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Wastewater from textile and dyeing industries releases large amounts of synthetic 
dyes into the environment, creating serious ecological and health problems. This 
review begins with the idea that alumina-based nanomaterials (NMs) can be designed 
to improve dye removal from polluted water. To examine this idea, published studies 
were collected, compared, and grouped based on how the materials were made, 
how they work during adsorption, and how well they remove dyes. The reviewed 
research was organized into main areas including natural adsorption abilities 
of pristine NMs, improved adsorption through surface modification and added 
functional groups, alumina-based nanocomposites combined with metals, polymers, 
or carbon materials, nano-alumina used in membranes, and new hybrid adsorbents. 
The comparison shows that unmodified nano-alumina has moderate dye removal 
ability, mainly due to its surface hydroxyl groups and electrostatic interactions. 
However, when alumina is modified - through functionalization, doping, or forming 
composites - its adsorption capacity, selectivity, stability, and reusability increase 
significantly. Overall, the findings support the initial idea that engineered alumina-
based nanomaterials are promising tools for advanced dye removal. This review 
provides a clear summary of current progress and highlights important research 
needs for developing more effective and sustainable water-treatment technologies.
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1. Introduction
Water pollution is a critical global challenge with 

significant consequences for the ecology and health 
of living beings and humans. It arises from multiple 
human-caused sources, including industrial 
effluents, agricultural wastewater, and inadequate 
waste management practices. Addressing these 
issues requires implementing advanced wastewater 
treatment technologies to increase pollutant 
removal [1]. The widespread use of synthetic dyes 
in various sectors, including textiles, dyeing and 
printing, leather tanning, paints, paper and pulp, 
cosmetics, food processing, dye manufacturing, 
and pharmaceuticals, has substantially contributed 
to this issue. The textile industry contributes 
significantly to this pollution due to its high-
water consumption and the import of wastewater 

containing dyes [2]. Today, the use of dyes in textile 
production continues to increase, resulting in large 
volumes of dye-containing wastewater discharged 
into the environment [3].

Synthetic dyes, which include anionic (acid), 
cationic (basic), and non-ionic (disperse) 
types, are chemically complex and resistant 
to biodegradation. These dyes are often toxic, 
carcinogenic, and can cause serious harm to 
humans and aquatic life, affecting organs like 
the kidneys, liver, and brain [4]. Dyes contain 
molecular structures like chromophores, 
conjugated systems, and auxochromes that impart 
color and improve solubility. Many dyes contain 
toxic metals (e.g., cadmium, lead, chromium) and 
are produced using hazardous chemicals [2]. The 
textile industry is responsible for approximately 
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20% of the global water pollution problem. The 
presence of dyes in food chains, such as in fish, has 
been demonstrated to exert a significant impact 
on both aquatic ecosystems and human health [5]. 
Therefore, it is very important to develop and use 
eco-friendly technologies to treat contaminated 
water. This will help reduce the harmful impacts on 
the environment and human health. 

There are many ways to remove dyes from 
water, such as electrolysis, biodegradation, and 
photocatalytic degradation. However, these 
methods often cost a lot, don’t work well, or 
create more pollutants. Because of this, they are 
not considered practical for use in small- and 
medium-sized industries [2]. On the other hand, 
synthetic dyes present a challenge to conventional 
methods of elimination due to their chemical 
stability and toxicity. Adsorption is a well-known 
method for dye removal. It is simple, cost-effective, 
efficient, and environmentally friendly. Although 
adsorption has been used for many years, interest 
in nanostructured materials has increased because 
recent studies show that nanomaterials can 
significantly improve the treatment of dye-polluted 
wastewater due to their large surface area, tunable 
structure, and good activity under visible light 
[6]. For example, the ErVO4/g-C3N4 photocatalyst 
shows how combining two nanomaterials can 
improve charge separation and increase the 
breakdown of dyes under light [7]. In another study, 
TmVO4 nanoparticles were prepared through an 
easy auto-combustion method, and careful control 
of the starting materials and conditions produced 
stable particles that were able to degrade different 
dyes with good reuse performance [8]. Similarly, 
another work used a fast sonochemical method 
to make silver tungstate nanoparticles, which 
showed very high activity in removing several 
dyes and organic pollutants under visible light and 
maintained their performance after repeated use 
[9]. These works together show that improving the 
design, structure, and preparation of nanomaterials 
can strongly enhance dye removal, highlighting 
their importance in modern water treatment. 
Nanoadsorbents, including alumina-based ones, 
are a great way to clean up textile dye pollution, 
and this highlights why it is important to study 
alumina-based materials more closely [10].

