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Abstract: Aluminum waste-can management in Malaysia has recently become a serious environ-
mental and public health issue, particularly in metropolitan areas. This has prompted the need to
valorize these waste-cans into value-added products using the most economical and environmen-
tally friendly techniques. In this study, the sol–gel technique was used to synthesize high-quality
alumina from the aluminum waste-cans collected. From this method, the observed peaks of the
synthesized alumina were identified as diaspore (α-AlO(OH)), boehmite (γ-AlO(OH)), aluminum
oxide, or gamma-alumina (γ-Al2O3) crystalline structure and corundum. The morphological configu-
ration, microstructure, and functional group properties of the synthesized alumina were evaluated.
All the synthesized alumina exhibited a non-spherical shape and appeared to have hexagonal-like
shape particles. Moreover, the XRD patterns of the synthesized alumina AL-6-30 and AL-12-30
exhibited a small angle (1–10◦) with no XRD peak, which indicated a mesoporous pore structure with
no long-range order. The overall results of γ-alumina synthesized from the aluminum waste-cans
showed an optimal condition in producing a highly structured γ-alumina with excellent surface-
area characteristics. The synthesized alumina exhibited stronger and highly crystalline functional
characteristics almost comparable with the commercially available brands on the market.

Keywords: aluminum oxide; aluminum waste can; characterization; sol–gel synthesis

1. Introduction

In recent times, the management of waste in Malaysia has become a major environ-
mental and public health problem mostly in urban areas [1]. In 2016 alone, Malaysia
generated over 25,000 metric tonnes of household waste per day and a total of 7 million
tonnes annually with yearly growth of 3% [2]. Over the last few decades, extensive techno-
logical innovations were focused on discovering economically viable and environmentally
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friendly methods for vaporization and utilization [3–6]. One of the most economical and
environmentally friendly ways of handling some of the hazardous waste is by recycling [7].
However, according to statistics obtained from the Department of Environment Malaysia
(DEM), only 2% of municipal solid waste is being recycled with about 42% of it usually
incinerated or chemically treated, whereas the rest is dumped into different landfills [2].
The growing demands and flexibility of disposal of waste aluminum, for example, make
it the most reusable packaging material, which is a significant addition to its numerous
economic and environmental benefits [8,9]. Aluminum waste has the capacity to retain its
physicochemical properties throughout the recycling process [3]. The recycling process,
therefore, saves precious natural resources, energy, time and money [10]. Adans et al. [11]
estimated that recycling saves up to 95% of the overall metal resources; therefore, only 5% of
the total greenhouse gas emissions are recorded. Additionally, one of the benefits of using
aluminum waste-cans is their ability to transform directly into alumina as by-products.
Alumina is essentially useful as a catalytic and industrial absorbent [12]. Owing to its
mechanical and chemical properties, alumina demonstrates major industrial uses which
have a broad spectrum of uses in nano-electronics and high-temperature functions [13].
This incredible property is mostly attributable to many benefits, including its resilient
characteristic acids and bases, which make it resistant to wear and high temperature [12].
For instance, in many industrial uses such as electronics, metallurgy, optoelectronics and
ceramic composites, nano-sized alumina, such as α-alumina, are widely used [14,15].

It is important to know that the conventional method of producing alumina is regret-
tably expensive and harmful to the environment, as it generates bauxite residue or red mud,
which consists of insoluble particles [3]. The sol–gel method of synthesizing alumina from
the aluminum waste-can is an easy, safe, and rapid production process that saves a lot of
energy and time [16,17]. It should be noted that reaction time plays an important role in the
physical and chemical properties of the alumina produced [18,19]. Therefore, in this study,
we are examining the effects of reaction time on the physicochemical characteristics in the
synthesis of alumina. The physicochemical properties of the synthesized alumina were
qualitatively analyzed via Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), and scanning electron microscopy (SEM).

2. Experimental
2.1. Materials and Methods

A disposal site in Sungai Ikan, Terengganu, Malaysia, was established for waste
aluminum. Sigma-Aldrich supplied the chemical substances potassium hydroxide (KOH)
(No 85%) and sulphuric (H2SO4) (No 98%). The deionized water was obtained from
the analytical laboratory of Universiti Malaysia Pahang for solvent dilution and stock
solution preparation.

