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Received: This study focuses on synthesizing aluminium oxide nanoparticles using aluminium chloride and investigates
7 September 2024 their potential for removing cadmium from wastewater. The synthesized nanoparticles were thoroughly char-
ZRg‘I'\lISBd: ber 2024 acterized to determine their structural and luminescence properties. The results indicate that the nanoparticles
Acce;:l:; °r possess a crystalline structure and exhibit luminescence behaviour in the visible region. X-ray diffraction
29 Noven;ber 2024 analysis confirmed the formation of rhombohedral aluminium oxide nanoparticles. The XRD pattern revealed

the (012), (104), (006), (202), (024), (116), and (300) peaks of Al,O3 nanoparticles with crystallite sizes
ranging from 46-68 nm. Moreover, UV-Vis spectrophotometer analysis revealed a significant increase in
absorption intensity when aluminium oxide nanoparticles were introduced, demonstrating their effectiveness
as an adsorbent for cadmium removal from wastewater. Aluminium chloride yielded superior results in

Published online:
1 April 2025
©2025 The Author(s). Published by

the OICC Press under the terms of
the Creative Commons Attribution

License, which permits use, distribu-
tion and reproduction in any medium,
provided the original work is prop-
erly cited.

synthesizing aluminium oxide nanoparticles.

Keywords: Aluminium oxide; Coprecipitation; Metal oxide; Nanoparticles; Pollutant remediation

Introduction

Water is one of the prime and fundamental elements re-
sponsible for life on Earth. With two-thirds of the earth’s
surface covered by water and the human body consisting
of 75 per cent water, it is evident that water is essential for
human survival. Unfortunately, the quality of our drinking
water has been severely compromised. It contains around
200 harmful commercial chemicals, bacteria, viruses, and
inorganic minerals that make the water hard [1-4]. Accord-
ing to John Archer’s around 60,000 tons of fifty different
chemicals are debatably added to water each year, pos-
ing a significant threat to public health [5]. This situation
highlights the urgent need for improved water treatment
methods to ensure access to clean and safe drinking wa-
ter for all. Water pollution is a significant threat to public
health and the environment, with various harmful chemicals
and pollutants contaminating our water sources. Some of

the most abundant and dangerous pollutants found in water
include chlorine, aluminium sulfate, and sodium fluoride
[6]. For instance, tests carried out in Victoria in 1976 by the
State Water Supply Commission indicated that fluoride is
involved in the corrosion of copper pipes, leading to more
poisonous leaching into the water. In addition to fluoride,
water can be contaminated with lead, sodium silica fluoride
slurry, sulfuric acid, sodium hypochlorite solution, calcium
oxide, silt, rust, debris, larvae, asbestos, pesticides, her-
bicides, fertilizers from agricultural runoff, mould, fungi,
industrial waste, toxic metals, amoebas, clay, and silica
[7, 8]. The presence of these contaminants makes it increas-
ingly challenging to access pure drinking water.

Among all these pollutants, heavy metals and metalloids
are the most concerning, including chromium, mercury,
lead, cadmium, and arsenic [9—12]. These toxic substances
can accumulate in the human body and cause severe health
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problems, such as neurological disorders, cancer, and organ
damage.

Effective water treatment and remediation methods are es-
sential to minimise the risk of waterborne diseases and
ensure access to clean and safe drinking water for all. Tradi-
tional water treatment methods, such as coagulation, floccu-
lation, sedimentation, filtration, disinfection, sludge drying,
fluoridation, and pH correction, have limitations in terms
of effectiveness and cost. Studies conducted in the last
decade suggest that advanced oxidation processes (AOPs),
bio-remediation using microorganisms, and micro/nano-
bubbles have emerged as potential methods for water treat-
ment [13-15]. AOPs involve the use of highly reactive
hydroxyl radicals to oxidize organic pollutants in water,
while bio-remediation exploits the ability of microorgan-
isms to break down and remove pollutants [16]. Micro/nano-
bubbles, on the other hand, enhance the performance of
traditional treatment methods such as flotation, sedimenta-
tion, and filtration, leading to higher removal efficiencies
[17]. Adsorption using materials such as carbon nanotubes
has also shown promise in removing heavy metals from
wastewater [18]. Recent research has shown that these new
methods have higher efficiencies and are more sustainable
than traditional methods, making them promising alterna-
tives for water treatment. These advances in water treat-
ment methods have the potential to significantly improve
the quality of drinking water, protecting public health and
the environment.

