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Green synthesis with Aloe Vera of MgAl:O4 substituted by Mn and without calcination
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Abstract

Magnesium aluminates (MgAl.O4) with Mn substituting sites A and B were synthesized by the microwave-assisted
combustion method applying high power (900 W) using Aloe Vera as a green chelating agent. The study evaluated the
effect of the presence of Aloe Vera and the subsequent heat treatment on the structural characteristics of spinel powders
by X-ray diffraction (XRD). The effect of heat treatment was evaluated in two ways: with and without calcination. The
results showed that the substitutes occurred forming the following phases: Mgo.21Mn2.36Al0.4304, Mgo.13MnN2.63Al0.2504,
Mgo.31Mn2.06Al0.6304 substituting site A; and MgMn1 gsAlo.1304 and MgMn 7sAlg 2504 substituting site B. The presence
of Mn and Aloe Vera ions affected the spinel crystal structure. The crystallinity degree is less intense when the
magnesium aluminate was substituted by the Mn ion due to the amount of deformations in the crystal system induced
by the substituent ion. However, the calcination of the powders increased the crystallinity degree in all scenarios.
Furthermore, the substitution caused alteration in the lattice parameters due to the difference between the ionic radius
of the substituent and the Mg?* or AI®* ion evidenced in the positions of 20. The spinel cubic phase was found in most
materials, although the tetrahedral phase was observed in some Mn-substituted structures. The crystallite sizes of the
powders were influenced by the presence of phytochemicals present in Aloe Vera. A decrease in crystallite size was
observed when the materials were calcined as a result of the gasification of biomolecules from the plant extract.
However, these biomolecules help in dissociating precursors, albeit slowly, which prevented crystallite growth. The use
of Aloe Vera as a chelating agent proved to be efficient in the synthesis of magnesium aluminate spinels, pointing out
the synthesized material as a promising route for the green synthesis field.

Keywords: MgAl,O4; Aloe vera; Microwave-assisted combustion method; Mn.

Resumo

Aluminatos de magnésio (MgAl,0) com Mn substituindo os sitios A e B foram sintetizados através do método de
combustdo assistida por micro-ondas aplicando alta poténcia (900 W) utilizando a Aloe Vera como agente quelante
verde. O estudo avaliou o efeito da presenca da Aloe Vera e do tratamento térmico subsequente nas caracteristicas
estruturais dos p6s de espinélios através de difracdo de raios X (DRX). O efeito do tratamento térmico foi avaliado em
duas formas: com e sem calcinacdo. Os resultados apontaram que as substitui¢des ocorreram formando as seguintes
fases Mgoylen2,35A|o,4304, Mgovlsan,egAlo,zsom Mgo,san2,05A|0,6304, substituindo o sitio A. E MgMn1,38A|O,1304 e
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MgMn;1,75Alo 2504, substituindo o sitio B. A presenca dos ions Mn e Aloe Vera afetaram a estrutura cristalina do
espinélio. O grau de cristalinidade é menos intenso quando o aluminato de magnésio foi substituido pelo ion de Mn,
pela quantidade de deformagdes sistema cristalino induzidas pelo ion substituinte. Entretanto, a calcinagéo dos pds
aumentou o grau de cristalinidade em todos os cenarios. Além disso, a substituicdo causou alteracéo nos parametros de
rede em virtude da diferenca entre o raio iénico do substituinte e o fon de Mg?* ou Al**, sendo evidenciado nas posicdes
de 26. A fase cubica do espinélio foi encontrada na maioria dos materiais, embora a fase tetraédrica foi observada em
algumas estruturas substituidas com Mn. Os tamanhos dos cristalitos dos pds foram influenciados pela presenca de
fitoquimicos presentes na Aloe Vera. Foi observado uma diminuicdo do tamanho do cristalito quando os materiais foram
calcinados em decorréncia da gaseificacdo de biomoléculas oriundas do extrato vegetal. Entretanto, estas biomoléculas
ajudam na dissociacdo dos precursores, embora seja de forma lenta, o que impediu o crescimento do cristalito. O uso
de Aloe Vera como agente quelante se mostrou eficiente na sintese dos espinélios de aluminato de magnésio, apontando
0 material sintetizado como uma via promissora para o campo da sintese verde.

Palavras-chave: MgAl,O4; Aloe vera; Combustdo por microondas; Mn.

