MN,
USA), equipped with a monochromatic Al Ka X-ray source. The
spectra were analyzed using the CASA-XPS soware, and the
binding energy of the XPS spectra was calibrated using the C 1s
peak at 284.6 eV.25 Multipack version 9.8 soware (ULVAC-PHI,
2017, Chigasaki, Japan) was used to evaluate the relative
composition of the elements. Raman spectra were recorded
using a micro-Raman system (Senterra Bruker Optik GmbH,
Massachusetts, USA), l = 532 nm, laser power 10 mW. The
visible spectra were obtained using the Ocean Optics spectro-
photometer (USB 2000), equipped with optical ber, tungsten–
halogen source, and silicon (350–720 nm) and germanium
(720–1050 nm) detectors.

The colorimetric analysis was performed on the pigments in
the form of powder, and aer application on the plaster
substrate, a portable colorimeter (3nh, model NR60CP) with
a D65 light source. The data representative of colorimetric
(CIEL*a*b*) analyses are: the L* parameter is the brightness
and ranges from 0 to 100. The parameter a* represents the
variation between red and green, where +a tends to red and−a*
© 2023 The Author(s). Published by the Royal Society of Chemistry
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tends to green. The parameter b* is the variation between blue
and yellow, where +b* tends to yellow and −b* tends to blue.17

The h* parameter refers to the hue angle (tan−1 b*/a*).26 The
value of C* ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a*

2 þ b*
2

p
Þ is the chroma and represents the color

saturation of the samples.26 The total color deviation is
expressed by the value of DE, which was created by the CIE to
designate a metric distance and can be calculated using

equation DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL*Þ2 þ ðDa*Þ2 þ ðDb*Þ2

q
.

3. Results and discussion
3.1 X-ray diffractometry (XRD)

The obtention boehmite phase was conrmed by the crystallo-
graphic chart [96-901-22-49] (Fig. 3a). The pristine Al2O3 sample
(Fig. 3b) shows the crystallographic phase q – Al2O3, this phase
is obtained when boehmite is calcined above 900 °C.27 The XRD
pattern of the CoAl2O4 sample (Fig. 3c), suggests the formation
of the cobalt aluminate spinel [96-900-5204] crystallographic
phase. This phase presents a cubic arrangement,28 where the
divalent cations (Co2+) occupy 1/8 of the tetrahedral sites of this
structure.15 Whereas in the XRD of the NiAl2O4 sample (Fig. 3d),
only the crystallographic phase of nickel aluminate [96-900-
1433] was observed.29 The homogeneous coloration observed
in the samples is associated with the formation of monophase
aluminates since there is no presence of possible interferents
such as Al2O3.15 The aluminates obtention samples caused
a decrease in crystallinity (Table 1) compared to the Al2O3
Fig. 3 Sample diffractograms: (a) boehmite, (b)Al2O3, (c) CoAl2O4

(cobalt aluminate), and (c) NiAl2O4 (nickel aluminate).

Table 1 Phase, crystallographic chart, crystallinity of the samples

Sample Phase Chart
Crystallinity
(%)

Al2O3 q – Al2O3 [96-120-0006] 63.9
CoAl2O4 Spinel – CoAl2O4 [96-900-5204] 30.8
NiAl2O4 Spinel – NiAl2O4 [96-900-1433] 58.7

© 2023 The Author(s). Published by the Royal Society of Chemistry
sample due to the difference in the ionic radius of these metals
that can cause deformations in the crystal lattice.30