Numerous studies have reviewed various aspects 
of water treatment. Most of these reviews have 
focused either on the use of different adsorbents 
for dye removal from wastewater [5,11–12] or on 

the application of nano-alumina for the treatment 
of a broad range of pollutants [4,10,13]. The 
present review provides the first comprehensive 
analysis dedicated exclusively to dye removal from 
wastewater using alumina-based nanoadsorbents, 
without considering other adsorbents or target 
analytes. The collected studies are organized 
into several main subsections: alumina’s edge 
in nanomaterial adsorption, pristine Al₂O₃ 
nanoparticles (NPs) in dye decontamination, 
enhanced dye adsorption via surface-modification 
and functionalization of nano-alumina, alumina-
based nanocomposites and, nano-alumina based 
membranes and innovative adsorbents for dye 
removal. We have included relevant publications 
in this review when we could find them. The 
review is organized so that it shows how research 
advancements happened over time. It highlights 
important developments and distinctive 
characteristics of each study or period in a way that 
is easy for readers to understand. Also, a summary 
of the basic features of each dye removal method 
is included. The discussion of alumina synthesis 
methods is reserved exclusively for those methods 
that represent innovative approaches.

2. Alumina: A nanoadsorbent standout
Nanomaterials (NMs) are substances that are 

between 1 and 100 nanometers long in at least one-
dimension. They must also have a specific surface 
area greater than 60 m²/cm³ when expressed as 
spherical surface area per unit volume [14]. At the 
nanoscale, the reduction in particle size leads to 
a significant increase in surface area and surface 
energy. This, in turn, enhances adsorption capacity 
due to the abundance of active surface atoms. 
These atoms often have an unsaturated structure, 
which makes them highly reactive with metal ions 
and polar compounds. This property makes NMs 
highly effective adsorbents [15].

The main classes of NMs are: Carbon-based 
NMs (include fullerenes, carbon nanotubes, and 
graphene), metallic NMs (are made from metals like 
silver, copper, iron, and zinc), dendrimers (a type of 
molecule that has a branching structure and are very 
small, measuring in nanometers), nanocomposites 
(are materials composed of a matrix embedded with 
nanoscale fillers to enhance mechanical, thermal, 
or functional properties), and quantum dots (tiny 
particles that have special properties because of 
their size). Broad chemical classifications include 
metals, metal oxides, bimetallics, carbon-based 
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materials, zeolites, silica, ceramics, semiconductors, 
polymers, lipids, and metal-organic frameworks 
[6]. Aluminum oxide (alumina) nanostructures, a 
type of metal oxide, show great potential as solid-
phase adsorbents due to their high surface area 
and adsorption capacity, mechanical robustness, 
lower regeneration temperature requirements, ion-
exchange capabilities and ease of regeneration [10]. 
Various alumina nanostructures, such as activated 
alumina, mesoporous alumina, spherical hollow 
nanostructures, nanowires, nanotubes, nanofibers, 
anodic porous alumina, and nanocomposites, 
have been studied for their ability to adsorb heavy 
metals, nitrates, fluorides, dyes, carbon dioxide, 
radioactive substances, and organic contaminants 
[16].

The synthesis of alumina can be achieved 
through various methodologies, including sol-
gel, combustion, precipitation, microwave, and 
hydrothermal techniques [10]. Alumina (Al₂O₃) 
exists in different forms depending on how it’s made. 
Each form has unique structural and functional 
characteristics, determined by the conditions used 
during synthesis. The α-phase is typically obtained 
by high-temperature calcination (above 1100 °C) 
of transitional alumina and stable and doesn’t 
break down at temperatures above 1000°C. It has a 
hexagonal crystal structure. The γ-phase, which is 
usually synthesized via low-temperature methods 
such as precipitation or sol-gel followed by 
calcination around 400-600 °C, has a faulty spinel 
lattice with empty spaces for positive ions. This 
makes it better at capturing pollutants that have 
a positive charge. Other structural forms include 
β-Al₂O₃, a mixed oxide doped with Na⁺ and Mg²⁺ 
ions, which is known for its high ionic conductivity 
and applications in solid-state electrolytes, and 
can be synthesized by controlled hydrothermal 
treatment of aluminum hydroxide under specific 
pH and temperature conditions, often followed by 
mild calcination. Amphoteric hydroxides exhibit 
pH-dependent adsorption and ion-exchange 
properties. Aluminum phosphates and zeolites, 
which are made by heating up water, have been 
shown to separate molecules and exchange ions 
[17]. Although this article does not focus on the 
classification of nano-alumina based on their 
morphology, it is important to note that these 
materials can be organized into one-, two-, and 
three-dimensional forms. Each dimensional type 
has distinct structural features, physicochemical 
properties, and synthesis methods, which lead to 