Nanotechnology and nanomaterials have become increas-
ingly important in environmental remediation due to their
unique properties [19-21]. Their nanoscale size, large sur-
face area, and noble properties such as chemical, optical,
magnetic, and electrical properties make them ideal for the
removal of pollutants from water. Several studies have re-
ported the successful removal of various pollutants from
water by nanomaterials [22-24]. For instance, metallic
nanoparticles have been used to remove heavy metal ions
from contaminated water. Wang et al. [25] demonstrated
the removal of cadmium ions from water by graphene oxide-
iron oxide hybrid nanocomposites. Similarly, iron oxide
nanoparticles were used by Qu. et al. [26] to remove lead
ions from water. Nanomaterials have also been used for the
removal of organic pollutants from water [27-29]. Carbon-
based nanomaterials, such as graphene oxide and carbon
nanotubes, have been used to remove organic pollutants
from water due to their high adsorption capacities [30, 31].
Silver nanoparticles are synthesised by various green routes
and used for efficient water treatment [32-34].

Recently metal oxides and nanoparticles are proving crucial
for environmental pollution remediation. For instance, iron
lanthanum oxide nanoparticles exhibit enhanced photocat-
alytic degradation of organic pollutants [35]. Red phos-
phorus/ZnO nanohybrids are high-performance photocat-
alysts for pollutant degradation [36]. Mesoporous poly-
acrylamide/gelatin—iron lanthanum oxide nanohybrids ef-
fectively remove antibiotic drugs from wastewater [37]. Ad-
ditionally, NiO-rGO nanohybrids efficiently degrade antibi-
otic pollutants under visible light [38, 39]. These advance-
ments demonstrate the potential of nanomaterials in sustain-
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able environmental clean-up. Additionally, metal-organic
frameworks (MOFs) have been utilized for the removal of
organic pollutants from water due to their large surface
area, high porosity, and tunable properties [40]. SiO,/ZIF-8
MOF nanocomposite and DNA/Carbon nanotubes are also
reported for photocatalyst applications Furthermore, nano-
materials have been used for the removal of bacteria and
viruses from water. Silver nanoparticles have been shown
to have antimicrobial properties and can be used for the
removal of bacteria from water [41].

Moreover, titanium dioxide nanoparticles have been used
for the removal of viruses from water due to their pho-
tocatalytic properties [42]. The use of nanomaterials for
water treatment is a promising field of research. Their
unique properties make them effective for the removal of
various pollutants from water. However, further research is
needed to evaluate the potential risks associated with the use
of nanomaterials in water treatment and to optimize their
performance. MgO epoxy composites, MSNPS, hydroxyl
apalite coating and bio surfaces also reported for various
biomedical applications [43—47].

Nanomaterials can be synthesised through various chem-
ical routes, each offering distinct advantages [48-51].
For instance, CuS nanorods can be synthesized by a co-
precipitation route, where copper and sulphur precursors are
mixed in solution, leading to the formation of randomly ori-
ented self-assembled nanorods. CdS nanoparticles, known
for their high luminescence, can be produced using mi-
crowave irradiation of a dithiocarbazate ligand as a single
molecular precursor source. Alternatively, a sol-gel route
can be employed to grow CdS nanostructures, providing
controlled morphology and size, while a microwave-assisted
ultrasonic sol-gel method can yield ultra-small CdS/CdSe
core/shell nanostructures. These chemical synthesis meth-
ods highlight the versatility and efficiency of producing
nanomaterials with tailored properties.