2.2. Sol–Gel Synthesis

The γ-alumina (AL-6-30, AL-12-30, and AL-24-30) were synthesized based on the
methods used by Bin Mokaizh et al. [18], Adans et al. [11], and Liu et al. [20], with slight
modifications. The waste-cans were pulverized and dissolved in potassium hydroxide
(3-Molar). The resulting mixture was thereafter filtered, the pH adjusted to 9 using sulfuric
acid (1-Molar) and the solution stirred until it became gel-like. The reaction temperature
was fixed at 30 ◦C, whereas the aging time was varied at 6, 12, and 24 h. The aluminum
hydroxide gel was separated by centrifugation and washed several times with deionized
water., The aluminum hydroxide gel was dried in the oven at 80 ◦C for 12 h. The dry
substance was calcinated into porous alumina in the air at 500 ◦C for 2 h. The synthesized
alumina is denoted as AL-x-y, where x and y represent reaction time and reaction tempera-
ture, respectively. The AL-commercial alumina powder was obtained from Acros Organics
and compared with the synthesized alumina.
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2.3. Physicochemical Characterization

In this analysis, the synthesized γ-alumina was briefly analyzed for functional group
properties, morphological shifts, and microstructural elucidation. In particular, the TM3030Plus-
Model was employed to elucidate both commercial and synthesized aluminum structures
(AL-6-30, AL-12-30, and AL-24-30) from the Benchtop Scanning Electron Microscope. In
addition, the functional group and crystalline orientation of the synthesized alumina
powders were obtained by Fourier Transform Infrared Spectroscopy (FTIR) and X-ray
Diffraction (XRD) trials.

3. Results and Discussion
3.1. Analysis of Functional Group Characteristics of the Synthesized Alumina

The FTIR spectra from AL-6-30, AL-12-30, AL-24-30, and AL-Commercial are shown
in Figure 1. The interpretations of the alumina by the FTIR in the range of 4000 cm−1 were
carried out, as seen in Figure 1 below. Almost similar FTIR spectrum bands were shared
with synthesized alumina. The image of peaks shows that a better-crystallized phase exists.
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Figure 1. FTIR spectra comparing the effect of reaction times on synthesis of Alumina; AL-6-30,
AL-12-30, AL-24-30 and AL-Commercial.

The ranges were displayed approximately between 629 cm−1 and 1100 cm−1, whereas
the ranges were approximately between 613 cm−1 and 1110 cm−1 for the alumina AL-12-30
and AL-24-30. For synthesized specimens, AL-6-30, AL-12-30, AL-24-30, the v-AlO6 stretch
mode was shown at the peak around the band 614 cm−1 and 629 cm−1. The band was
designated to demonstrate the symmetrical deformation of vibrations of Al-O-Al for the
synthesized sample around 1100 cm−1 and 1110 cm−1. Pieces of between 500 and 750 cm−1

are assigned to Al-O stretching mode v-AlO6, whereas the synthesized samples are desig-
nated to v-AlO4 deletion mode on the significant shoulder of the 977 to 980 cm−1 round [21].
There is no peak of approximately 3500 cm−1 and 1600 cm−1 that reveals that both samples
of γ-Al2O3 are completely dried of water. Rajaeiyan and Bagheri-Mohagheghi [22] support
this by assigning O–H stretching and bending modes of adsorbed water because of the
γ-Al2O3 tendency to spring up with high-intensity bands centered around 3500 cm−1 and
1600 cm−1. The spectrum shows that Al-O-H has a sharper intensity at peak 614 cm−1

with all synthesized alumina AL-6-30, AL-12-30, and AL-24-30. The spectrum of AL-24-30
shows a peak at around 3000 cm−1 which indicated Al-OH symmetric bending, which
could be due to the synthesized samples exhibiting two different phases. Figure 1 depicted
the FTIR spectra bands of AL commercial, which comprise only one homogenous phase in
the aluminum hydroxide, at their peaks around 492 cm−1, 544 cm−1, and 633 cm−1 and
which represented Al-O stretching mode [23].
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The synthesized samples shared similar peaks with AL-commercials which have bands
at around 493 to 634 cm−1, implying the presence of the Al–O stretching mode of AlO6.
However, it is the obvious difference at bands around 110 cm−1 that related to the Al-O-H
symmetric bending which might be due to the synthesized samples having two different
phases which are AL-O-H, whereas AL-commercial had one homogenous phase [23]. The
spectrum of γ-alumina presented a wide pattern with no apparent thin peak extending
from 613 to 980 cm−1. The wide range shows that there are amorphous structures or
disordered defects. This pattern is characteristic of an intricate crystallography structure
assigned as α-Al2O3 [24]. The vibration of deformation of Al–O–H modes is attributed to
the bands from 1100 to 1110 cm−1 [25]. Therefore, all synthesized γ-alumina FTIR analysis
reveals the formation of a better crystalline phase to the greater intensity of aluminum
hydroxide and aluminum oxide. Compared with AL-6-30 and AL-12-30, AL-24-30 had
sharper and lengthier ribbons of about 614 cm−1 and 1100 cm−1.