different advantages in various applications [18]. 
Collectively, these diverse alumina structures 
exhibit versatile physicochemical properties - such 
as surface adsorption, ion exchange, molecular 
exclusion, and complexation - making them 
highly promising for advanced water purification 
technologies.

3. The Alumina advantage in dye 
adsorption
3.1. Pristine Al₂O₃ NPs in dye decontamination

Alumina NPs are widely studied for removing 
dyes from wastewater. Their adsorption process 
typically involves physical adsorption and 
electrostatic attraction between the dye molecules 
and alumina surface sites. In one of the early 
studies, nano-alumina, a non-carbon waste-
derived adsorbent, was utilized for the removal 
of the azo dye, Tropaeoline 000, from wastewater 
samples. Adsorption equilibrium isotherms were 
experimentally determined at various temperatures 
and analyzed using Freundlich and Langmuir 
models to extract characteristic parameters. 
Preliminary kinetic studies indicated that the 
adsorption process followed a pseudo-second-
order model. The thermodynamic parameters 
calculated from the Langmuir constants confirm 
the spontaneous and favorable nature of the 
adsorption process. These findings underscore 
the potential of nano-alumina as an effective 
adsorbent for wastewater treatment applications 
[19]. Acid Red 18 (AR18), an azo dye frequently 
utilized in the textile and dyeing industries, poses 
considerable environmental and health hazards due 
to its toxic and potentially carcinogenic nature. A 
study performed a few years ago sought to evaluate 
the efficiency of nano-alumina for the removal 
of AR18 from aqueous solutions. Nano-alumina 
has been demonstrated to possess considerable 
potential as an effective adsorbent for the removal 
of AR18 from aqueous solutions, particularly under 
acidic conditions [20]. The adsorption behavior 
of Reactive Red 120 (RR120) dye from aqueous 
solutions using nano-alumina as an adsorbent 
was also systematically investigated through batch 
experiments. The maximum removal efficiency was 
achieved at an acidic pHs. An increase in adsorbent 
dose enhanced dye removal efficiency but led 
to a decrease in adsorption capacity, indicating 
potential site saturation maybe due to monolayer 
adsorption [21].

A novel and eco-friendly strategy for sludge 
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recycling was developed, involving a one-step high-
temperature calcination process that converted 
electrocoagulation sludge into crystalline metal 
oxide NMs. The catalytic activity of the synthesized 
Al₂O₃ NMs was evaluated via the oxidative 
degradation of Basic Green 4 dye, demonstrating 
phase-dependent efficiency in environmental 
remediation processes [22]. Acid dyes, including 
Acid Red 14 (AR14), exhibit notable persistence and 
environmental hazards. To address this challenge, a 
study examined the adsorption efficacy of nano-
alumina and micro-alumina powders in removing 
AR14 from aqueous solutions. The two adsorbents 
exhibited augmented removal efficiency and nano-
alumina exhibited considerably higher adsorption 
capacity and efficiency in comparison to Micro-
alumina, signifying its potential as an effective 
adsorbent for the elimination of acidic dyes from 
wastewater [23]. The adsorption of Congo Red (CR) 
dye onto alumina and nano-alumina has been the 
subject of study using a batch method. The findings 
indicated that nano-alumina exhibited more 
consistent and well-defined adsorption behavior in 
comparison to conventional alumina. Furthermore, 
nano-alumina exhibited enhanced sensitivity to 
temperature fluctuations and demonstrated a 
higher adsorption capacity, suggesting its superior 
performance in removing CR dye [24]. Orange 
G (OG), a monoazo dye commonly used in the 
textile and printing industries, has been identified 
as a carcinogenic and teratogenic compound, 
thereby constituting a substantial environmental 
and health hazard. γ-Alumina nanocrystals were 
synthesized and utilized for the adsorptive removal 
of this toxic anionic dye from aqueous solutions. 
The efficacy of the synthesized γ-alumina was 
further substantiated through its application to 
authentic industrial wastewater samples [25]. The 
elimination of RR-141, another azo dye linked to 
potential health risks, including allergic reactions 
and carcinogenicity, as well as environmental 
hazards to aquatic ecosystems, has also been 
investigated using γ-Al2O3 NPs [26].