Aluminium oxide (Al,O3) is a widely used adsorbent for
water purification due to its high surface area, thermal sta-
bility, and chemical inertness [52]. It has been reported
that Al,O3-based adsorbents can effectively remove various
contaminants such as heavy metals, dyes, and organic pollu-
tants from wastewater [53-55]. Moreover, the use of Al,O3-
based materials has shown promising results in removing
emerging contaminants like pharmaceuticals and personal
care products [56, 57]. The effectiveness of Al,O3-based
adsorbents for water purification can be further enhanced
by modifying their surface properties. For example, surface
modification with functional groups like carboxyl, amino,
and hydroxyl groups has improved the adsorption capacity
of Al,Os-based materials [58, 59]. Additionally, incor-
porating other materials into Al,O3-based composites has
been reported to enhance their adsorption performance. For
example, incorporating magnetic nanoparticles into Al,O3-
based composites can improve their separation efficiency
and reusability [60, 61]. Overall, using Al,O3-based adsor-
bents for water purification has shown significant potential
in removing contaminants.

Aluminium oxide nanoparticles (Al,O3 NPs) have emerged
as promising candidates for environmental remediation due
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to their unique properties like High Surface Area, Enhanced
adsorption capacity for increased adsorption of pollutants
such as heavy metals, organic contaminants, and dyes and
efficient removal of these pollutants from water and soil
[62]. High Chemical Stability, resisting degradation under
various environmental conditions and Long-term effective-
ness: This stability ensures their long-term effectiveness
in pollutant removal without compromising their structural
integrity Zhang et al., 2017 [63]. Studies have shown that
Al,O3 NPs have relatively low toxicity to various organ-
isms, making them suitable for environmental applications.
Their biocompatibility reduces concerns about potential ad-
verse effects on ecosystems. Al,O3 NPs can act as catalysts,
accelerating the degradation of organic pollutants [64—66].
This catalytic activity can enhance the overall remediation
process. Al,Oj is a relatively abundant and inexpensive
material, making Al,O3 NPs a cost-effective option for en-
vironmental remediation. Al,O3 NPs can be modified with
magnetic properties, enabling easy recovery from treated
water or soil using magnetic separation. This recovery pro-
cess minimizes waste generation and reduces the environ-
mental footprint of remediation [67]. Research by Zhang
et al. (2016) [68] has indicated potential toxicity in aquatic
environments due to the release of Al,O3; NPs into water
systems. Additionally, Keller et al. (2013) [69] empha-
sized the importance of evaluating the long-term effects of
nanoparticle accumulation in soil and water, noting existing
gaps in understanding their environmental behaviour and
fate.

Promising further research is needed to optimise the synthe-
sis and surface modification of these materials to achieve
even better adsorption performance and make them more
suitable for large-scale applications [70, 71]. With these
research gaps, we reported high-quality Al,O3 nanoparti-
cles using the low-cost ammonia Precipitation Method and
their application in Cadmium removal. The ammonia Pre-
cipitation Method involves the addition of a concentrated
solution of ammonia (NHj3) to the target solution containing
metal ions by adjusting pH.

1. Materials and methods

1.1 Materials

All chemicals used in this study were of analytical reagent
(AR) grade and procured from Renbaxy India. These in-
clude aluminium chloride hexahydrate (AlCl3.6H;0), am-
monia solution (25%), ethanol (99%), and deionized water.
The chemicals were used as received without further purifi-
cation.

1.2 Experimental method
1.2.1 Synthesis of Al;O3 nanoparticles

Aluminium oxide nanoparticles were synthesized through a
precipitation method. In this method, aluminium ions form
insoluble metal hydroxide precipitates when exposed to an
alkaline environment. By adjusting the pH of the solution
with the addition of ammonia, the solubility of aluminium
hydroxide lowered, causing it to precipitate out of the solu-
tion.

A 0.6 M solution of aluminium chloride was prepared by
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dissolving 7.24 g of AlICl3.6H,0 in 50 mL of ethanol under
constant stirring at room temperature. The prepared alu-
minium chloride solution was added dropwise to a 25% am-
monia solution under vigorous magnetic stirring. A white
precipitate of aluminium hydroxide (AlI(OH)3) formed. The
pH was maintained at an alkaline level throughout the pro-
cess. The precipitated AI(OH); was separated from the so-
lution through filtration using a Whatman filter paper. The
collected precipitate was washed repeatedly with ethanol
to remove impurities. The washed residue was dried in an
oven at 110 °C for 24 hours. Subsequently, the dried pre-
cipitate was calcined at 330 °C and 380 °C for 7 hours to
obtain Al,O3 nanoparticles.