Resumen

Los aluminatos de magnesio (MgAI204) con Mn reemplazando los sitios A y B fueron sintetizados por el método de
combustion asistida por microondas aplicando alta potencia (900 W) utilizando Aloe Vera como agente quelante verde.
El estudio evalu6 el efecto de la presencia de Aloe Vera y el posterior tratamiento térmico sobre las caracteristicas
estructurales de los polvos de espinela por difraccion de rayos X (XRD). El efecto del tratamiento térmico se evalué de
dos formas: con y sin calcinacion. Los resultados mostraron que las sustituciones ocurrieron formando las siguientes
fases Mgo,leﬂ2,35A|o,4304, Mgovlen2,63A|o,2504, Mgo,31Mn2,oeA|o,6304, reemplazando elsitio A. Y MgMﬂ1,88A|o,1304 Yy
MgMn1,7sAl02504, reemplazando el sitio B. La presencia de iones Mn y Aloe Vera afectd la estructura cristalina de la
espinela. El grado de cristalinidad es menos intenso cuando el aluminato de magnesio fue reemplazado por el ion Mn,
debido a la cantidad de deformaciones en el sistema cristalino inducidas por el ion sustituyente. Sin embargo, la
calcinacién de los polvos aumentd el grado de cristalinidad en todos los escenarios. Ademas, la sustitucién provoco
alteracion en los parametros de la red debido a la diferencia entre el radio iénico del sustituyente y el ion de Mg? o AP},
evidenciandose en las posiciones de 26. La fase cbica de la espinela se encontrd en la mayoria de los materiales, aunque
la fase tetraédrica se observd en algunas estructuras sustituidas con Mn. Los tamafios de cristalitos de los polvos fueron
influenciados por la presencia de fitoquimicos presentes en el Aloe Vera. Se observé una disminucién en el tamafio de
los cristalitos cuando los materiales fueron calcinados como resultado de la gasificacion de las biomoléculas del extracto
vegetal. Sin embargo, estas biomoléculas ayudan en la disociacion de precursores, aunque lentamente, lo que impidio
el crecimiento de cristalitos. El uso de Aloe Vera como agente quelante demostrd ser eficiente en la sintesis de espinelas
de aluminato de magnesio, sefialando el material sintetizado como una ruta prometedora para el campo de la sintesis
verde.

Palabras clave: MgAI204; Aloe vera; Combustién de microondas; Mn.

1. Introduction

Magnesium aluminate spinel (MgAl.0.) has a peculiar combination of interesting properties which gives it a prominent
position in the research of the scientific community, such as high melting point (2135°C), good mechanical strength at both room
temperature (135-216 MPa), and at more severe temperatures (120-205Mpa at 1300°C), relatively low density (3.48 g.cm™),
high resistance to chemical attack, low dielectric constant, excellent optical properties, good catalytic properties and low thermal
expansion (Ganesh, 2013). In addition, MgAIl.O4 has low acidity, satisfactory hydrothermal stability, good interaction with the
active species (Govindarajan & Roy, 2020), expressive chemical inertia, high mechanical strength and high thermal stability (Yu
etal., 2021). Therefore, magnesium aluminate has been widely used in industrial applications (Alvar et al., 2010) as catalysts or
catalyst supports in environmental catalysis fields (Guo et al., 2004). The variety of properties of MgAl,O. is maximized due to
its structural complexity, so it is intuitive to consider that its processing plays a very important role. Given this, there are
numerous synthesis routes present in the literature. Among them, the solid-solid reaction (Khorramirad et al., 2018), (Rahmat et
al., 2018), hydrothermal synthesis (Jung et al., 2018), (R. Li et al., 2020), SOL-GEL (Sanjabi & Obeydavi, 2015), (Boroujerdnia
& Obeydavi, 2016), the Pechini method (Golyeva et al., 2018), (Golyeva et al., 2020) and microwave-assisted combustion
(Baghbanzadeh et al., 2011), (Ganesh et al., 2005), (Medeiros et al., 2016), (Yousefi et al., 2018); the latter stands out among
the cited syntheses because of its numerous advantages such as short synthesis time, low cost, simplicity and more uniform,

more crystalline and higher purity particulate production. In addition, the microwave-assisted combustion method requires less

2


http://dx.doi.org/10.33448/rsd-v11i6.28873

Research, Society and Development, v. 11, n. 6, €14411628873, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i6.28873

external energy (Carvalho et al., 2018). In addition to the advantages already mentioned, microwave heating in chemical
processes has another great potential, as it allows for more uniform temperature distribution in both time and space, high heat
and mass transfer in microstructured chemical reactors and higher reaction rates (Sturm et al., 2010).

