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ABSTRACT 

MgAl₂O₄ nanoparticles were prepared by solution combustion of magnesium and aluminium nitrates with urea as fuel, 

followed by calcination at 800 °C. XRD showed phase-pure cubic spinel (JCPDS 21-1152, Fd-3m) with no MgO or Al₂O₃ 

impurities. UV–Vis spectroscopy showed strong absorption below 250 nm and almost none in the visible range. TEM 

showed rounded, partly fused grains of about 100–300 nm, and SAED confirmed their crystallinity. SEM showed angular, 

micrometre-sized aggregates, and EDX detected only O, Mg and Al. Photocatalytic activity was tested on 200 ppm 

Coralene Dark Red 2B under LED light (1200 µmol m⁻² s⁻¹ PAR, pH 7, 180 min) at ten catalyst loadings (1.6–130 g L⁻¹), 

with dark controls run in parallel. Dye removal stayed above 96.5% at every loading, reaching 99.8% in the light and 99% 

in the dark. Light and dark results were close, so adsorption on the powder accounted for most of the removal.  
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INTRODUCTION 

Water pollution caused by synthetic dyes has become one of the more stubborn environmental problems of modern 

industry. Dyes are used in textiles, leather, paper, plastics, printing, cosmetics and food, and world production is put at 

more than 700,000 tons a year [1]. A noticeable share of the dye that is used never binds to the fiber and ends up in the 

wastewater. Most dyes are built to resist light, heat and washing, which is why they persist in water bodies once released. 

Coloured effluent blocks sunlight, which lowers photosynthesis and dissolved oxygen, and many dyes, especially azo 

dyes, can break down into aromatic amines that are toxic and in some cases carcinogenic or mutagenic [2]. 

Textile dyes are usually grouped by chemical structure or by the way they are applied to the fiber, and the main application 

classes are reactive, direct, disperse, vat, sulphur, acid and basic dyes [3]. Most commercial colourants, in particular the 

azo dyes, carry one or more –N=N– groups attached to aromatic rings, a structure that resists ordinary biological 

breakdown. Reactive dyes are lost in especially large amounts, since part of the dye reacts with water in the bath instead 

of the fiber. Textile wastewater is a mixture of dyes and many other contaminants, which makes it harder to treat, and 

legislation commonly requires factories to treat it before it is discharged into the receiving watercourses [4]. 

Conventional treatment methods such as coagulation, adsorption, membrane filtration and biological treatment each have 

limits. Several of them only move the dye from the water into a solid phase, leaving sludge that needs further disposal, 

and many dyes are too complex for microorganisms to break down. Heterogeneous photocatalysis offers a different route. 

When a semiconductor absorbs light of sufficient energy it creates electron–hole pairs, which produce reactive species 

such as hydroxyl and superoxide radicals. These attack the dye molecule and can mineralize it into carbon dioxide, water 

and simple inorganic ions [5]. The idea goes back to early work on light-driven reactions at semiconductor electrodes [6], 

and the search for catalysts that are cheap, stable, non-toxic and easy to make remains an active area of research. 

Researchers at Kuvempu University have followed this approach for several years, using nanoparticles synthesized in the 

laboratory to remove textile dyes from water. Madhusudhana et al. [7] reported the photocatalytic decolorization of textile 

effluent using synthesized nanoparticles, and Santhosh et al. [8] prepared nickel calcite nanoparticles by solution 

combustion and examined their photodegradation efficiency. Metal oxides made by simple routes of this kind are attractive 

because they work under ultraviolet or solar light, need no special reagents, and can be scaled up from a laboratory 

preparation. 
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Magnesium aluminate (MgAl₂O₄) is one material that fits this description. It crystallises in the cubic spinel structure (space 

group Fd-3m), in which magnesium and aluminium occupy tetrahedral and octahedral sites of a close-packed oxygen 

lattice, although a degree of cation exchange between the two sites is common in real samples [9]. The spinel is known 

for its high melting point, chemical inertness, good mechanical strength and wide band gap, and it is made from two 

abundant, inexpensive elements [10]. 

Its use as a photocatalyst for dyes has been reported by several groups, including the removal of malachite green under 

solar light [11], direct green 6 [12] and Coralene Blue BGFS under UV light [13]. Taken together, these studies show that 

the spinel and its related aluminates can decolourise dyes of different types, which makes the material worth studying in 

more detail. 