1.2.2 Characterizations

The obtained samples were characterized for Structural,
optical, compositional and morphology characterizations.
Structural, optical, compositional and morphology charac-
terizations were performed for the nanocomposite samples.
X-ray diffractograms were obtained using PAN analytical
Empyrean with CuK« radiation of wavelength A = 0.15406
nm in the scan range of 5°-80°; morphological studies of the
nanocomposites were carried out by Jeol / Hitachi FE scan-
ning electron microscope (SEM) and Jeol TEM transmis-
sion electron microscope, for TEM sample was dispersed in
ethanol and placed on a Cu-grid carbon layer. FTIR spectra
were obtained using FTIR spectrum-2, UV absorption was
carried out using UV-visible Spectra-Perkin Elmer Lambda
25 in the 200-800 nm range, and PL spectra were obtained
using Perkin Elmer LS55 spectrofluorometer under standard
protocols.

2. Results and discussion

The synthesis of Al;O3 nanoparticles via the ammonia pre-
cipitation method is a cost-effective approach compared to
conventional methods. This method utilizes readily avail-
able and inexpensive precursors such as aluminium chloride
and ammonia, reducing the overall production costs. Ad-
ditionally, the energy-efficient synthesis process, which in-
volves moderate heating and avoids high-temperature treat-
ments, further lowers the operational expenses. When com-
pared to traditional adsorbents like activated carbon or ion-
exchange resins, Al,O3 nanoparticles demonstrate superior
adsorption capacity, thereby requiring smaller quantities
to achieve effective pollutant remediation. This not only
reduces material costs but also minimizes the frequency
of replacement or regeneration of the adsorbent. More-
over, the reusable nature of Al,O3 nanoparticles, enabled
by their high thermal and chemical stability, enhances their
cost-effectiveness over multiple cycles of use. Overall, the
integration of Al,O3 nanoparticles for pollutant remediation
presents a promising and economically viable alternative to
traditional methods, aligning with both environmental and
financial sustainability goals [72-76].

2.1 Structural studies

The structural analysis of samples heated at various tem-
peratures was carried out using x-ray diffractograms of the
samples shown in Fig. 1(a) heated at temperatures 330 °C,
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Figure 1. X. ray diffractograms of Al,O3 nanostructures heated at temper-
atures, (a) 330 °C, and (b) 380 °C.

and Fig. 1(b) 380°C.

X-ray diffraction (XRD) analysis was employed to inves-
tigate the crystalline structure and phase purity of the syn-
thesized Al,O3 nanoparticles [77-79]. The XRD pattern
revealed the presence of many peaks, which are indexed and
allocated with their corresponding places, such as 24.74°,
32.23°, 40.5°, 46°, 52.09°, 57°, and 68° can be well at-
tributed to the crystal points (012), (104), (006), (202),
(024), (116), and (300) of Al,O3 nanoparticle [80]. The
phases of powder material correspond with y- Al,O3 and
it was confirmed with the database of JCPDS card no: 00-
046-1212 [81].

The crystallite size was calculated using Debye Scherer’s
formula [82], and the average crystallite sizes of nanoparti-
cles were determined from the XRD data.

092
~ BcosH

where D is the crystallite size, 8 is the FWHM (full width
at half maximum) intensity of the diffraction line in radi-
ans, A is the CuKa=1.5406 X-ray wavelength, and 6 is the
Bragg’s angle.

The average crystallite size, determined using the Scher-
rer equation, was found to be in the range of 46-68 nm,
indicating the formation of nanocrystalline Al,O3 and no
additional chemical impurities.

Williamson-Hall studies [73] were carried out using Eq. 2
and . 3 to determine the strain.

Brki = Bp + Be (2)

where- By = FWHM, Bp = Crystallite size, and B¢ =
strain induced broadening. The Williamson-Hall Equation

ey

Table 1. Particle size and strain calculation using Debye—Scherer formula
and Williamson-Hall plots.

Sample FWHM D= Intercept Strain
Code kA/B cos O
(a) 0/337118862  57/3530297 0/02525  -0/00845
(b) 0/015824551  3/176007193  0/45597  -0/18736

Goswami et al.