The spinel is a structure which enables several modifications through other elements or by changing the reaction medium
in the synthesis. Thus, combining these variables can produce unique properties which open up possibilities for diverse
applications. The substitution of ions from both site A and site B can change the structural and physicochemical characteristics,
as well as the electrical properties. The literature points out many metal doping forms in MgAlI»Q4 to evaluate its structure and
applications (Alam et al., 2021), (Katheria et al., 2019), (Liu et al., 2021), (Sun et al., 2021), however, little is known about the
doping of Mn in magnesium aluminate. A study investigated the mixed doping of Mn and Fe in MgAI204, Ce0O2, ZrO2 and
Y203-ZrO2 for application and feasibility Chemical Looping Combustion (CLC) and Chemical Looping with Oxygen
Uncoupling (Azimi et al., 2014). In another research, the variation of the photoluminescence composition of Mn-doped
magnesium aluminate spinel was evaluated (Sakuma et al., 2014). Despite the records in the scientific community regarding
manganese ion doping in the spinel structure, the combined effects of substitution of sites A and B with the presence of natural
chelating agents, such as Aloe Vera extract, and without the need for calcination have not yet been studied.

The extract of Aloe barbadensis Mill, which is part of the Liliaceal family and popularly known as Aloe Vera, is normally
used for cosmetic and medicinal purposes (R H Davis, M G Leitner, 1988), however, the plant still has soothing,
immunomodulatory, protective properties against ultraviolet rays (Routray et al., 2019), promoting wound and burn healing
(Grindlay & Reynolds, 1986), and anti-inflammatory action (Reynolds & Dweck, 1999). This plant extract has more than 75
phytochemical compounds, which are arranged in vitamins (vitamin A, C, E and B12), enzymes (catalase and peroxidase),
minerals such as calcium, copper and selenium, anthroquinones, fatty acids, hormones, in addition to of salicylic acid, lignin,
saponins (Sanchez et al., 2020), alkaloids, phenols, flavonoids and terpenes (Kumar et al., 2017). These structural characteristics
of Aloe Vera make the extract promising for the synthesis of metal nanoparticles and metal oxides (Modanlou Juibari & Eslami,
2019), (Chandran et al., 2006), (LAOKULa et al., 2008). This form of synthesis using Aloe Vera as a biomaterial is more
ecological, safe and economical compared to more conventional chemical methods (Modanlou Juibari & Eslami, 2019). This
feature in the synthesis of biomolecules with the plant extract is also due to its ability to coordinate with metal ions, since these
ions are packaged in helical amylose, which casually leads to the formation of metal oxide (Ragupathi et al., 2014).

Therefore, the objective of this work is to prepare the MgAl,O, spinel substituting site A and site B by the Mn?* ion
(MgosMngsAIl04 and MgMng sAl1 504, respectively) and to correlate the effect of the presence of Aloe Vera extract as a chelating

agent together with heat treatment.

2. Method
2.1 Materials

First, the following were utilized: Mn(NO3)..4H20 (98%, 251.01 g/mol, Sigma Aldrich); AI(NO3)3.9H20 (98%, 275.13
g/mol, (Sigma Aldrich); Mg(NOs3),.6H,0 (98%, 256.41 g/mol, ISOFAR); CH4NO; (99%, 60.06 g/mol, VETEC), distilled water

and an aloe vera solution as the chelating agent.

2.2 Preparation of Aloe Vera Aqueous Extract

Freshly harvested leaves of Aloe barbadensis Mill (Aloe Vera) were washed with tap water. Then, the skin was removed
by means of a fine cut to preserve the internal gel, which was then sieved in a simple commercial sieve. After the resulting
gelatinous extract 100 mL of distilled water was added and stirred for 30 minutes at room temperature forming an aqueous

extract. Finally, the extract obtained was stored in a conventional refrigerator at a temperature of approximately 4°C until further
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use.

2.3 Support synthesis

First, the reagents were solubilized in 20 ml of distilled water or Aloe Vera, with 50% excess of urea, and then the
obtained solution was placed in a microwave oven using a power of 900 W to synthesize the pure MgAl.O4 using water or Aloe
Vera as the green chelating agent. The combustion reaction was observed within 3-4 min of exposure to microwaves. Part of the
powders obtained were calcined at 900°C for 3 hours at a rate of 10°C.min. The processes for doping with Mn were the same,
however, the precursor salt of the Mn?* ion was additionally solubilized in such a way that the ion was stoichiometrically
substituted for site A (Mg?*) and site B (AI**) of magnesium aluminate.