The ideal crystal has a very wide band gap, so it absorbs mainly in the deep ultraviolet and is transparent in the visible 

region. In practice, however, defects, oxygen vacancies and surface states created during synthesis introduce extra energy 

levels inside the gap, and these are thought to be responsible for the absorption features and photocatalytic response seen 

in real powders [14]. Particle size, surface area and defect content therefore matter as much as the crystal structure itself, 

and all three are controlled by the way the powder is made. Nanoparticles prepared by sol–gel auto-combustion have also 

shown photocatalytic properties [15]. 

The properties of MgAl₂O₄ depend strongly on how it is prepared. Conventional solid-state reaction needs very high 

temperatures and long heating times and tends to give coarse particles. Wet-chemical routes such as co-precipitation give 

finer powders [16], but they need several steps and careful control of the precipitating conditions. Solution combustion 

synthesis is a simpler alternative. Metal nitrates act as oxidizers and an organic fuel, commonly urea, drives a rapid, self-

sustaining exothermic reaction [17], so that a fine powder forms in minutes with little external energy, and the large 

volume of gas released helps to keep the particles from growing together too much [18]. 

The method has been reviewed in detail for nanoscale materials in general [19] and has been applied to MgAl₂O₄ through 

auto-ignition [20] and microwave-assisted combustion [21], where nanocrystalline spinel powders were obtained. Because 

the product depends on the fuel, the oxidizer-to-fuel ratio and the heating conditions, these variables have to be chosen 

with care. 

The amount of urea used is known to affect the properties of the spinel obtained [22]. Combustion products are also often 

only partly crystalline and may contain residual carbon or nitrogen compounds, so a calcination step is used to complete 

crystallization. A higher temperature gives better crystallinity but also promotes sintering, in which neighboring grains 

fuse and the surface area falls [23]; in this work 800 °C was chosen because it is high enough to form the spinel phase and 

low enough to limit sintering. Mixed-oxide nano-catalysts from the same research group have also been used as recyclable 

catalysts in organic synthesis [24]. 

In this work, MgAl₂O₄ nanoparticles were prepared by solution combustion of magnesium and aluminium nitrates with 

urea as the fuel, followed by calcination at 800 °C. The product was characterised by X-ray diffraction for the crystalline 

phase [25], UV–Vis absorption spectroscopy for the optical behaviour, transmission electron microscopy with selected 

area electron diffraction for particle shape and crystallinity [26], and scanning electron microscopy with energy-dispersive 

X-ray spectroscopy for surface morphology and elemental composition [27]. The photocatalytic activity of the powder 

was then tested on Coralene Dark Red 2B, an azo textile dye, under LED illumination. The aims were to obtain phase-

pure, crystalline MgAl₂O₄ by a simple combustion route, to describe its structure, morphology and composition, and to 

examine how the catalyst loading affects dye degradation. 

 

 
3D Structure of MgAl2O4 
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Structure of Coralene Dark Red 2B Dye 

 

2. MATERIALS AND METHODS 

2.1. Chemicals and materials 

The chemicals used for the synthesis of MgAl₂O₄ nanoparticles were magnesium nitrate (Mg(NO₃)₂·6H₂O, 98%), 

aluminium nitrate (Al(NO₃)₃·9H₂O, 98%) and urea (CH₄N₂O, [100.50%]) as the fuel, purchased from LOBA Chemie Pvt. 

Ltd., Mumbai, Maharashtra, India. Metal nitrates of this kind are the standard oxidiser precursors for solution-combustion 

synthesis of magnesium aluminate [12]. All chemicals were of analytical grade and were used without further purification. 

Double-distilled water was used as the solvent throughout the experiment. Coralene Dark Red 2B, an azo textile dye, was 

used as the model pollutant in the photocatalytic experiments. 

2.2. Synthesis of MgAl₂O₄ nanoparticles 

MgAl₂O₄ nanoparticles were synthesised by a simple solution combustion method [17, 19], in which the metal nitrates act 

as oxidisers and urea acts as the fuel in a self-propagating reaction [24]. The oxidiser-to-fuel ratio was calculated from 

propellant chemistry [28], with a Mg:Al molar ratio of 1:2. 

