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Abstract The recycling and recovery of important materials from inexpensive feedstock has now

become an intriguing area and vital from commercial and environmental viewpoints. In the present

work, extraction of different single phases of alumina (a, c, h-Al2O3) having high purity (>99.5 %)

from locally available waste beverage cans (�95 % Al) through facile precipitation route calcined at

distinct temperatures has been reported. The optimization of process technology was done by a

variety of different synthesis parameters, and the production cost was estimated between 84.47-

87.45 USD per kg of alumina powder. The as prepared alumina fine particles have been character-

ized using different sophisticated techniques viz. TG-DTA, WD-XRF, XRD, FT-IR, SEM, DLS-

based particle size analysis (PSA) with zeta (f) potential measurement and UV–Visible Spec-

troscopy. X-ray diffractogram confirms the formation of c-, h-, and a-alumina at 500–700 �C,
900–1000 �C, and 1200 �C respectively and crystallite size, crystallinity, strain, dislocation density,

and specific surface area were measured using major X-ray diffraction peaks which varies with tem-

perature. The SEM studies showed that the as prepared alumina particles were agglomerated,

irregular-shaped with particle size (0.23–0.38 mm), pore size, and porosity were calculated from

SEM image. f-potentials at different pH values as well as isoelectric point (IEP) of a, c, and h alu-
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mina were calculated in an aqueous medium which changes with temperature. The direct band gap

(Eg) energies were found between 4.09 and 5.19 eV of alumina obtained from different calcination

temperatures. The synthesized materials can be used in sensors, ceramics, catalysis, and insulation

applications.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the era of today’s swift industrialization and urbanization, the

development of industrial wastes is escalating unfortunately which

eventually exacerbates the environmental and socioeconomic prob-

lems. Aluminum (Al) cans, owing to the excellent food quality preser-

vation advantages, are one of the most widely utilized goods in the

food and beverages packaging industry (Marsh and Bugusu, 2007).

The global Al cans market is forecasted to extend up to $55.31 billion

by 2026, showing a 4.29 % growth between 2021 and 2026

(ReportLinker, 2021). Globally, people are consuming soda and beer

in millions of beverage cans every day that reaching to 2 � 1011 cans

per year and subsequently generating ca. 6 � 109 kg of waste every

year. Moreover, ca. 1 % of the anthropogenic greenhouse gas

(GHG) originates from the Al industry at the present time. However,

since waste beverage cans (WBCs) contain mostly aluminum (>90 %),

these can be utilized by recycling into different beneficial products.

Besides, from the environmental perspective, reusing and recycling of

WBC is favorable due to the conservation of resources, energy savings

as well as avoidance of littering (Council, 1999; El-Amir et al., 2016;

Osman et al., 2017; Risonarta et al., 2019; Sercombe, 2010).

In recent years research and advancement aluminum oxide (Al2O3)

or alumina become a significant material and widely attracted the sci-

entific communities’ interest owing to its flabbergasting physicochem-

ical properties, such as high thermodynamic stability high hardness,

great dielectric strength, extreme chemical resistance, transparency,

and comparatively high electrical conductivity for ceramic materials,

etc (Busca, 2014; Huang et al., 2008). Due to these distinct properties,

alumina has plenty of industrial and technological uses, for example,

a-Al2O3 is used in advanced ceramics, microelectronic packaging,

catalysis, and coating (Chen et al., 2014; Lafficher et al., 2017;

Roslyakov et al., 2017; Touzin et al., 2010; Wang et al., 2021); c-
Al2O3 has high promising application as a catalyst/catalyst support,

moisture sensor, and adsorbent material (Osman et al., 2017; Saha

et al., 2016; Zabeti et al., 2009; Zhu et al., 2002); h-Al2O3 can be poten-

tially exploited in the fast optical sensor (�2.23 ns decay time), catal-

ysis as a metal catalyst support and dielectronic fields (Busca, 2014;

Gangwar et al., 2014; Huang et al., 2008; Hurtado et al., 2004).

Alumina can exist in different structural polymorphs that are stable

over a broad range of temperatures. Alpha alumina (a-Al2O3), popu-

larly known as corundum, is the most stable phase, which typically

occurs at high temperatures following a set of polymorphic transfor-

mations, while other metastable transition aluminas, viz., c- Al2O3,

d-Al2O3, and h-Al2O3, etc. are formed at lower temperatures during

the heat treatment (Hakkar et al., 2019; Levin and Brandon, 1998;

Matori et al., 2012). The sequence can be shown as the dehydroxyla-

tion of Al(OH)3 (Bayerite) as follows (Temuujin et al., 2000): Al

(OH)3 ? Transition aluminas ? a-Al2O3.