3.2 Raman spectroscopy

Raman spectroscopy allows the characterization of both crys-
talline as well as low-crystallinity materials such as CoAl2O4,
therefore Raman spectroscopy was used to verify the suggested
structures by XRD. The Raman spectra (Fig. 4) show bands at
low frequencies (centered at 250 cm−1 for Al2O3 (Fig. 4a),
198 cm−1 for CoAl2O4 (Fig. 4b), 373 cm−1 for NiAl2O4 (Fig. 4c))
that were attributed to the Al–O octahedral vibration,31,32 as well
as a low-intensity band near 500 cm−1 that was attributed to
metal–oxygen bonding, specically to the symmetrical Al–O
stretching related to octahedral groups,17,33 verifying the X-ray
diffractometry results. Bands near 400 cm−1 (Fig. 4b and c)
refer to Al–O vibrations, indicating greater organization in
normal spinel-like structures.15 In the NiAl2O4 sample, the
signal extending from ∼470 to 650 was associated with the
normal cubic spinel Fd3m of NiAl2O4.34 The low-intensity band
centered at 780 cm−1 can be associated with metal–Ni–oxygen
bonds.17,35 The effect of tetrahedral cation substitution on the
Raman bands can be evaluated, through the analyses of the
internal vibrations of the AlO6 octahedron and/or A2+O4 tetra-
hedron. The Raman shi of the F2g mode varies linearly with the
radius of the tetrahedral cation, being 0.65 Å for cobalt and 0.69
Å for nickel. According to the literature, the F2g mode is
assigned to AO4 within the spinel structure. The A1g mode
Raman shi varies signicantly less than in the other modes.
This Raman mode reveals a minor dependence on the type of
divalent cation, although it has been attributed to the A2+-O
stretching vibration of the AlO4 groups.36,37

3.3 Scanning electron microscopy (SEM)

The Al2O3 sample (Fig. 5a) is characterized by large particles
with a rough and irregular surface, with an average particle size
equal to 8.2 mm. The SEM image of the cobalt aluminate sample
(Fig. 5c) shows large particles with an average size value of 7.6
mm. It can be observed that smaller particles (with a size of
Fig. 4 Raman spectroscopy of samples: (a) Al2O3 (alumina), (b)
CoAl2O4 (cobalt aluminate), and (c) NiAl2O4 (nickel aluminate).

RSC Sustainability, 2023, 1, 159–166 | 161
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Table 2 Aluminates composition obtained from XPS spectra

Sample

Atomic (%)

Al O Co Ni

Al2O3 32.6 67.4 — —
CoAl2O4 31.8 64.2 3.9 —
NiAl2O4 28.4 66.7 — 4.9

Fig. 5 Scanning electron microscopy images of samples: (a) Al2O3, (b)
Al2O3, (c) histogram of Al2O3 particle size distribution, (d) CoAl2O4, (e)
CoAl2O4, (f) histogram of CoAl2O4 particle size distribution, (g)
NiAl2O4, (h) NiAl2O4, and (i) histogram of NiAl2O4 particle size distri-
bution. In the high magnification SEM images, we can observe the
presence of grooves all over the surface of the particles.
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approximately 0.18 mm) are distributed over the surface
(Fig. 5d). For the nickel aluminate sample, the observed average
particle size was ∼2.6 mm. The difference in particle size among
the samples can be attributed to structural disorder, resulting
from different ionic radii of the cations and particle
clustering.38
Fig. 7 XPS spectra: (a) Al2p – Al2O3 (alumina), (b) Al2p – CoAl2O4

(cobalt aluminate), (c) Co2p – CoAl2O4 (cobalt aluminate), (d) Al2p –
NiAl2O4 (nickel aluminate), and (e) Ni2p – NiAl2O4 (nickel aluminate).
3.4 X-ray photoelectron spectroscopy (XPS)

The Al2O3, CoAl2O4, and NiAl2O4 XPS survey spectra are pre-
sented in Fig. 6, the chemical elements found are labeled, and
the elemental quantication is presented in Table 2. The XPS
spectra recorded in the Al 2p region (Fig. 7a, b and d) show
a peak tted with two components centered at 73.6 eV and 74.0
of binding energy, generated by photoelectrons emitted from
Fig. 6 XPS survey spectra of samples: (a) Al2O3 (alumina), (b) CoAl2O4

(cobalt aluminate) and (c) NiAl2O4 (nickel aluminate).

162 | RSC Sustainability, 2023, 1, 159–166
the Al 2p3/2 and Al 2p1/2 electronic levels respectively. These
indicate the presence of Al2O3 in all samples.35,40

The Co 2p spectrum (Fig. 7c) shows a peak centered at
780.7 eV (Co 2p3/2) with a wide satellite at 786.2 eV, and the
main peak can be reproduced by two components characteristic
of cobalt aluminate, corroborating with the XRD data and
conrming the presence of Co2+,41,42 which is typical of high-
spin divalent cobalt.42 Furthermore, the high-resolution Ni 2p
spectrum (Fig. 7e) is characteristic of Ni2+ with the Ni 2p3/2
component centered at 855.8 eV and a satellite at 862.0 eV.43 The
distance between the main peak and its satellite is approxi-
mately 6.0 eV, which coincides with the reference values for
nickel aluminates.39,44
3.5 UV-vis absorbance