0025

e (a)
0/020 ) }— Linear Fitting
o
0in1S =
<
8
L
& o1 -
0/005 =
0/000 = @
04 0:6 0.:8 I:l] |;z I:'al 1:6 'I;S 2.:0
4 SinB
o (b)
Linear Fitting
% 0/6 -
& (o]
= 0/4 =
0/2 =
0/0 = (o]

0/6 0/8 10 U2 14 16 LS 200 22 24 26
4 Sin0

Figure 2. Williamson-Hall plots of Al,O3 nanostructures, (a) at 330 °C
and, (b) at 380 °C.

can be simplified as follows:
ﬁhkl COSg = kA /D + 4€sin Oy 3)

To compute the crystallite size and microstrain of the Al,O3
nanoparticles, a relationship between S cos 6 and sin 6 is
drawn for the prepared Sample and is illustrated in Fig. 2(a)
at 330 °C and ((b) at 380 °C. The broadening of XRD peaks
caused by the strain and the contribution of crystallite size
can be summarized in Table 1. Williamson-Hall analysis re-
vealed that the strain-induced broadening was minimal, sug-
gesting good crystallinity of the nanoparticles. FTIR spec-
tra of aluminium oxide were obtained as shown in Fig. 3.
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Figure 3. FT-IR spectrum of Aluminum oxide nanoparticles.
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Table 2. FTIR stretching vibrations of Al;O3 Sample 1, Sample 2, Sample
3.

Functional Group Samples Frequency

corresponds range(cm™)
O-H Stretching vibration 3400
O-H Bending Vibration 1600
AI-OH Stretching vibration 1417, 1450
Al-O Stretching vibration 400 - 1000
Al O3 765 , 676

The peaks which appeared at 1417 cm™! indicate the chlo-
ride ion of precursor and the plots at 1642 cm™ and 3200
cm’! assigned the bending vibration and stretching vibration
of H-O-H molecule [81], this fig also shows the aluminium
oxide nanoparticles without heat has low absorbance and
the one after heated has high transmittance and now see the
second plots which show the peak at 620 cm™" attributes to
the Al-O stretching bong the peak at 1141 cm™! assigned
the vibrational mode of ion the peak at 1447 contribute the
vibration of Al-O-Al have been seen and the peaks at 1663
cm’! and 3560 cm™! both shows the stretching and bending
vibrational of water(-OH) molecules from here also we can
say that heating is effective on these compounds. FTIR
peaks are shown in Table 2.

2.2 Morphological studies (FESEM)

Fig. 4. shows FESEM micrograph images of the calcined
alumina samples (a) at 330 °C and (b) at 380 °C. Particles
are spherical in shape (d=57 nm) at both temperatures. The
FE-SEM study of the particle size distribution revealed that
most particles are in the 35nm-55nm range. The majority
of the nanoparticles are fairly uniform in size and have
defined proportions, which was further confirmed by the
size distribution [82-84].

2.3 Absorption studies

The UV-Vis spectra for the investigated samples, presented
in Figure 5, span the wavelength range from 200nm to
700nm. Notably, all samples exhibit prominent absorption
features within both the UV and visible regions, indicative
of their unique electronic transitions. In the UV region,
distinct absorption peaks are consistently observed around
250 nm across all temperature conditions, highlighting a
robust absorption capability in this spectral range. Further-
more, in the visible region [85], a notable absorption peak
is consistently located around 460nm. Upon closer exam-
ination, a subtle enhancement in absorption is discernible
as the temperature increases. This temperature-dependent
trend is particularly evident in higher temperature regimes,
suggesting a responsive behaviour of the samples to thermal
conditions. The observed improvement in absorption at ele-
vated temperatures underscores the dynamic nature of the
electronic transitions within the samples, showcasing a po-
tential avenue for temperature-induced modulation of their
optical properties. These findings not only underscore the
significance of temperature in influencing absorption char-
acteristics but also pave the way for exploring the intricate
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interplay between temperature and electronic transitions in
the studied samples. The consistent absorption peaks at spe-
cific wavelengths further provide valuable insights into the
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Figure 4. FE-SEM micrograph of alumina nanoparticles (a) at 330 °C and
(b) 380°C.
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Figure 5. UV-Vis spectra of Aluminum oxide nanoparticles at alumina
nanoparticles, (a) at 330 °C and, (b) 380 °C.
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Figure 6. Tauc plots for alumina nanoparticles (a) at 330 °C and, (b)
380°C.

molecular or structural features responsible for the observed
optical behaviour.