Alumina powders can be prepared by different routes such as

mechanical milling, hydrothermal, combustion, thermal plasma, vapor

deposition, sol–gel, laser ablation method, etc. Many of these tech-

niques require specialized equipment, toxic organic compounds, expen-

sive chemicals, have the particle with extremely low specific surface

area, low yield and purity, emit noxious gases

(Ananthapadmanabhan et al., 2004; El-Amir et al., 2016;

Ghanizadeh et al., 2014; Ibrahim and Abu-Ayana, 2008a; Jolly and

Bhattacharya, 2018; Kelekanjeri et al., 2006; Piriyawong et al., 2012;

Suchanek, 2010; Suryanarayana, 2005; Tok et al., 2006; Wu, 2001).
The aqueous precipitation method has appeared to be a facile, eco-

nomical, safe, and has a short cycle chemical path which can be

employed for a rapid production process for generating highly pure

alumina with excellent yield (Du et al., 2009; El-Amir et al., 2016;

Feng et al., 2017; Theiss et al., 2016). There was an attempt from Cho-

tisuwan et al. to prepare alumina from discarded Al cans via a sol–gel

approach, however, they used expensive mercury iodide and 2-

propanol chemicals in the preparation (Chotisuwan et al., 2012).

Matori and coworkers synthesized a-Al2O3 with 96 % purity from

waste cans via precipitation method using sulphuric acid as leachant

and ethanol as precipitant, however, they got 96.78 % product purity

at 1400℃ calcination temperature and no single-phase theta or gamma

alumina were observed. They found mixed alumina phases (c, h, d) at
and after the calcination at 900 ℃ (Matori et al., 2012). In addition, no

systematic studies have been reported on the influence of reaction time,

alkali chemical agent, and pH value of the precipitating agent in the

preparation of alumina particles from WBCs.

Accordingly, in this study, we report the effective recycling of waste

beverage cans by using it as a raw material to synthesize valuable alu-

mina polymorphs via precipitation method using hydrochloric acid as

leachant and precipitant along with alkali treatment of sodium hydrox-

ide to form soluble aluminate and separate impurities. To the best of

our knowledge, no alike case has yet been presented. This work was

mainly attempted to alleviate the waste disposal issue and expand a

facile and cost-effective synthetic route for producing potential alu-

mina particles at optimal process conditions and examine their traits

by using TG-DTA, WD-XRF, XRD, FT-IR, SEM, DLS based Parti-

cle size analysis (PSA) with Zeta potential and UV–vis. analyzes. The

major aspect of this investigation is the endowing of an environmen-

tally viable solution for the utilization of WBCs resources by means

of a simplistic approach to beneficial materials.

2. Experimental

2.1. Materials

Discarded aluminum beverage cans of different brands were
used as target waste raw material to prepare alumina powders,
which were collected from the vicinity of local retail stores. The

cans were heated slowly to remove the organic layer from the
surface prior to the experiment which may impede reactants’
contact. Analytical grade reagents such as hydrochloric acid

(HCl, assay: 37 %) and sodium hydroxide pellets (NaOH,
assay: � 99 %) were bought from the local market and used
without further purification. The NaOH solution (10 %) was
prepared with a strength of 2.5 M in a volumetric flask. Deion-

ized water (Type-II DI water, resistivity ca. 15.0 MX�cm) was
used throughout the research work.

2.2. Synthesis of alumina (Al2O3) from waste beverage cans
(WBC)

Firstly, the aluminum cans body portion was cut into small

sheets of 0.8 cm � 1.5 cm to increase the available surface area
for a faster reaction with acid. We have simply used hand cut

http://creativecommons.org/licenses/by-nc-nd/4.0/
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technique to make small sheets of the waste aluminium bever-
age cans for laboratory scale. Subsequently, a weighted 5 g of
can sheets were slowly treated with a leaching agent (30.0 ml of

1:1 HCl), to avoid any peril originating from the generated H2,

in a 250 ml two-neck flat bottom flask with a water condenser.
The mixture was then refluxed at 120 ℃ for 35 min under con-

stant magnetic stirring to dissolve all the metals into solution.
The reaction mixture was filtered in order to eliminate undis-
solved substances. The dropwise addition of an excess amount

of sodium hydroxide (250 ml of 2.5 M NaOH solution) with
stirring to the filtrate was then converted all the aluminum
as soluble sodium aluminate (NaAlO2) and also promoted
the separation of other insoluble fractions of impurities such

as Fe(OH)3, Mg(OH)2, Mn(OH)2, etc. Through filtration, the
residue was separated and the existence of excess NaOH in
the filtrate solution was neutralized by adding 70 ml of HCl