The obtained powders were generally designated as follows: pure non-calcined magnesium aluminate (MAQO), calcined
(MAQ900), non-calcined using Aloe Vera as chelating agent (MAO-AV), and calcined using Aloe Vera as chelating agent
(MAO-AV900). The following nomenclature was used for supports doped at site A with the Mn?* ion: non-calcined doped
magnesium aluminate (Mn-SA), calcined doped magnesium aluminate (Mn-SA900), non-calcined doped magnesium aluminate
with Aloe Vera as chelating agent (Mn-SAAV), and calcined doped magnesium aluminate with Aloe Vera as chelating agent
(Mn-SAAV900). Finally, the following nomenclature was used for the supports doped at site B with the Mn?* ion: non-calcined
doped magnesium aluminate (Mn-SB), calcined doped magnesium aluminate (Mn-SB900), non-calcined doped magnesium
aluminate with Aloe Vera used as chelating agent (Mn-SBAV), and calcined doped magnesium alumina with Aloe Vera used as
chelating agent (Mn-SBAV900).

2.4 Characterization

The samples were analyzed by an XRD 7000 diffractometer (SHIMADZU) with a CuKa radiation source (A = 1.5406
A), 30 kV voltage and 30 mA current, operating with 26 scan (10 to 80°); speed of 2°.mint and step 0.02°. The crystallite size
(Dhkl) was calculated by the Scherrer equation (Eg. 01):

09xA
BCos6

D(hkl)=

In which: A is the wavelength of the X-ray (1.5406 A); B is the full width half-maximum measure (FWHM) of the diffraction
peak and 6 is the Bragg angle. MgAIl.O. measurements were taken at the main peak (26 = 36.9°; flat (311)) using Al,O3 (20 =
43.32°; (113)) as a standard. The crystalline system for each phase was determined through refinement using the Rietveld method,

supported by the Maud version 2.76 software program (MAUD - Materials Analysis Using Diffraction, n.d.).

3. Results and Discussion

Figure 0la shows the X-ray diffractograms of magnesium aluminate in its pure state compared to the same material
with Mn?* doped at site A, using or not using Aloe Vera as a chelating agent, with or without heat treatment at 900°C, and with
JCPDS letter No. 01-075-1796 as standard. The diffractograms show the main peaks of pure MgAIl,O, which are present at 20 =
31.29°; 36.87°; 44.83°; corresponding to planes (220), (311), (400), respectively. The crystallographic profile is in agreement
with magnesium aluminate spinel with a cubic structure, corroborating other studies (Alhaji et al., 2019), (Takebuchi et al., 2020),
(Q. Y. Chen et al., 2010). In addition, according to the crystallographic profile presented, there was no formation of secondary
phases. The materials that were subjected to calcination showed more intense peaks, indicating an increase in crystal nucleation
(Ewais et al., 2017). According to the data presented, the use of Aloe Vera as a chelating agent proved to be efficient for

synthesizing magnesium aluminate.


http://dx.doi.org/10.33448/rsd-v11i6.28873

Research, Society and Development, v. 11, n. 6, €14411628873, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i6.28873

The XRD patterns of magnesium aluminates doped at site A with the Mn ion using or not using Aloe Vera as a chelating
agent and with or without heat treatment at 900°C are also shown in Figure 0la. The peaks and intensities of the synthesized
materials are present at 20 = 31.08°, 36.63°, 44.53°, corresponding to the planes (220), (311), (400), respectively, indicating that
the spinel phase was formed in all samples which were doped (Silva et al., 2017). The absence of peaks referring to the oxides
Al>,03, MgO, Mn304, Mn203 or MnO suggests that secondary phases did not form after the synthesis. This may be related to the
fact that the substitution at sites A and B by Mn remained within the solubility limit of the system (Silva et al., 2017).