3.2. X-ray Diffraction Patterns of the Synthesized Alumina

The synthesized aluminum patterns of AL-6-30, AL-12-30, AL-24-30, and AL-Commercial
are seen in Figure 2. Diaspore (α-AlO(OH)), boehmite (γ-AlO(OH)), aluminum oxides, or
alumina (γ-Al2O3) crystalline structure and corundum have been found in all observed
pinnacles of the synthesized alumina. In the wide-angle field, XRD patterns of mesoporous
alumina indicated that the γ-Al2O3 process is 2θ (30.2◦), 31.2◦ with wide peaks, 43.0◦,
and 67.0◦ (JCPDS card10-0425). There is no XRD peak in XRD patterns with AL-6-30,
AL-12-30 and AL-24-30 synthesized alumina at a small angle of 1–10◦ which suggests that
this mesoporous alumina is not structured by long-range pores. This suggests that there
are no longer any long-range pores in this mesoporous alumina [26].
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(b) AL-12-30, (c) AL-24-30 and (d) AL-Commercial.

Diaspore, corundum, and gamma-alumina in the synthesis of alumina were described
from the figure above XRD. Boehmite is a mineral of aluminum oxide (γ-AlO (OH)),
which is an aluminum ore of bauxite [27]. According to Al’myasheva et al. [27], boehmite
is also considered as a metastable phase throughout alumina transformation phases. It
is dimorphous with diaspore. Diaspore is an aluminum oxide hydroxide (α-AlO(OH))
mineral, crystallizing in the orthorhombic system and isomorphous with goethite [28].
The structural collapse of diaspore occurs after hydrogen transfers and water extraction
to be immediately transferred into gamma-alumina, which is considered the fast-track
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way to transform the alpha-alumina throughput diaspore phase [29]. Krokidis et.al. [29],
also reported that after hydrogen transfers and water extraction, γ-alumina characteristics,
the structural failure of boehmite is caused by an aluminum process of migration. The
increase in the calcination temperature from the aluminum hydroxide gel started from
gibbsite (γ-Al(OH)3) at temperature 100 ◦C then transferred into phase monohydrate to
boehmite (γ-AlO(OH)) at around 150 ◦C. After that, the boehmite phase is a metastable
phase that transformed into the diaspore (α-AlO(OH)) equilibrium phase at about 275 ◦C.
Then corundum (Al2O3) appeared from the diaspore when the temperature reached 400 ◦C.
Corundum is a crystalline form of aluminum oxide, typically containing traces of iron,
titanium, vanadium, and chromium. Eventually, the transformation phases of alumina
were completed to form the gamma-alumina phase (γ-AL2O3) which formed as the desired
transformation alumina phase at the calcination of the corundum at 500 ◦C [30].

A lattice’s translational symmetry was combined with other symmetry elements,
such as rotational and/or screw axes, to form the space-group symmetry [31]. The X-ray
diffraction patterns were used to estimate the cellular structure, lattice parameters, and the
position of Al and O atoms in α-AlO(OH), boehmite, aluminum oxides, and alumina [31].
The lattice types, usually in capital letters, are paired with the point group’s identification
to produce a symbol for naming space groups [32,33]. Screw axes and glide planes in
the lattice structure are also indicated, providing a full crystallographic space group. The
aluminum oxides crystal structure exhibits hexagonal symmetry and the space group R3c
(No. 167). The structure is made up of a hexagonal tightly packed network of oxygen
atoms along the [001] direction, having Al atoms taking up 2/3 (i.e., 67%) of the octahedral
intercellular spaces [32]. Furthermore, alumina (γ-AlO(OH)) produced from boehmite has
been reported to exhibit a cubic spinel structure with Fd 3 m space group symmetry, which
corresponds to number 227 [33].