(1:1) and a white precipitate of aluminum hydroxide was
formed at once. The obtained Al(OH)3 was centrifuged and
repeatedly washed with deionized water to remove unwanted

ions like Na+, Cl-, followed by oven-drying at 110 ℃ for
12 h to remove the residual amount of moisture. Finally, the
prepared dried powder was ground and calcined in a muffle

furnace at different temperatures (280–1200 �C) under an air
atmosphere for 4 h with the temperature steps of 5 �C min�1

to obtain alumina (Al2O3) powders.
The flowchart of the of Al2O3 preparation fromWBC waste

sources is shown in Fig. 1.
Fig. 1 Flowchart of alumina powde
2.3. Reactions

Beverage can Al; and othermetals Mð Þ½ � þHCl aq:ð Þ

¼ AlCl3ðaq:Þ þMClxðaq:Þ þH2ðgÞ " ð1Þ

(where x is a positive integer)

AlCl3ðaq:Þ þMClxðsÞ þ 3NaOHðaq:Þ ! AlðOHÞ3ðsÞ
# þMOHxðsÞ # þ3NaClðaq:Þ ð2Þ

AlðOHÞ3ðsÞ þNaOH aq:ð Þ ! NaAlO2 aq:ð Þ þ 2H2OðlÞ ð3Þ

NaAlO2 aq:ð Þ þ 2H2OðlÞ þHCl aq:ð Þ ! AlðOHÞ3ðsÞ
# þNaCl aq:ð Þ þH2OðlÞ ð4Þ

2AlðOHÞ3ðsÞ !
D
Al2O3 sð Þ þ 3H2OðlÞ ð5Þ
2.4. Characterization

The thermal traits of the intermediate Al(OH)3 sample were
evaluated with a combined EXSTAR 6300 TG-DTA thermal

analyzer (Seiko Instruments Inc., Japan) at a scan rate of
20 �C/min under N2 atmosphere heating from 25 �C to
1020 �C. The crystallographic characteristics of the alumina
rs production from WBC waste.
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samples were recorded on a Phillips X’Pert Pro X-ray Diffrac-
tometer (PANalytical Pro PW 3040, Netherlands) using Ni fil-
ter and monochromatic CuKa (Ka = 1.5406 Å) radiation

between 20� to 80� generated at 40KV and 30 mA with scan-
ning speed 4.01/min (0.02�/2h step). The X-ray diffraction
(XRD) patterns were probed, and possible peaks were spotted

by comparing them with the International Centre for Diffrac-
tion Data (ICDD) database. For chemical compositional anal-
ysis of raw materials and products, a Rigaku Wavelength-

Dispersive X-ray Fluorescence (WD-XRF) Spectrometer
(ZSX Primus IV, Japan) incorporated with an Rh target X-
ray tube was employed. The Fourier Transform Infrared Spec-
troscopy (FTIR) spectra were recorded on a PerkinElmer FT-

IR spectrophotometer integrated with diamond attenuated
total reflection (Frontier, UK) between 4000 and 400 cm�1

region. The measurements of pH were carried out by a Hanna

pH/mV Meter (HI2211-01, USA) equipped with a HI1131B
pH electrode. To measure both the mean size of particles at
neutral pH and surface charge distribution (f-potential) for

pH values between 5 and 11 of the prepared samples,
Nanopartica Analyzer (SZ-100, HORIBA Scientific, Japan)
instrument was used. The sample preparation for determining

f-potentials was done by suspending 10 mg of Al2O3 sample in
100 ml DI water followed by 1 hr sonication in an ultrasonic
bath. After settling of suspension, the samples were loaded into
a 1 cm cuvette for the measurement. The adjustment of suspen-

sions pH values was done by adding HCl and ammonia solu-
tions. The UV–vis absorption spectra of prepared samples
suspended in DI water were taken using a Hitachi UV–vis

Spectrophotometer (UH5300, Japan) between 200 and
900 nm wavelength region. The morphological investigations
of prepared Al2O3 samples were done with a Zeiss Evo� Scan-

ning Electron Microscope (MA15 VP-SEM, UK) operated at
10 kV.

3. Results and discussion

3.1. Compositional analysis and product cost estimation

The compositional analysis report by WDXRF of both the tar-
get raw materials (i.e., WBC of different brands) and extracted
Al2O3 powder after calcination is tabulated in Table 1. A

detailed analysis report of all brand waste beverage cans is
listed in Table S1. The analysis revealed that there is a high
proportion of aluminum content (� 94.63 %) in raw material

shaping it a potential candidate for the extraction of Al2O3

from WBC. The other associated elements such as manganese,
Table 1 Chemical composition of WBC raw material and Al2O3 p