In comparison with standard magnesium aluminate, it was observed that the peaks underwent a slight shift to the left
(Figure 1b), indicating that the lattice constant slightly increases with doping with the Mn ion (Jouini et al., 2006), obeying
Vegard’s law (Callister, 2007). The increase in the lattice parameter may also be associated with the ionic radius size of the
manganese ion (0.80 A) and Mg?* (0.65 A) (Callister, 2007). Furthermore, the same XRD patterns of powders doped with
manganese ion showed that the Aloe Vera used was effective for spinel formation as well as its substitution. Furthermore, in the
regions of the same peaks, the new phases Mgo.21Mn2.36Al0.4304 and Mgo.13Mn2.63Al0.2504, whose charts are JCPDS No. 01-075-
0525 and JCPDS No. 01-075-0526, respectively, along with the magnesium aluminate phase were identified, except for the peak
260 = 55.31°, where MgAl»QO; is not identified. As in the standard powder, the materials that underwent heat treatment had higher
peak intensity, suggesting greater crystallinity. Furthermore, all aluminate peaks doped at site A with manganese ion showed a
less intense profile compared to the standard. The study indicates that this behavior, which promotes lower intensity peaks, is
due to the presence of the dopant in the lattice, causing uniform deformation in the structure resulting from the difference between
the atomic radii of the elements involved. This data is also in agreement with other authors (Silva et al., 2017), (Xie et al., 2021).

A decrease of 20 (peak shift to the left) was observed for all doped samples (Figure 1b). This behavior is expected, as
it indicates the substitution of the manganese ion in the magnesium aluminate structure, in addition to pointing out the relevance
of the substitution in the MgAIl.O, structure (Xiao et al., 2012). This occurs since there is a widening of the lattice due to the
ionic size difference, which for Mg?* = 0.65 A and for Mn?* = 0.81A (Shahid et al., 2020), (Yildirim et al., 2013). It is also
estimated that there was an increased dislocation density for the samples which obtained a displacement of 26 due to the dopant,
thus causing greater resistance to the material flow, causing greater shear stress for the discordant movement (Shivananjaiah et

al., 2020). Table 1 highlights the difference in the lattice parameter of the synthesized samples, in addition to the symmetries.

Figura 1. (a) Diffractograms of MgAl.O4samples with doped Mn at site A compared to pure MgAl;O.. (b) Displacement of the
main peak of MgAl,O, at position 20 = 36.87° of those substituted by Mn?* in site A.
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Figure 2 shows the crystallographic profile of MgAl.O4 with the Mn ion doped at site B, using or not using Aloe Vera
as a chelating agent and with or without heat treatment at 900°C. XRD patterns show similar peaks and intensities to standard
magnesium aluminate, and may indicate spinel phase formation in all samples. Two compounds were identified
MgMn1 ggAl.1304 and MgMn1 75Alp 2504 (JCPDS no. 01-075-0527e 01-075-0528, respectively), pointing out that the manganese
ion was doped at site B of the magnesium aluminate structure. However, MgMn1 75Al 2504 only appears at 26 = 18.61°. The
displacement of 26 was smaller for the Mn-SAAV, Mn-SB and Mn-SBAV materials (Figure 2b). The study suggests that this is
due to the preference regarding the structural stability of the manganese ion in tetrahedral sites (Figure 8), causing this retreat to
be a little less accentuated (X. Y. Chen et al., 2009). Another study points out that this same event highlights the peak widening
caused by tetragonal symmetry (Qiu et al., 2018).

Figure 2. Diffractograms of MgAl,O4 samples with doped Mn at site B compared to pure MgAl,O4. (b) Displacement of the
main peak of MgAl,O, at position 20 = 36.87° of those substituted by Mn?* at site B.
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Table 1. Lattice parameters and symmetry of MgAIl,O4 samples with doped Mn at site A and B.

Material Symmetry Lattice parameters
MAO Cubic
MAO900 Cubic
a: 8.08
MAOAV Cubic
MAOAV900 Cubic
Tetragonal a:5.82/c:8.19
Mn-SA Tetragonal a:5.76 /c: 9.29
Cubic a: 8.13
Tetragonal a:7.05/c:4.45
Mn-SA900 Tetragonal a:5.32/¢:9.34
Cubic 8.13
Tetragonal a:55/c:8.6
Mn-SAAV Tetragonal a:5.8/c:9.9
Cubic a: 8.13
Tetragonal a:38.6/c:21.9
Mn-SAAV900 Tetragonal a:5.76/c: 9.61
Cubic 8.12
Tetragonal a:5.83/c:8.29
Mn-SB Cubic 8.12
Cubic 8.15
Mn-SB900 Tetragonal a:5.72/c: 891
Cubic 8.21
Cubic 8.07
Mn-SBAV Tetragonal a:5.04/c:6.41
Cubic 8.11
Cubic 8.15
Mn-SBAV900 Tetragonal a:5.76 /c: 8.86
Cubic 8.22