For alumina, AL-6-30 and-12-30 at room temperature and at lower aging times as
shown in Figure 2, the structure with wider peaks seemed to be less crystalline, and alumina
in the rooms at the higher aging time (AL-24-30, in the structure with widened peaks)
seemed more crystalline. By contrast with AL-12-30, the alumina AL-6-30 revealed that the
AL-6-30 showed a higher strength in the observable peaks. Although the pressure found of
XRD result peaks relative to other synthesized alumina, AL-6-30 and AL-12-30 revealed
the highest in the synthesis at room temperature and aging time and also that AL-24-30
was to be the strongest crystalline structure. The observable peaks were determined to be
aluminum oxide or crystalline structure of alumina (Al2O3) for AL-commercial. There were
many instances where the obvious peaks of Al2O3 were at 26.011◦, 35.58◦, 43.37◦, 52.93◦

and 66.86◦. Grain boundaries are crystal structural flaws that tend to lower the thermal
and electrical conductivity of the alumina. Increases in grain boundaries have a movement
phase of more than 11 ◦C. Furthermore, reduced grain boundaries have a movement phase
of less than 11 ◦C. Thus, the synthesized alumina at room temperature and 24 h reaction
time, AL-24-30, had the highest intensity for the observed peaks compared with the other
two alumina. This means that alumina AL-24-30 had more crystalline structure due to the
increase in reaction time with significant impact on the crystal structures and properties
of synthesized alumina. Moreover, particles of aluminum hydroxide are solubilized, and
growth occurs through condensation reaction during the aging process. Therefore, the
alumina that aged for longer, AL-24-30, is granular in shape and well dispersed without
obvious agglomerations that affect the formation of the synthesizing alumina, and this
summary is quite compatible with FTIR results.

3.3. Morphological Characteristics of the Synthesized Alumina

Figure 3 displays the SEM micrographs of the synthesized alumina AL-6-30, AL-12-30,
AL-24-30, and AL-commercial. The images below demonstrate that the solid morphologies
of all synthesized samples were similar, with heterogeneous particle sizes.
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All synthesized alumina had a non-spherical shape and appeared to have hexagonal-
like shape particles. Identical results [34] were published. In the calcination, relatively small
crystallites were bound to certain particles with a disordered structure [35]. In contrast to the
superior morphology of AL-commercial alumina, synthesized alumina AL-6-30, AL-12-30,
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and AL-24-30. AL-commercial showed a smooth surface and spherical shapes with a larger
grain size compared with the synthesized alumina. This may be due to different calcination
conditions where higher calcination temperatures or longer calcination times were used in
producing the commercial alumina. The morphological features revealed that the grain
size increased by increasing the calcination temperature [34].

AL-24-30 had a longer aging time that led to an acceleration of the formation of larger
structures. The SEM micrograph results of the synthesized alumina, which were obtained
from the sol–gel method which was revealed to the morphology of the γ-Al2O3 nano-
structured particles and a non-spherical shape [34]. The roughness of the surface can be
caused by impurities [10]. It is worth remembering that the size of the particle distribution
was not consistent, but we have shown that the particle sizes of the nano-metric and the
micro-metric scales were different. The reactivity of the particles in a smaller size was more
important on the nanometric scale [36].

4. Conclusions

In this study, the effect of reaction time on the synthesis of γ-alumina (from aluminum
waste-cans) and their physicochemical characterizations was succinctly investigated. From
the FTIR analysis, the formation of sharp peaks indicated better functional group charac-
teristics of the aluminum and oxygen phase. Overall, the synthesized γ-alumina clearly
revealed that the greater intensity of aluminum hydroxide and aluminum oxide indicates
the presence of a better bond of alumina and oxygen to form aluminum oxide. Neverthe-
less, both XRD and FTIR results corroborated the higher intensity and more crystalline
structure of the synthesized alumina. The SEM micrograph results of the synthesized
alumina from the sol–gel method all shared almost similar heterogeneous particle size and
non-spherical-shaped features. In a nutshell, the synthesized alumina at one-day aging
time and room temperature attained the better optimum synthesis conditions compared
with the commercial alumina. Consequently, research findings have demonstrated the
performance of γ-alumina synthesis from aluminum waste containers.
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