Raw Material Analysis

Analyte Mg Al Si P S Cl

Composition (%) 0.69 94.63 0.36 0.09 0.03 0.3

Product Analysis

Analyte Na2O Al2O3 SiO2

Composition (%) 0.194 99.511 0.204
iron, magnesium, copper, zinc, etc. found pretty much in a
lower amount. In the case of alumina products, it mainly con-
sists of Al2O3 (� 99.51 %) with a minute quantity of other

oxide contents, demonstrating a high level of purity of the
extracted alumina powder. This high-grade alumina can be
an ideal option for different engineering and technological

applications.
The approximate production cost of waste beverage cans

(WBC) derived alumina powder per kg via precipitation

extraction method is listed in Table 2. The approximate
expense of synthesized alumina powders (�0.29 lm average
sized Al2O3 particles) is ranged between 84.47 and 87.45
USD per kg. Subsequently, the commercially available Al2O3

powdered market price is between 140 and 7000 USD per
kg, relying on the purity level, specific surface area, application
grade, and size of the alumina particle (Alfa Aesar, 2022;

Fisher-Scientific, 2022; MIC, 2022; MSE Supplies, 2022;
Sigma-Aldrich, 2022a, 2022b, 2022c). It is concluded that the
(WBC) derived highly pure (99.51 %) Al2O3 powders through

the precipitation extraction approach are eco-benign and eco-
nomically viable in comparison to existing available aspects.
Besides, if the generated H2 gas during the extraction process

(Eq. (1)) is collected and deposited, it can also be exploited
as a source of fuel (Adans et al., 2016; Durbin and
Malardier-Jugroot, 2013; Dutta, 2014).

3.2. Optimization of reaction parameters on Al2O3 yield

To evaluate the effects of different variable parameters on
Al2O3 particles synthesis, three sets of experiments were con-

ducted where one parameter’s value (either reaction time or
NaOH or HCl) was altered at a time. Optimizing these condi-
tions leads to having a better yield of Al2O3 with less expense

and effective utilization of WBC sources while minimizing the
impurities amount to a feasible extent.

3.3. Effect of reaction time

The influence of the reaction time on the extent of the yield of
Al2O3 products is shown in Fig. 2(a). Here, six experiments
were conducted where the variation of reaction time lengths

of 20, 25, 30, 35, 40, and 50 mins was investigated during
refluxing of the mixture at 120 �C under stirring. After comple-
tion of the reaction, all other steps in the process were corre-

sponding to those narrated in the experimental section. It is
quite clear that the percentage of yield raised gradually with
increasing time from 20 to 50 mins for reaction. Although
owder product analyzed by WDXRF.

Cr Mn Fe Ni Cu Zn Others

0.44 1.71 0.83 0.09 0.49 0.34 0.17

Cl K2O CaO Fe2O3 ZnO

0.029 0.011 0.016 0.022 0.013



Table 2 Cost estimation of Al2O3 powders extraction per kg

using WBC as the source.

Name Unit price, $ Cost per kg, $

Raw material:

WBC 1.6 per kg 0.9

NaOH pellet 7.06 per kg 19.84

HCl solution 7.88 per lit. 44.16

Energy used:

Magnetic stirrer, centrifuge,

oven, and furnace

0.08 per KW 14.07–17.05a

Labour cost + others ————— 5.5

Total cost of Al2O3 (per kg) 84.47–87.45

a Depends on the applied calcination temperature (500–1200 ℃).
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the highest percentage of yield was attained for 50 min of reac-
tion time, however, after 35 min of reaction time tiny increase

in yield percentage can be seen (0.04–0.11 %). The plausible
explanation is that as the reaction time passes, there is more
interaction of acid molecules with the targeted particles and

after a certain time (i.e., 35 min) when the reaction is nearly
completed, the limited accessibility of reactant molecule is
not causing enough new interactions (Tantawy and Ali

Alomari, 2019). So, considering the more convenient and full-
est economical extent viewpoint, a reaction time of 35 min is
most favorable in the present conditions.

3.4. Effect of NaOH

To check the effect of NaOH on the percent yield of Al2O3,
four experiments having the amount of NaOH ranging from

230 ml to 260 ml were conducted maintaining other conditions
at optimum levels and experimental outcomes are represented
in Fig. 2(b). It can be observed that with the addition of NaOH

from 230 ml to 250 ml, the percent yield of Al2O3 increased
from 83.9 to 97.80 %. The reason is that when we increase
the amount of NaOH, excess NaOH causes more Al(OH)3 to

react with it and undergoes in solution as NaAlO2. However,
with further addition of NaOH (260 ml), the yield remains vis-
ibly unchanged since after adding 250 ml, almost all the Al
(OH)3 is converted to soluble sodium aluminate and so, the

percentage of yield remained the same.
Fig. 2 Effect of different reactio
3.5. Effect of precipitating agent

Fig. 2(c) provides information about the influence of HCl (pre-
cipitating agent) on the yield of the products. For the WBC
waste sources, five experiments were carried out having pH

adjusted between 10.63 and 6.64 by varying the HCl (1:1)
amount of 55-, 60-, 65-, 70-, and 75 ml and keeping the remain-
ing parameters at a constant level. With the decrease of pH
between 10.63 and 7.54 by adding HCl (55 ml to 70 ml), the

yield percentage escalates from 84.25 % to 97.8 %. This can
be attributed to the HCl reaction with excess alkali converted
NaAlO2 to precipitate as Al(OH)3, thereafter, the pH of the

solution decreases, and at pH down to ca. 7.5, the conversion
process is almost completed. Further addition of precipitating
agent (75 ml HCl), it started to react with Al(OH)3, and some

Al underwent again in solution as AlCl3. That is the reason, we
observed a slight decrease in percent yield (96.91 %) of Al2O3

at pH 6.64 (Fig. 2c).