The Al2O3 sample (Fig. 8a) is a white powder and therefore
shows no bands in the visible region.17 The triplet band
observed in the CoAl2O4 sample (Fig. 8b) centered at ∼540, 580,
and 640 nm was reported to be related to the 4A2 (F) /

4T1 (P)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Absorption spectra in the visible region: (a) Al2O3 (alumina), (b)
CoAl2O4 (cobalt aluminate) and (c) NiAl2O4 (nickel aluminate).
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transition of cobalt ions in a tetrahedral arrangement, con-
rming the obtention of CoAl2O4.45 The bands observed at
approximately 590 and 640 nm in the NiAl2O4 sample (Fig. 8c)
were attributed to the 3T1 (F) / 3T1 (P) transitions, corre-
sponding to tetrahedral nickel,46 characteristic of the spinel
phase of this aluminate, verifying the XRD results.
Table 3 Aluminates colorimetric parameters

Sample

Colorimetric parameters

L* a* b* C* h* DE Photo

Al2O3 79.8 0.5 9.4 9.4 87.2 —

CoAl2O4 13.0 11.8 −43.4 45.0 285.3 85.9

NiAl2O4 42.5 −14.4 −8.7 16.8 211.3 44.0

Fig. 9 Distribution of Al2O3 (alumina), CoAl2O4 (cobalt aluminate), and
NiAl2O4 (nickel aluminate) in 3D CIEL*a*b* color space.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.6 Colorimetry

Regarding the colorimetric parameters (Table 3), the most
luminous sample was the pristine Al2O3 (79.75); this was also
the sample with the lowest chromaticity (C*). The highest
chromaticity was observed in CoAl2O4, and it presented the
lowest luminosity (21.00). The addition of dopants made the
color difference very strong in the samples compared to the
Al2O3 sample, varying the chromatic parameters and,
Fig. 11 Al2O3 (alumina), CoAl2O4 (cobalt aluminate), and NiAl2O4

(nickel aluminate) distribution according to hue color.

Fig. 12 Reflection spectra in the visible region: (a) Al2O3 (alumina), (b)
CoAl2O4 (cobalt aluminate), and (c) NiAl2O4 (nickel aluminate).

Fig. 10 Al2O3 (alumina), CoAl2O4 (cobalt aluminate), and NiAl2O4

(nickel aluminates) distribution according to color quadrant.

RSC Sustainability, 2023, 1, 159–166 | 163
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Table 4 Aluminates colorimetric parameters after application

Sample

Colorimetric parameters

L* a* b* C* h* DE Photo

White paint 95.8 −0.5 1.5 1.6 109.2 —

Al2O3 93.7 −0.5 2.4 2.5 101.4 2.3

CoAl2O4 85.7 −3.4 −8.3 8.9 247.9 14.8

NiAl2O4 89.5 −3.3 −0.4 3.3 186.3 7.1
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consequently, modifying the color,17 as observed in the distri-
bution of aluminates within the 3D color space (Fig. 9). The
CoAl2O4 sample is in the red/blue (+a/−b) quadrant, and
NiAl2O4 in green/blue (−a/−b) (Fig. 10), corroborating the hue
values (h*) (285.25 and 211.33) observed.47 The hue refers to the
pure color of the material, and its tonality, without considering
white and black.47 Aluminates are present in different shades of
blue of the hue, as shown in Fig. 11, demonstrating the
Table 5 Colorimetric parameters of aluminates after 120 and 240 hour

Environment Sample

Colorimetric parameter

L* a*

Acid Al2O3 – 120 h 93.3 −0.5

Al2O3 – 240 h 94.3 −0.4

CoAl2O4 – 120 h 85.6 −3.4

CoAl2O4 – 240 h 87.2 −3.4

NiAl2O4 – 120 h 91.1 −3.4

NiAl2O4 – 240 h 92.2 −3.5

Alkali Al2O3 – 120 h 93.6 −0.4

Al2O3 – 240 h 94.4 −0.3

CoAl2O4 – 120 h 86.2 −3.3

CoAl2O4 – 240 h 86.6 −3.4

NiAl2O4 – 120 h 91.2 −3.1

NiAl2O4 – 240 h 86.5 −0.6

164 | RSC Sustainability, 2023, 1, 159–166
possibility of obtaining pigments in different colors through
simple synthesis and recycling.
3.7 UV-vis reectance