To calculate the bandgap the Tauc plots between hv vs
(othv)? obtained are shown in Fig. 6. For a high temperature-
heated sample shift in band gap to lower temperature is
observed. Band gap for samples of unheated alumina, sam-
ples (a) heated to 330 degrees, and (b) samples heated to
380 degrees, observed were 3.48 eV, 3.48 eV, and 3.36 eV,
respectively.

2.4 Photoluminescence (PL) spectroscopy

PL spectra for Aluminium oxide nanoparticles heated (a) at
330°C and, (b) 380 °C and shown in Fig. 7.

The Aluminum oxide nanoparticles synthesized at 330 °C
exhibit a strong peak in the range of 300 nm-400 nm, fol-
lowed by a sharp at 589nm and a broad peak in 640 nm
-680 nm range in the visible region. A similar emission

Intensity(aw.)

300 350 400 450 500 550 BOO 650 700 750 800
Wavelength{nm)
@

Figure 7. PL spectra of alumina nanoparticles (a) at 330°C, and (b)
380°C.

Goswami et al.

pattern was observed for all Al,O3 nanoparticle samples,
characterised by a broad emission band in the 300-570
nm region, a narrower peak around 600 nm, and another
broad band centred at 650 nm [86]. These results collec-
tively indicate commendable luminescent properties of the
synthesized Al, O3 nanoparticles within the visible region.
The broad emission band in the UV-visible region could be
attributed to defect-related luminescence, arising from oxy-
gen vacancies or other structural imperfections within the
Al,O3 lattice. The sharp peak at 589 nm might be associ-
ated with specific impurity levels or surface states. Surface
defects such as unsaturated bonds or dangling bonds can
act as radiative recombination centres. These defects can
trap charge carriers and contribute to the emission in the
visible region, often influencing the intensity and position
of the observed peaks. The red emission band (640-680
nm) is attributed to deep-level defect centres, such as oxy-
gen vacancies or interstitial atoms, which facilitate radiative
recombination, contributing to the visible region lumines-
cence. This emission is indicative of recombination pro-
cesses involving more deeply localized defect states, often
related to the long-wavelength tail in the emission spec-
trum. These mechanisms collectively contribute to the com-
mendable luminescent properties of the synthesized Al,O3
nanoparticles within the visible region.

2.5 Elimination of Cadmium from Water using Alu-
minum oxide nanoparticles.

To evaluate the cadmium (Cd(II)) removal efficiency of the
synthesized Al,O3 nanoparticles, batch adsorption exper-
iments were conducted. Stock solutions of Cd(II) (1000
mg/L) were prepared using CdCl,.H,O (Merck) and diluted
to obtain working solutions. A fixed volume (50 mL) of
Cd (IT) solution was mixed with varying amounts of Al,O3
nanoparticles (1 mg and 2 mg) in batch reactors. The mix-
tures were agitated at room temperature with the help of
a shaker for 70 min., followed by filtration. The residual
Cd (IT) concentration in the filtrate was determined using
UV-Visible spectroscopy. Fig. 8 shows UV vis spectra. UV-
Visible spectroscopy analysis revealed a significant decrease

(a)

Water having Cadmium

1/5 — After adding 1mg of Al,O,
— After adding 2mg of Al,O,

1/0 =

Absorbance(a.u)

0/5 =

300 350 400 450 500 550 600
Wavelenght(nm)

Figure 8. UV-Vis spectra of water having cadmium treated with various
concentrations of Aluminum oxide nanoparticles.
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in the absorption peaks of Cd(II) at 310 nm and 415 nm
upon the addition of Al,O3 nanoparticles, indicating effec-
tive Cd(II) removal. The results demonstrated the potential
of the synthesized Al,O3 nanoparticles as a promising ad-
sorbent for cadmium removal from aqueous solutions.