4. Characterization of the extracted Al2O3 powders
4.1. Thermal analysis

In Fig. 3, the thermal analysis profiles of the extracted interme-
diate of alumina (non-calcined) dried at 110 �C for 12 hrs. are
presented. The TGA thermogram shows three regions of

weight loss. The first region of gradual weight loss (�
5.01 %) can be observed in the temperature region between
33 and 229 ℃ related to a small endothermic peak at 66 ℃
which may ascribe to the release of physisorbed water and che-
misorbed water, leading toward the transformation of boeh-
mite (c-AlOOH) to alumina (c-Al2O3). The second and
drastic weight fall, composed of ca. 27.147 %, takes place in

the temperature range of 23–500 ℃ corresponding to a sharp
endothermic trough at 280 ℃ which may attribute to the
breakage of Al-OH bonds (dehydroxylation) during the c-
AlOOH transition to c-Al2O3 phase. The final and smallest
weight decrement (� 2.963 %) above 500℃may associate with
the dehydroxylation of the formed gamma-aluminum oxide (c-
Al2O3) and subsequent phase transformations of other alumi-
nas. The above-mentioned regions are analogous to the find-
ings of other researchers’ works (Asencios and Sun-Kou,
2012; Du et al., 2009; Rinaldi and Schuchardt, 2005; Sarker

et al., 2015; Wang et al., 1998). It is noteworthy that the
n parameters on Al2O3 yield.



Fig. 3 TG-DTA-DTG profiles of the extracted intermediate of

alumina (non-calcined). Structural analysis of Al2O3 powder.
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sum of observed weight loss found ca. 35.12 % which agrees
well with the theoretical weight loss of Al(OH)3 dehydration

about 34.641 % by the stated reaction in Eq. (5). The DTG
curve exhibits the highest decomposition rate amounting to
31.4 lg/min was acquired at 275 �C (Fig. 3).

5. Phase characterization

Fig. 4 shows the XRD profiles of extracted alumina powders at
different calcination temperatures. Detailed peak positions and

indexing information are given in Table S2. For the XRD pat-
terns of the products calcined at 280 and 340 ℃, we could
observe the peak positions of mixed phases. These could be

attributed to bayerite (ICCD PDF card: 00–020-0011), boeh-
mite (ICCD PDF card: 00–021-1307), and c-Al2O3 (ICCD
PDF card: 01–074-4629) phases (Su and Li, 2011; Tripathy

et al., 2019; Türk et al., 2020; Yi et al., 2009). As the calcina-
tion temperature increased to 500 ℃, single-phase c-Al2O3 was
detected, which indicated the complete transformation to c-
Fig. 4 XRD patterns of WBC derived alumina powders showing

different phases at different calcination temperatures.
Al2O3 and supported the findings obtained from TG analysis
(Fig. 3). No phase variation except marginal increase of peak
intensity was seen for the powder sample calcined at 700 ℃
(Su and Li, 2011; Zhang et al., 2019). Subsequently, narrow
and strong characteristic peaks of the h-Al2O3 phase (ICCD
PDF card: 00–023-1009) were detected for the powders cal-

cined at 900 and 1000 ℃ and have not traced any other alu-
mina or impurity peaks (Gangwar et al., 2014; Sarker et al.,
2015). It can be noticed that the metastable d-Al2O3 phase

was skipped during the transition of c-Al2O3 to h-Al2O3, as
reported in the literature (Amirsalari and Farjami Shayesteh,
2015; Gangwar et al., 2014; Nguyen, 2019; Wang et al.,
1998), most probably owing to the fact that thermal treatment

is needed between 700 and 900 �C. Further raising of calcina-
tion temperature up to 1200 �C, only the distinctive sharp
peaks of pure a-Al2O3 (ICCD PDF card: 00–010-0173)

emerged with the complete disappearance of h-Al2O3 peaks
(Mirjalili et al., 2011; Pepper et al., 2021; Shi et al., 2018).

5.1. Assessment of structural parameters

Table 3 represents several physical parameters viz. crystallite
size (L), crystallinity (CL), strain (e), dislocation density (d),
and specific surface area (SSA) (S) of WBC derived alumina
powders at different calcination temperatures, which are deter-
mined using each of the three major diffraction peaks and the
following formulas (Barzinjy and Azeez, 2020; Ibrahim and

Abu-Ayana, 2008b; Rahman et al., 2020; Singh et al., 2014;
Williamson and Smallman, 1956).