Source: Research data (Ferreira et al., 2022)

Figure 03 shows the particle size of the powders obtained from pure magnesium aluminates: MAO, MAO900, MAOAYV,
MAOAVI00, as well as the Mn-doped supports at sites A and B: Mn-SA, Mn-SA900, Mn-SAAV, Mn-SAAV900, Mn-SB, Mn-
SB900, Mn-SBAYV and Mn-SBAV900.

Magnesium aluminate without calcination (MAO) presented the smallest particle size compared to the other samples
and syntheses. MAQO900 showed the largest particle size compared to MAO, indicating that the heat treatment was decisive for
this increase. The use of Aloe Vera in the synthesis of MAOAV and MAOAV900 caused a different behavior. MAOAYV has a
larger particle size compared to the same calcined sample (MAOAV900) due to the presence of Aloe Vera biomolecules which
change the particle size (Selvarajan & Mohanasrinivasan, 2013). The MAOAYV sample still has a larger crystallite size because
of the polymeric complexes that Aloe Vera has chelated in its structure. When the material is subjected to calcination
(MAOAV900), the biomolecules decompose into gaseous products present at high temperatures (Thongam & Chaturvedi, 2021).

For the supports doped with manganese in site A: Mn-SA, Mn-SA900, Mn-SAAV, Mn-SAAV900, Figure 04 shows
that the Mn-SA obtained a larger crystallite size compared to the other samples doped in site A. The particle size for Mn-SA900
is smaller than Mn-SA, but larger than Mn-SAAV and Mn-SAAV900. Calcination of the Mn-doped material at site A resulted
in a decrease in crystallite size. This behavior is probably due to the presence of nitrates still trapped in the Mn-SA structure. In
addition, there is a decrease in oxygen vacancies when the material is calcined at 900°C (Mn-SA900), which interferes with the

crystallite size (Milani et al., 2021). The presence of Aloe Vera also influences in order to mask the crystallite size due to existing
7


http://dx.doi.org/10.33448/rsd-v11i6.28873

Research, Society and Development, v. 11, n. 6, €14411628873, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i6.28873

phytochemicals in the plant extract, such as phenolics, terpenoids, vitamins, alkaloids, glycosides and flavonoids (Chandrababu
et al., 2020), (Mahendiran et al., 2017), (Nasrollahzadeh et al., 2020). These phytochemicals act as natural surfactants and inhibit
crystallite growth (Thongam & Chaturvedi, 2021), (Rasli et al., 2020). The same study points out that the dissociation of metallic
precursors from the ions involved, which is activated by the biomolecules present in the Aloe Vera extract, is slow and has a
weak reduction capacity, preventing nucleation and subsequent non-growth of the crystal.

Describing a reaction mechanism for the synthesis of spinels with Aloe Vera is complex due to the non-crystalline
biochemical impurities present in the plant extract. However, a sustainable reaction mechanism for crystal formation is the
interaction of metal ions that bind with biomolecules through functional groups and n electrons by ionic bonds or van der Waals
forces. Consequently, the crystal size of spinels depends on the concentration of plant extracts and reducing capacity (Ragupathi
et al., 2014), (Sangeetha et al., 2011), since the biomolecular complexes cap the metallic particles (Venkateswarlu & Yoon,
2015). The complex structures present in Aloe Vera undergo hydrolysis and subsequent micellization surrounding the metal ions,
forming the particle. These surrounding biomolecules act as a natural surfactant, inhibiting nanoparticle agglomeration
(Thongam & Chaturvedi, 2021) and interfering with crystal size. Figure 03 below shows an example of a phytochemical

(polyphenol) encapsulating the metal ion involved in the reaction forming a biomolecular complex.

Figure 3. Formation of a biomolecular phytochemical complex (polyphenol)-metal ion.

o

OH

HO OH

Source: adapted from (Thongam & Chaturvedi, 2021).