The Al2O3 sample (Fig. 12a) showed high reectance, conrm-
ing the high luminosity observed in the colorimetric analysis.
Furthermore, the yellowish hue of the Al pigment was
conrmed by the broadband from ∼500 nm. The bluish hue of
CoAl2O4 is conrmed by the broadband in the blue region of the
visible spectrum (Fig. 12b). In the NiAl2O4 sample, the shi
towards red in this band (Fig. 12c) justies its blue-green
coloration, with negative colorimetric parameters a* and b*.
3.8 Pigments application

3.8.1 Colorimetry. The colorimetry performed aer
dispersion in paint and application in plaster presented the
colorimetric parameters described in Table 4, and all samples
obtained luminosity above 85; therefore, they are all luminous
samples. The chromatic parameters (a* and b*) decreased in
relation to the colorimetry performed in the powder form, as
well as the chromaticity (C*), due to the presence of the white
matrix in the commercial paint.17 The hue values (h*)
decreased, however, the samples remained in the same hue
color. Regarding the white paint, the colored samples showed
a very strong total color difference (DE), while the white Al
sample showed a clear difference.

3.8.2 Color stability. A comparative color study (DE) (Table
5) of the applied pigments was performed before, aer 120, and
s in an acid and alkaline environment

s

b* C* h* DE Photo

2.2 2.20 103.1 0.5

2.1 2.11 100.6 0.7

−8.4 9.09 247.9 0.2

−8.4 9.04 247.7 1.5

−0.4 3.38 187.0 1.6

−0.3 3.48 184.4 2.7

2.4 2.38 99.2 0.2

2.2 2.20 98.2 0.7

−8.5 9.09 248.7 0.5

−8.7 9.34 248.68 1.0

−0.2 3.08 182.9 1.7

2.3 2.35 103.9 4.8

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Color stability DE vs. sample exposure time in the different
environments studied: (a) acid environment and (b) alkali environment.
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240 hours of exposure to acid and alkaline environments. In
general, it was observed that the color difference increased aer
240 hours of exposure. However, none of the samples showed
a very strong color difference under any conditions studied,
demonstrating colorimetric stability.17 The white sample Al2O3

at 120 hours showed greater stability in the alkaline environ-
ment. However, the color variation increased by 0.55 aer 240
hours, while in an acid environment, it varied by only 0.21,
indicating greater stability aer a longer period of exposure. For
the CoAl2O4 sample, the highest stability was observed in an
alkaline environment, varying by only 0.52. In both environ-
ments, the observed color variation can be considered weak.17

Whereas for the NiAl2O4 sample, the acidic environment was
more stable and had a variation of 1.13. The biggest difference
was observed in the NiAl2O4 sample aer 240 h in alkali envi-
ronment with DE= 4.8 and large variation in hue (from 182.9 to
103.9). In general, the color of the pigments was not drastically
affected, demonstrating the good color stability of these
compounds. This was due to the structural arrangement of
aluminates in the spinel form, which is stable even in harsh
environments.15,48 Fig. 13 shows the graph DE vs. exposure time
of the samples in both environments studied, and it is possible
to see that the least stable coloration in both environments was
the one obtained with the NiAl2O4 sample, indicating lower
stability compared to cobalt aluminate. This may be due to the
lower stability of the normal nickel spinel, which is more stable
in the inverse spinel form,49 or the chemical nature of this
compound.
4. Conclusions

X-ray diffractometry data indicated that boehmite was
successfully formed, and the addition of coloring ions followed
by calcination at 1000 °C generated cobalt and nickel alumi-
nates. The oxidation state (2+) of the ions responsible for the
coloration was conrmed by UV-vis and XPS. The colorimetry
indicates that through a synthesis strategy using recycling as
a rst step, blue aluminates can be obtained. Their color is
distributed in different color quadrants, with CoAl2O4 in the
blue/red quadrant and NiAl2O4 in the blue/green quadrant, as
they have different shades of hue. The pigments show color
stability in acid and alkaline environments, with minor color
variation in the time range studied; this characteristic can be
associated with the stability of spinel-like structures, which was
conrmed by Raman spectroscopy.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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