To contextualize the performance of aluminium oxide
nanoparticles in cadmium removal, it is essential to compare
them with other existing adsorbents. Traditional adsorbents
such as activated carbon, zeolites, and clay minerals have
been widely used for heavy metal removal due to their high
surface areas and affinity for metal ions. However, these
materials often suffer from limitations such as lower adsorp-
tion capacities and slower kinetics. For instance, a study
by Gupta et al. (2016) [87] demonstrated that activated
carbon, while effective, requires higher dosages to achieve
comparable removal rates and has slower adsorption kinet-
ics compared to nanomaterials. Another study by Wang
et al. (2018) [88] found that zeolites, despite their high
surface area, exhibit lower cadmium ion removal efficiency
due to limited active sites and pore blockage issues. Simi-
larly, research by Liu ez al. (2017) [89] indicated that clay
minerals, although cost-effective, have lower adsorption
capacities and can suffer from leaching of adsorbed met-
als under certain conditions. In contrast, aluminium oxide
nanoparticles exhibit superior adsorption performance due
to their high surface area, well-defined pore structure, and
strong affinity for cadmium ions. Studies have shown that
aluminium oxide nanoparticles can achieve higher removal
efficiencies at lower dosages compared to conventional ad-
sorbents. Their faster kinetics allow for more rapid removal
of cadmium ions, and their regeneration and reuse have
been demonstrated to be more straightforward and efficient,
maintaining high efficacy over multiple cycles. Overall, alu-
minium oxide nanoparticles present a promising alternative
to conventional adsorbents for cadmium removal, offering
enhanced performance and potential cost benefits. How-
ever, further research is necessary to address scalability and
long-term stability, ensuring their practical application in
large-scale environmental remediation efforts.

2.6 Scalability of the ammonia precipitation method for
the large-scale synthesis

The scalability of the ammonia precipitation method for the
large-scale synthesis of aluminium oxide nanoparticles is an
important consideration for industrial applications. While
this method is effective for laboratory-scale production, scal-
ing up presents several challenges. One major challenge is
maintaining uniform particle size and distribution, which
can be difficult when increasing batch volumes. Addition-
ally, the control of reaction parameters such as pH, temper-
ature, and concentration becomes more complex at larger
scales, potentially affecting the quality and consistency of
the nanoparticles produced. To address these challenges,
advanced mixing technologies and continuous flow reactors
can be employed to ensure consistent reaction conditions
and uniform precipitation. Optimizing the rate of ammonia
addition and ensuring thorough mixing can help maintain
homogeneity across larger volumes. Moreover, implement-
ing real-time monitoring and control systems can provide
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precise regulation of reaction parameters, enhancing the
reproducibility of the synthesis process. Further research
into the development of scalable protocols and pilot-scale
experiments is necessary to fully realize the potential of the
ammonia precipitation method for industrial-scale produc-
tion of aluminium oxide nanoparticles. By addressing these
scalability challenges, the method can be refined to meet
the demands of large-scale applications, thereby expanding
its utility in various industrial sectors.

3. Conclusion

This study successfully synthesized aluminium oxide
nanoparticles using a cost-effective ammonia precipitation
method, achieving effective cadmium removal from
wastewater. The nanoparticles demonstrated a crystalline
structure and exhibited favourable luminescence behaviour
in the visible region. XRD analysis confirmed the formation
of aluminium oxide nanoparticles with a rhombohedral
structure. The UV-Vis spectrophotometer analysis indicated
a significant increase in absorption intensity, highlighting
the efficacy of aluminium oxide nanoparticles as an
adsorbent for cadmium removal from wastewater. The
results suggest that aluminium oxide nanoparticles are
promising candidates for water purification due to their
high surface area, stability, and low toxicity. Compliance
with regulatory standards and guidelines is paramount for
the safe and effective application of Al;O3 NPs in water
treatment. Proactive measures to address these regulatory
requirements, including standardized testing methods and
transparent reporting, are essential to ensure the sustainable
and responsible use of Al,O3; NPs in water treatment
processes. Future research should explore the removal of
other heavy metals and pollutants using aluminium oxide
nanoparticles. Investigating the reusability and long-term
stability of the nanoparticles will provide insights into their
practical applications. Additionally, surface modification of
the nanoparticles could enhance their adsorption capacity
and selectivity for different contaminants. The development
of composite materials incorporating aluminium oxide
nanoparticles could further improve their performance in
water treatment applications.
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