The spinels doped with manganese at site B: Mn-SB, Mn-SB900, Mn-SBAV and Mn-SBAV900 presented a similar
profile to that found for the magnesium aluminate samples with the manganese ion doped at site A regarding particle size, except
for Mn-SB, which showed a much larger particle size, even among all samples and in all conditions and syntheses. In addition
to the reasons cited for the samples doped at site A, this is due to the need for structural stability of the cationic ions involved to
maintain the charge balance (X. Y. Chen et al., 2009), as well as the presence of only two phases for Mn-SB compared to the
other samples with doping at site B (Table 02), which gives a larger crystallite size. In summary, the more phases the material
has, the smaller the crystallite size (Wenisch et al., 2016) due to a structural disorder (Saha et al., 2013). The powder calcination

(Mn-SB900) resulted in a sudden decrease in particle size as more crystalline structures appeared (Wenisch et al., 2016).
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However, when the powder is synthesized with Aloe Vera, the crystallographic behavior is different from that observed
previously. Mn-SBAYV has a smaller particle size when the same material is calcined (Mn-SBAV900), now influenced by the

decrease in phase percentage.

Figure 3. Crystallite size of pure MgAIl.O4 and doped Mn samples at sites A and B.
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Source: Research data (Ferreira et al., 2022)

Figure 4 shows the crystallinity degree of the synthesized supports. A promotion in the crystallinity degree of the
material was observed when the heat treatment is applied for pure magnesium aluminate with Aloe Vera used as a chelating
agent or not, and with or without calcination (MAO, MAO900, MAOAYV and MAOAV900), corroborating with other studies
(Alhaji et al., 2019), (Hao et al., 2021), (Milani et al., 2021), (Figueredo et al., 2017). Furthermore, the increase in the intensity
of the peaks observed in the crystallographic profiles may occur as a result of the crystallinity degree which increases with the
increase in the calcination temperature (Nantharak et al., 2017), (G. Li et al., 2007), (Hao et al., 2021). The same behavior was
observed for the supports doped with manganese at site A and B under all synthesis conditions. However, the crystallinity degree
obtained a smaller difference between calcined and non-calcined for the supports doped with manganese ion at site A. The study
points out that this fact occurs due to the presence of the manganese ion in the magnesium aluminate structure, hindering a more
intense crystallinity due to the amount of deformations induced by the dopant (Chopade et al., 2018). The supports doped with
manganese in site B which were calcined had the greatest difference in crystallinity degree when compared to the same supports
(SB) which were not calcined; this is due to the lack of structural stability of the manganese ion in the substitution at site B in
the interstices of MgAI,Oa4, then forming larger non-doped specimens of magnesium aluminate, since manganese ions

preferentially occupy tetrahedral sites (Shahid et al., 2020), while there was no favoring the formation of tetrahedral symmetry
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in site B. This is due to the adopted heat treatment, which strongly affects the surface structure of the spinel. The material

becomes more chemically and thermally stable when calcined (Nascimento et al., 2020), being induced to its most stable state.

Figure 4. Crystallinity degree of samples of pure MgAl,O,4 and doped Mn at sites A and B.
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Source: Research data (Ferreira et al., 2021)

Figure 5 shows the percentage as to the concentration of the synthesized supports. The pure magnesium aluminate
samples showed 100% of the MgAl,O4 phase with cubic symmetry. The phase concentration profile changes when magnesium
aluminate is doped at site A. There is a predominance of the Mgo.33Mn2.06Al0.6304 phase for Mn-SA with 99.32% with cubic
symmetry. Only traces of Mgo.13Mn2.s3Alo.2504 (0.40%) Mdo.21Mn2.36Al0.4304 (0.27%), which have tetragonal symmetry, were
observed. This same majority pattern of the Mgo.33Mn2.0sAl06304 phase is observed in the other supports with manganese doped
at site A: Mn-SA900, Mn-SAAYV and Mn-SAAV900, however with slightly different percentages.

The predominant phase concentration for manganese doped at site B of magnesium aluminate (Mn-SB) is 62.61%
corresponding to MgMnj1 7sAlo 2504 With cubic symmetry, versus 37.39% of MgMn gsAlg 1304 with tetragonal symmetry. While
there was 97% concentration of the MgAl,O,4 phase with cubic symmetry for Mn-SB900, versus 2.33% concentration of the
MgMn1.75Alo2504 phase and 0.26% of the MgMn1 gsAlo.1304 phase, both with cubic and tetragonal symmetry, respectively. No
significant changes in phase concentration are observed when magnesium aluminate powders are synthesized with Aloe Vera.
A small trace of MgAIl,O4 phase, corresponding to 0.06% (cubic symmetry) of the phase concentration was found for Mn-SBAV
versus 19.42% of the MgMn1 gsAlo.1304 phase with tetragonal symmetry and 80.52% of the MgMn1.75Alo2504 phase which has
cubic symmetry. The dominant phase for Mn-SBAV900 is MgAl,O. with cubic symmetry and total phase concentration equal
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to 97.69%, versus only 1.86% of the MgMn175Alo2504 phase and 0.48% of the MgMn1.gsAlo1304 phase both with cubic and
tetragonal symmetry, respectively.