Magnesium nitrate (7.69 g) and aluminium nitrate (22.50 g) were dissolved in 20 mL of double-distilled water, and urea 

(12.10 g) was added under constant stirring. The clear solution was placed in a preheated muffle furnace at 800 °C [13]. 

The solution boiled and dehydrated, then ignited [20]. A large volume of gas evolved and a voluminous, foamy powder 

remained [18]. The as-burnt powder was ground thoroughly [8] and calcined in air at 800 °C for [4 hours] at a heating rate 

of 8000C to obtain the final MgAl₂O₄ nanoparticles. 

2.3. Characterisation of the nanoparticles 

The crystalline phase was identified by powder X-ray diffraction (XRD) on a Rigaku Ultima-IV X-ray diffractometer 

using Cu-Kα radiation (λ = 1.5406 Å) over a 2θ range of 5°–90° [25]. The peaks were indexed against JCPDS card No. 

21-1152 [29]. Optical absorption was recorded on a Spectro-2080 double-beam spectrometer over 200–800 nm [30]. 

Particle morphology was examined by transmission electron microscopy (TEM; JEOL JEM-2100Plus), and selected area 

electron diffraction (SAED) was used to confirm crystallinity [31]. For TEM, the powder was dispersed in ethanol by 

ultrasonication and drop-cast on a carbon-coated copper grid. Surface morphology was studied by scanning electron 

microscopy (SEM; model JSM-IT500 LA In Touch Scope) at magnifications from 200X to 25.00KX [32]. Elemental 

composition was determined by energy-dispersive X-ray spectroscopy (EDX) attached to the SEM, from the region 

marked “Spectrum 1” [33]. 

2.4. Photocatalytic experiment 

Photocatalytic degradation of Coralene Dark Red 2B dye was carried out under artificial illumination provided by a Hainu 

LED floodlight (model HN-AF2436C; input 110–265 V, output 900 mA ± 5%, 26–36 V, maximum 42 V), placed 10 cm 

above the reaction chamber. The photon flux density inside the chamber was measured with a MultispeQ (PAR) instrument 

(PhotosynQ Inc., East Lansing, MI, USA) and maintained at 1200 µmol m⁻² s⁻¹ (PAR) throughout all experiments [34]. 

A 200 ppm stock solution of Coralene Dark Red 2B was prepared by dissolving the dye in double-distilled water to a final 

volume of 1000 mL. For each experiment, 10.0 mL of the stock solution was taken in a borosilicate glass beaker, and the 

synthesised MgAl₂O₄ nanoparticle catalyst was added at one of ten loadings (0.016, 0.032, 0.065, 0.130, 0.260, 0.325, 

0.520, 0.780, 1.040 and 1.300 g, equivalent to 1.6–130.0 g L⁻¹) under continuous magnetic stirring. The suspension pH 

was adjusted to and maintained at neutral (pH ≈ 7) using 0.01 N NaOH or 0.01 N HCl as required, and the mixture was 

then exposed in the light chamber for 180 min. Dark-control experiments were carried out in parallel for every catalyst 

loading, using the same 200 ppm dye concentration under identical conditions but with the chamber protected from light. 

Over the course of the reaction, the suspended catalyst settled to the bottom of the beaker under gravity, leaving a clear 

supernatant above the sediment. A 200 µL portion of this clear supernatant was transferred to designated wells of a 96-

well microplate. Full absorbance spectra (200–1000 nm, 1 nm interval) were recorded on a Multiskan Sky microplate 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA; serial no. 1530-800239C; firmware v1.0.55; software 

v1.44.16.0), with the cuvette port enabled and the plate chamber held at 25 °C. All experiments were performed in 

quintuplicate (n = 5) for each catalyst dosage, under both irradiated and dark conditions, and results are reported as mean 

± standard deviation, with one-way ANOVA performed. Data processing and statistical analysis were performed in R 

(v4.5.1); dose–response relationships between catalyst loading and degradation efficiency were modelled using a power 

function for light and a linear fit for dark conditions, and all plots were generated with the ggplot2 package. 