L ¼ k k
bCosh

ð6Þ

CL ¼ Ac

Ac þAa

� 100 ð7Þ

e ¼ b
4 tanh

ð8Þ

d ¼ 1

L2
ð9Þ

S ¼ 6

qL
ð10Þ

Where k = wavelength of the incident X-ray radiation
(=0.15406 nm), k = Scherrer constant (=0.9), b = full-
width of the peak at half-maximum (FWHM) intensity, h =
Bragg’s angle of diffraction, Ac = integrated area under the

crystalline Peaks, Aa = integrated area of amorphous halos,
q = lattice density (=3.59, 3.616 and 3.989 gm cm�3 for
gamma, theta and alpha alumina, respectively).

We can notice from Table 3 that with the increase in heat
treatment temperatures, the average sizes of crystal (L) also
raise from 10.96 nm to 47.41 nm. The plausible reason is that

an increased calcination temperature assists the growth of crys-
tals (Sarker et al., 2015; Toniolo et al., 2005). Meanwhile, the
crystallinity values were improved (77.97–91.39 %) which

could be further supported by the inverse correlation of strain
(e) and dislocation density (d) against crystallite size. Besides,
the obtained e (0.00277–0.00815) and d (0.45 � 1015-
8.33 � 1015 m�2) values implied the high quality and proper

chemical stability of extracted alumina powders with a very



Table 3 Structural parameters and optical property of WBC derived alumina powders at different calcination temperatures.

Calcination temp.

(℃)

Crystallite size (L,

nm)

Crystallinity

(CL, %)

Strain

(e, �10-

3)

Dislocation density (d, �1015

m�2)

SSA

(S, m2

g�1)

Optical energy (Eg,

eV)

500 ℃ 10.96 77.97 8.15 8.33 152.49 5.187

700 ℃ 11.37 80.65 8.07 7.74 146.99 4.278

900 ℃ 25.73 90.79 4.24 1.51 64.49 4.961

1000 ℃ 26.34 91.2 3.75 1.44 63 4.525

1200 ℃ 47.41 91.39 2.77 0.45 31.73 4.091
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few defects per unit volume in the crystal lattice (Amirsalari
and Farjami Shayesteh, 2015; Bhoi et al., 2020). The SSA val-

ues for different aluminas were found quite large (especially for
c-Al2O3) and varied between 31.73–152.49 m2/g. Large SSA is
imperative for alumina particles with high catalytic and sen-

sory properties (Ibrahim and Abu-Ayana, 2008b; Yi et al.,
2009).

6. FT-IR studies

FTIR spectra at 4000–400 cm�1 of alumina powders obtained
by calcination at different temperatures are shown in Fig. 5. A

distinct characteristic peak is noticed at ca. 564 cm�1 in all
samples can be attributed to the stretching vibration of Al-O
in the AlO6 octahedron (tAlO6). For the alumina samples cal-
cined at 900℃, 1000℃, and 1200℃, a mediocre broad absorp-

tion band has appeared which may assign to the stretching
vibration mode of tetrahedrally coordinated Al-O (tAlO4).
All these peaks apparently confirm the formation of alumina.

Besides, the complete evolution of alumina is also corrobo-
rated by the missing absorption band at ca. 1080 cm�1 (bend-
ing mode of symmetrical AlAOAH for boehmite) in the

alumina structure. Following outcomes obtained from FT-IR
analysis are well consistent with the other reported works
(Asencios and Sun-Kou, 2012; Hosseini et al., 2011; Kysil

et al., 2017; Pan et al., 2013; Tantawy and Ali Alomari,
2019; Yacob et al., 2016; Yang et al., 2010).
Fig. 5 FT-IR spectra of WBC derived alumina powders

obtained from different calcination temperatures.
7. Surface morphology study

Fig. 6(a)-(e) and (a1)-(e1) depict the SEM micrographs and

particle size distribution (PSD) histograms of the as prepared
Al2O3 powder samples calcinated at different temperatures,
respectively. ImageJ (version 1.5c) and OriginPro 2018 (ver-

sion 9.5.1.195) softwares were applied to determine the average
particle size by calculating a count of around 50 particles size
from the SEM figure. From SEM analysis, it distinctly
revealed that the samples have an agglomerated with irregular

outlines and sizes (a typical characteristic of powders prepared
by precipitation route) and porous-like surface morphology
(Fig. 6 (a1-e1)). The agglomerates consist of small sub-

micron size particles connected by weak forces during the cal-
cination, and some tiny individual alumina particles seemed to
be attached to the aggregate structures. The agglomeration

tendency may be owing to the high SSA of alumina particles
that enable them thermodynamically hectic enough to become
agglomerated. It can be observed from Fig. 6 (a1-e1) and
Table 4 that with the increasing calcination temperatures, the

average size of fine alumina particles also increased that rang-
ing from 0.23 to 0.38 lm with the narrow PSD.