The crystallographic behavior observed in the data suggests that the cubic phase tends to form in greater quantity
because it presents greater structural stability compared to the tetragonal phase (Callister, 2007) and which is present in standard
magnesium aluminate under all synthesis conditions.

Table 2 shows the summary of the phase percentages and their symmetries for the synthesized powders.

Figure 5. Phase concentration of pure MgAl,O4 and doped Mn samples at sites A and B.
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Source: Research data (Ferreira et al., 2022).
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Table 2. Phase percentages and their symmetries for synthesized powders.

Material Phase Symmetry Phase percentage (%0)

MAO MgAI204 Cubic 100
MAQ900 MgAl204 Cubic 100
MAOAV MgAI204 Cubic 100
MAOAV900 MgAI204 Cubic 100
Mn-SA Mgo.21Mn2.36Al0.4304 Tetragonal 0.27
Mgo.13Mn2.63Al0.2504 Tetragonal 0.40

Mgo.31Mn2.06Al0.6304 Cubic 99.32

Mn-SA900 Mgo.21Mn2.36Al0.4304 Tetragonal 2.97
Mgo.13Mn2.63Al0.2504 Tetragonal 0.09

Mgo.31Mn2.06Al0.6304 Cubic 96.93

Mn-SAAV Mgo.21Mn2.36Al0.4304 Tetragonal 11.28
Mgo.13Mn2.63Al0.2504 Tetragonal 0.25

Mgo.31Mn2.06Al0.6304 Cubic 88.47

Mn-SAAV900 Mgo.21Mn2.36Al0.4304 Tetragonal 0.96
Mgo.13Mn2.63Al0.2504 Tetragonal 0.08

Mgo.3:Mn2.06Al0.6304 Cubic 98.95

Mn-SB MgMn1.88Al0.1304 Tetragonal 37.39

MgMn1.75Al0.2504 Cubic 62.61

Mn-SB900 MgAI204 Cubic 97.41
MgMn1.gsAlo.1304 Tetragonal 0.26

MgMn1.75Al0.2504 Cubic 2.33

Mn-SBAV MgAI204 Cubic 0.06

MgMn1.gsAlo.1304 Tetragonal 19.42

MgMn1.75Al0.2504 Cubic 80.52

Mn-SBAV900 MgAI204 Cubic 97.69
MgMn1.gsAlo.1304 Tetragonal 0.48

MgMn1.75Al0.2504 Cubic 1.86

Source: Research data (Ferreira et al., 2022).

4. Conclusion

Magnesium aluminates (MgAl>O4) with Mn substituting sites A and B were successfully synthesized by the microwave-
assisted combustion method using Aloe Vera as a green chelating agent. The X-ray diffractometer (XRD) results generated
through the crystallographic profiles showed that Aloe Vera was efficient in forming spinels in their pure states, and substituted
by the manganese ion, showing that the adopted synthesis route is environmentally friendly. Although the plant extract has
chelated biomolecules in the structure that change the crystallite size of the synthesized supports, the applied calcination
increased the crystallinity of the materials, as well as the crystallite size in all scenarios due to the biomolecules being gasified.
However, there was a greater difference in crystallinity for the supports substituted with manganese ion in site B due to the
structural preference of the manganese ion for tetragonal symmetry.

The crystallite size decreased with the heat treatment, except for magnesium aluminates doped at site B due to the
appearance of new phases that decrease the crystallite size.

Substituting the manganese ion at site A of the magnesium aluminate structure caused the formation of the following
phases: Mgo.21Mn2 36Al0.4304, Mgo.13Mn2 63Al0 2504 and Mgo.31Mn2 06Al0.6304. However, the following phases were formed for the
substitution of the same ion in site B of MgAIl,O.: MgMn1 ggAlg 1304 € MgMn1 75Alg 2504, in addition to the presence in a higher

phase percentage of pure magnesium aluminate.
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