 

3. RESULTS AND DISCUSSION 

3.1. X-ray diffraction (XRD) 

Figure 1 shows the XRD pattern of the sample calcined at 800 °C, scanned from 5° to 90° (2θ). Six clear peaks appear at 

18.96°, 31.60°, 37.03°, 44.86°, 59.73° and 65.32°. These are indexed to the (111), (220), (311), (400), (511) and (440) 

planes of cubic MgAl₂O₄ spinel and line up closely with the standard reference pattern JCPDS Card No. 21-1152 (space 

group Fd-3m, a = 8.083 Å) [16, 29]. The peaks are sharp and there are no extra peaks from leftover MgO or Al₂O₃, so the 

sample is a clean, well-crystallised single phase of MgAl₂O₄ [22]. 
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Figure 1. XRD pattern of MgAl₂O₄ calcined at 800 °C, with peaks indexed to their (hkl) planes. 

 

Table 1. XRD peak positions of MgAl₂O₄ indexed against JCPDS 21-1152. 

 

2θ (°) (hkl) Relative intensity (%)* 

18.96 111 35 

31.60 220 – 

37.03 311 100 

44.86 400 65 

59.73 511 – 

65.32 440 55 

*Relative intensity is scaled to the strongest (311) peak, as reported for JCPDS 21-1152. 

 

3.2. UV–Vis absorption spectroscopy 

Figure 2 shows the UV–Vis absorption spectrum of the sample, scanned from 200 to 800 nm. Absorbance rises sharply 

below 250 nm, and two smaller peaks appear around 273 nm and 372 nm. These are likely due to charge-transfer 

transitions and defect or surface states in the MgAl₂O₄ lattice [14]. This is expected for MgAl₂O₄, which is a wide-band-

gap oxide and appears optically transparent in the visible range [11]. 

 
Figure 2. UV–Vis absorption spectrum of MgAl₂O₄ calcined at 800 °C. 

 

3.3. Transmission electron microscopy (TEM) 

3.3.1. Morphology 

The TEM images (Figure 3) show that the particles are mostly rounded to slightly polyhedral in shape, and they tend to 

stick together in clusters rather than sitting apart as separate grains. At lower magnification (Figure 3b) a fairly large, 

dense agglomerate made up of many smaller grains packed tightly together is visible [21]. The particles range from about 

100 to 300 nm and appear smooth and rounded, with their edges fused together. Because the particles are so closely packed 

and overlapping, it is hard to pick out clean, separate boundaries for every particle, which is common for oxide powders 

made by high-temperature calcination, since the heat tends to fuse neighboring grains together (a process called sintering 

or necking) [23]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. TEM images of MgAl₂O₄: (a) individual rounded grains (scale bar: 100 nm); (b) lower-magnification 

view of a larger agglomerate of particles (scale bar: 500 nm); (c) close-up view of fused (necked) grains (scale 

bar: 100 nm); (d) chain-like cluster of particles (scale bar: 200 nm). 

 

3.3.2. Selected area electron diffraction (SAED) 

Figure 4 shows the SAED pattern taken from the particles. Instead of a plain diffuse halo (which would mean the material 

is amorphous), the pattern shows a series of bright spots arranged in a ring-like fashion. This is a clear sign that the 

particles are crystalline, not glassy or amorphous, and it agrees with the sharp, well-defined peaks already seen in the 

XRD pattern of the MgAl₂O₄ spinel phase [26]. 

 

 
 

Figure 4. SAED pattern of MgAl₂O₄ confirming its crystalline nature. 

 

3.4. Scanning electron microscopy (SEM) 
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SEM displays the surface morphology of the powder over a significantly larger field of view than TEM, which is beneficial 

for seeing how the particles appear in bulk rather than individually [35]. Figure 5 shows the sample at increasing 

magnification, from 200X to 25.00KX. At low magnification (Figure 5a), the powder looks like a rough, uneven surface 

scattered with small angular fragments of different sizes; there is no obvious repeating pattern, just a jumbled mix of 

grains sitting on top of a coarser base layer. At higher magnification (Figures 5b–5d), the picture becomes much clearer: 

the material is made up of irregular, sharp-edged, plate- and block-like chunks that look as if they have been fractured or 

crushed, which is typical for a ceramic powder that has been calcined and then ground [15]. At the highest magnification 

(Figure 5d), the surfaces of these bigger chunks are not smooth at all. They are dotted with many tiny, rounded particles 

and fine debris, giving the surface a rough, grainy texture rather than a flat, glassy one. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. SEM images of MgAl₂O₄ at increasing magnification: (a) overall powder surface (200X, scale bar: 200 

µm); (b) irregular, fractured particle chunks (2.50KX, scale bar: 10 µm); (c) angular, plate-like grains with fine 

particles on their surface (10.00KX, scale bar: 2 µm); (d) rough, grainy surface texture of a single chunk 

(25.00KX, scale bar: 1 µm). 