From SEM micrographs, the pore-size distribution and

porosity (i.e., pore area) were statistically checked further from
over 250 pores for characterization of calcined Al2O3 samples,
and the outcome is presented in Table 4 and Figure S1. The

result showed that for different calcination temperatures, the
average pore sizes are between 0.14 and 0.19 lm with a rela-
tively narrow distribution of pore size. Interestingly, similar

to the pore size findings, no definite trend in the porosity val-
ues was noticed with calcination temperature elevation, and all
pore areas are amidst a 5–15 % limit.

8. Zeta potential and particle size analysis

The zeta potential represents the surface charge of the particle
in an aqueous medium that can be influenced by the ionic

strength and pH of the dispersant. Fig. 7 illustrates the plot
of zeta (f) potentials vs pH for the WBC derived various alu-
minas obtained from different calcination temperatures. It

could be noticed that the f-potentials continuously reduced
as the pH raised from 5 to 11 and all calcined aluminas were
found stable anionically in aqueous dispersion, as corrobo-

rated by the high negative f-potentials (i.e., electrostatic dou-
ble layer repulsions among the particles that prevent
particles aggregation) between �31.2 to �45 mV at pH 11.

In general, particles with the f-potential higher
than ± 30 mV are typically regarded as electrostatically stable
(Prabhakar and Samadder, 2018). Meanwhile, increasing the



Fig. 6 FE–SEM micrographs [(a)-(e)] and corresponding PSD histograms [(a1)-(e1)] of WBC derived alumina powders at calcination

temperatures of 500, 700, 900, 1000 and 1200 ℃, respectively.
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Table 4 Different morphological parameter results of the prepared alumina samples calcined at different temperatures.

Calcination temp. (℃) Particle size

(lm)

Pore size

(lm)

Porosity (%) Hydrodynamic particle size (d, lm) f-potential at pH 11

(Zp, lm
2)

IEP

500 ℃ 0.225 ± 0.008 0.192 ± 0.046 10.51 0.426 �31.2 7.32

700 ℃ 0.268 ± 0.008 0.159 ± 0.02 14.66 0.665 �31.7 7.26

900 ℃ 0.295 ± 0.01 0.189 ± 0.136 11.02 0.431 –32.1 7.18

1000 ℃ 0.34 ± 0.02 0.136 ± 0.028 4.80 0.599 –33.2 6.81

1200 ℃ 0.38 ± 0.016 0.16 ± 0.03 12.42 4.28 �45 5.15

Fig. 7 Plot of f-potentials of WBC derived alumina powders

obtained from different calcination temperatures as a function of

the pH.

Fig. 8 Typical Tauc’s plot [(aht)2 vs ht] of WBC derived

alumina powders processed under different calcination tempera-

tures. The inset shows the UV–vis spectra of corresponding

synthesized samples.
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calcination temperature from 500 ℃ to 1200 ℃ noticeably

induced the shifting of isoelectric points (IEPs) or the point
of zero charges (PZCs) to a low pH region (ca. 7.32–5.15). A
similar trend of downwards shifting of IEP with increasing cal-

cination temperature was observed by Zhang and coworkers
(Zhang et al., 2019). The IEP values for Al2O3 calcined at
500, 700, 900, 1000, and 1200 ℃ were 7.32, 7.26, 7.18, 6.81,

and 5.15, respectively (Table 4, Fig. 7). Shifting of the IEP val-
ues to a lower pH also suggested an increase in the dispersion’s
stability in a liquid solution with the increase of heat treatment

(Cacua et al., 2019; Liao et al., 2009). The hydrodynamic par-
ticle sizes of prepared samples were tabulated in Table 4 which
is based on the DLS technique and always remain higher than
the particle sizes estimated from SEM where the size of the

particle is pertaining to dehydrated sample (Basak et al.,
2022; Bootz et al., 2004). It can be observed that the trend
of rising the particle size with temperature (Ahmed et al.,

2015; Rincón Joya et al., 2019) nearly supports a similar pat-
tern from the SEM portions. The Al2O3 particles calcined from
500 to 1200 ℃ show z-average (mean hydrodynamic diameter)

values of particles size ranging between 0.426 and 4.24 lm
(Table 4) (Berg et al., 2009; Bhoi et al., 2020).