 

3.5. Energy-dispersive X-ray spectroscopy (EDX) 

Figure 6 shows the scanned area (labelled Spectrum 1), and Figure 7 shows the resulting spectrum. Only three peaks 

appear in the spectrum, oxygen, magnesium and aluminium, and there is nothing else, indicating that no other elements 

were picked up in detectable amounts during this scan [27]. 

 

 
 

Figure 6. SEM image of the scanned region, with the EDX spectrum collection area marked “Spectrum 1” (scale 

bar: 400 µm). 
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Figure 7. EDX spectrum of the sample, showing peaks for O, Mg and Al only. 

 

Table 2 gives the weight and atomic percentages calculated from the spectrum, and Figure 8 compares them. Oxygen 

accounts for the majority of the signal, which makes sense given that it is the lightest and most plentiful element in an 

oxide, followed by aluminium and magnesium. The three elements add up to 100%, indicating that the analysis was limited 

to O, Mg and Al (no carbon, gold coating or other stray elements were counted). 

 

Table 2. EDX quantitative results for the MgAl₂O₄ sample. 

 

Element Weight (%) Atomic (%) 

O 60.51 71.25 

Al 24.06 16.79 

Mg 15.43 11.96 

Total 100.00 100.00 

 

 
Figure 8. Bar chart comparing weight % and atomic % of O, Mg and Al. 

 

3.6. Photocatalytic degradation of Coralene Dark Red 2B 

Figure 9 shows how 200 ppm Coralene Dark Red 2B was removed over 180 min at pH 7, in the light and in the dark, at 

the catalyst loadings tested (0.016–1.300 g in 10 mL). On the x-axis the loadings are labelled as catalyst dosage (ppmv). 

Removal was worked out from the absorbance of the clear supernatant at the main absorption peak of the dye, and the 

specific removal capacity (qg, g of dye removed per g of catalyst) was calculated from the same readings. 
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Figure 9. Effect of MgAl₂O₄ dosage on Coralene Dark Red 2B removal after 180 min (200 ppm dye, pH 7). Left: 

specific removal capacity (qg, g g⁻¹). Right: dye degradation (%). Triangles show LED light and circles show the 

dark control; points are means and error bars show the standard deviation (n = 5). 

 

Catalyst dosage had a strong effect on qg but only a small effect on the overall removal of dye. qg dropped from about 

157 g g⁻¹ at 1.25 ppmv to 2.49 g g⁻¹ in the light and 1.98 g g⁻¹ in the dark at the highest dosage, roughly halving each time 

the dosage doubled. This is what one would expect when the dye load is fixed, because extra catalyst adds mass without 

taking out much more dye [36, 37]. Removal stayed above 96.5% in every treatment. Between 1.25 and 10 ppmv the light 

and dark results were almost the same (about 98.1–98.2%), which suggests that adsorption dominated. At higher dosages 

the two conditions began to separate. Removal in the light was higher at 20 ppmv (about 98.5% against 96.6% in the dark) 

and at 80 ppmv, and the maximum was 99.8% in the light against 99% in the dark. [Add the fitted equations with R² for 

light (power) and dark (linear), and the ANOVA F and p values.] 

The light advantage is small, about 2 percentage points at most, and it shows up only at some of the higher dosages. Most 

of the colour removal in these runs is therefore best put down to adsorption on the powder, with photogenerated charge 

carriers adding a little on top [5, 38]. A small light effect is not surprising for this material. The UV–Vis spectrum (Section 

3.2) shows almost no absorption in the visible range, and the LED source emits mainly visible light, so excitation across 

the band gap should be limited and any response probably comes through the defect or surface states mentioned earlier 

[14]. Visible-light activity has been reported for MgAl₂O₄ made by urea-fuelled combustion [34], although later work 

attributed it to nitrogen doping rather than to the spinel itself [14]. Earlier studies on MgAl₂O₄ and related aluminates used 

UV or solar light, and in one case added H₂O₂ [11, 13]. Here no oxidant was added, which may also help to explain the 

modest light effect. 