9. Optical property studies

Spectral analysis by UV–vis spectroscopy can aid to appre-
hend the relevant electronic structure of the material’s optical
band gap and this type of study is a matter of considerable
research (Chand et al., 2017). In the inset of Fig. 8 the UV–

vis absorption spectra of the Al2O3 samples processed under
different calcination temperatures are presented and the Tauc’s
plot for estimating the optical band gap of corresponding sam-

ples from UV–visible spectroscopy data is shown in Fig. 8.
From these spectral curves’ a characteristic absorption peak
at � 382 nm is observed in UV-region and steady absorption

in the visible or NIR region. It is also noticeable that with
the reduction of calcination temperatures (i.e., decrement in
crystallite or particle size), the absorption edge is marginally
shifted towards the shorter wavelength (i.e., blue shift) which

is a corroboration of the optical quantum confinement effect
(QCE) and also specifies the dependence of absorption posi-
tions on the sizes and morphologies of Al2O3 (Fig. 8 inset)

(Amirsalari and Farjami Shayesteh, 2015; Huang et al.,
2007). The high absorption preference in the UV region and
absence of absorption peak in the visible wavelength of synthe-

sized powders implies the consideration of the potential photo-
catalytic application and distinct reflective feature for visible
lights (Halder and Bandyopadhyay, 2020; Rahman and
Jayaganthan, 2015).

The absorption capacity of alumina in the UV region is
connected to the optical band gap energy (Eg). The Eg values
can be estimated through Tauc’s relation. According to Tauc’s

argument, the relation between optical absorption coefficient
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(a) and photon energy (ht) is expressed as follows (Tauc and
Menth, 1972):

a ¼ A

ht
ðht� EgÞm ð11Þ

ðahtÞ1=m ¼ Aðht� EgÞ ð12Þ
where A = energy independent constant (band tailing

parameter), Eg = energy of the optical band gap, and
m = transition power factor which is related to the nature
of the material and photon transition mode. The absorption

coefficient (a) is calculated by the following equation
(Amirsalari and Farjami Shayesteh, 2015; Azam et al., 2011):

a ¼ 2:303ðAb

t
Þ ð13Þ

where Ab= absorbance or absorption index and t= cuvette
thickness, generally 1 cm.

For our crystalline materials, direct allowed transition
(m = 0.5) is valid. Hence, putting m = 0.5 in Eq. (12), we
have:

ðahtÞ2 ¼ Aðht� EgÞ ð14Þ
Therefore, plotting a graph between (aht)2 and the photon

energy (ht), known as Tauc’s plot, provides a straight line in a

particular region. The extrapolation of this straight line to
intersect the energy (ht) axis at (aht)2 = 0 gives the value of
the corresponding direct energy band gap, Eg (Fig. 8)
(Halder and Bandyopadhyay, 2020).

The graphically calculated Eg values for 500–1200 �C cal-
cined alumina samples were compiled in Table 4. The obtained
Eg values were found between the 5.19–4.09 eV range, which is

nearly matched with other researchers’ findings (Amirsalari
and Farjami Shayesteh, 2015; Dhonge et al., 2011; Gangwar
et al., 2014; Jbara et al., 2017). Furthermore, the values of

Eg usually decreased with increasing the calcination tempera-
tures except for the 700 ℃ calcined one. This may be due to
the QCE since particles size is increased with the elevated heat
treatment (Dhonge et al., 2011; Farahmandjou and

Golabiyan, 2015; Singh et al., 2014; Wang and Herron,
1991). The estimated small Eg values would be instrumental
in enhancing the photocatalytic property of Al2O3 material.

10. Conclusions

Recycling of waste beverage cans is an important aspect of waste man-

agement by reducing the necessity for incineration or landfilling of

these enormous solid wastes and exploiting them in an alternative fea-

sible way. This paper reports a successful extraction of single-phase

aluminas from easily obtainable WBCs through a facile chemical pre-

cipitation technique at different calcination temperatures (500–

1200 �C). The extraction process was optimized by investigating and

changing the different reaction parameters. The presence of single-

phase c-Al2O3 at 500 �C and 700 �C, h-Al2O3 at 900 �C and

1000 �C, and a-Al2O3 at 1200 �C were confirmed by X-ray diffraction

studies. The structural parameters viz. crystallite size, crystallinity rises

with elevated temperature and vise-versa for strain, dislocation density,

and SSA. The morphological analysis demonstrated the agglomeration

of the synthesized alumina and the average size of the fine particles

increases with calcination temperature having narrow distribution

ranging from 0.23 to 0.38 mm. However, interestingly, no definite trend
was obtained for pore size and porosity with calcination temperature.

f-potentials for all the samples were between � 31 to � 45 range with a

low IEP which is typically regarded as electrostatically stable in the

aqueous medium. The optical property measurements revealed that

the prepared alumina particles would be viable in optoelectronics

applications. In particular, the c-Al2O3 obtained at 500 �C and

700 �C can be applied as catalyst and humidity sensor, h-Al2O3

(900 �C and 1000 �C) is suitable for optical sensor and dielectronic

fields, and a-Al2O3 (1200 �C) can be used in advanced ceramics, high

temperature electrical insulators, high voltage insulators, and coatings.
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