The dip at 20 ppmv in the dark and the large error bars at intermediate dosages may reflect particle aggregation and light 

scattering [39]. This fits the TEM and SEM images, which show that the powder exists mostly as large agglomerates and 

not as separate grains, so a good part of the surface is not exposed to the dye. 

3.7. Overall discussion 

Taken together, the characterisation techniques and the photocatalytic tests build a consistent picture of the sample 

calcined at 800 °C. 

The XRD pattern clearly corresponds to the cubic spinel structure of MgAl₂O₄ (JCPDS 21-1152), with sharp peaks and 

no impurity phases, indicating that the powder is well crystallised and phase-pure. The UV–Vis spectrum is consistent 

with this: significant UV absorption and almost no visible absorption are typical of a wide-band-gap, optically transparent 

oxide such as MgAl₂O₄. 

The TEM images reveal that at the nanoscale the material is composed of rounded grains of around 100–300 nm that are 

highly crowded and partially fused together, while the patchy rings of the SAED pattern confirm that these grains are 

crystalline, which matches the XRD finding. Zooming out to the SEM images, the same material appears as uneven, 

angular, broken pieces a few to tens of micrometers wide, with surfaces coated in the same small, rounded particles seen 

in the TEM. The SEM and TEM images therefore fit together well, albeit at different length scales. 

Finally, the EDX analysis shows that the powder is composed entirely of oxygen, magnesium and aluminium, with no 

impurities detected. The Mg:Al atomic ratio is about 1:1.4, which is Al-poor compared with the ideal 1:2 of stoichiometric 

MgAl₂O₄. A deviation of this size is common in EDX measurements because the technique probes only a small, localized 

area of the surface rather than the bulk average, and it can be influenced by particle shape and surface roughness. 

Nonetheless, the elements present and their approximate proportions confirm the identification of the material as MgAl₂O₄. 

The photocatalytic tests add a caveat to this picture. The powder removed more than 96.5% of the 200 ppm dye at every 

dosage, but the light and dark results were close, so adsorption on the large, agglomerated particles accounts for most of 

the removal. The extra removal under light was about 2 percentage points at most. This agrees with the UV–Vis spectrum, 

which shows almost no visible absorption, since the LED source is mainly visible. 
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Overall, the XRD, UV–Vis, TEM, SEM and EDX results all point to the same conclusion: calcining the precursor at 800 

°C successfully produces phase-pure, crystalline MgAl₂O₄ spinel, present as nanoscale grains that aggregate into larger, 

irregular, micrometer-sized clusters that remove azo dye mainly by adsorption, with a small light-driven contribution. 

 

4. CONCLUSION 

MgAl₂O₄ nanoparticles were successfully prepared by solution combustion of magnesium and aluminium nitrates with 

urea, followed by calcination at 800 °C. XRD, SAED, UV–Vis, TEM, SEM and EDX together show a phase-pure, 

crystalline cubic spinel made of nanoscale grains (about 100–300 nm) that aggregate into larger, irregular clusters. EDX 

found only O, Mg and Al, and the Al-poor Mg:Al ratio of about 1:1.4 most likely reflects the small area probed. Coralene 

Dark Red 2B (200 ppm) was removed by more than 96.5% at every dosage within 180 min, with a maximum of 99.8% 

under LED light and 99% in the dark. Light and dark removal were almost identical at low dosages, and the light advantage 

appeared only at some higher dosages and stayed at about 2 percentage points or less, so adsorption was the main removal 

route. The specific removal capacity fell steeply with dosage, from about 157 g g⁻¹ to about 2.5 g g⁻¹ in the light. MgAl₂O₄ 

made by this simple, low-cost combustion route is an effective material for removing azo dye from water, mainly through 

adsorption with a small photocatalytic contribution. Future work should test reusability, determine the band gap, check 

mineralization by COD or TOC measurements, and try a UV or solar source to see whether the light effect grows. 
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