The adsorption capacity of nanoalumina can be 
enhanced through the modification of synthesis 
conditions and the control of its chemical structure. 
A solvent-free hydrothermal-assisted calcination 
method was used to synthesize highly crystalline 
γ-Al2O3 NPs with a width of approximately 20 
nanometers. The synthesis process was comprised of 
two primary stages of dehydration and calsination. 
The synthesized γ-Al₂O₃ exhibited robust selective 

adsorption for anionic and cationic dyes. This 
selectivity is attributable to hydrogen bonding 
and electrostatic attraction between the dye and 
adsorbent. The study provides significant insights 
into the synthesis of crystalline γ-Al₂O₃ adsorbents, 
which possess the capacity for selective dye removal 
in wastewater treatment [27]. The employment 
of a novel homoleptic aluminum (III) derivative, 
designated as [(PhCOCHCOPh)3Al], as a precursor 
in the synthesis of nano α-alumina, exhibited 
remarkable photocatalytic efficacy, achieving 95% 
photodegradation of CR dye under sunlight within 
a span of 10 minutes [28]. Furthermore, a novel 
sol-gel/flocculation method has been introduced 
for synthesizing α-Al₂O₃ NPs for the adsorptive 
and photocatalytic removal of Eriochrome Black 
T (EBT) under visible light. This method yielded 
several advantages e.g. resulting in a substantial 
enhancement in removal efficiency, from 14% 
to 93%. A synergistic adsorption/oxidation 
process under sunlight further degrades EBT. 
This process facilitates complete reuse of treated 
wastewater, underscoring its environmental and 
practical benefits [29]. A novel synthesis method 
of nano α-Al₂O₃ using the combustion method 
with aluminum salts as precursors and urea as the 
combustion agent followed by calcination has been 
reported. The produced NPs exhibited a remarkable 
adsorption capacity in removing methyl red (a model 
organic pollutant). These findings demonstrate the 
potential of combustion-synthesized Al2O3 NPs for 
advanced water purification and organic pollutant 
remediation [30].

A notable recent advancement in the synthesis 
of nano-alumina is the use of low-cost and readily 
available raw materials, and eco-friendly methods, 
representing a significant advantage of this 
nanomaterial. For instance, waste aluminum foil 
was employed as a precursor for the synthesis of 
alumina via a precipitation method. The synthesized 
alumina was subsequently applied for the removal 
of Reactive Green 19 (RG19) dye from simulated 
wastewater, achieving a maximum removal 
efficiency of 98.63%. The material exhibited a high 
specific surface area, as well as suitable pore volume 
and real and bulk densities [31]. A recent study 
has also demonstrated the efficacy of repurposing 
waste aluminum foils to synthesize nano-γ-Al₂O₃, a 
material that has been shown to be highly effective 
in the removal of methylene blue (MB) from 
water (Fig. 1). The study’s findings underscore the 
potential of nano-γ-Al2O3, derived from aluminum 
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waste, as a cost-effective and efficient adsorbent for 
dye remediation [32]. Furthermore, alumina NPs 
were synthesized from waste aluminum residue 
via an extraction and gel formation method and 
subsequently applied for the removal of Reactive 
Yellow 160 (RY160) dye from aqueous solutions. 
Characterization confirmed that the synthesized 
NPs consisted exclusively of aluminum and oxygen 
and exhibited a pure alumina crystalline phase 
at the nanoscale. These NPs demonstrated high 
adsorption efficiency for dye removal [33].

Utilizing an eco-friendly arc discharge technique 
that circumvents the use of toxic chemicals, the 
researchers accomplished the synthesis of alumina 
NPs in a single step, yielding particles that more 
closely resemble real-world NPs. Desorption 
tests demonstrated that the adsorbents could be 
efficiently regenerated and reused for up to five 
cycles. The two gamma and delta alumina phases 
that were synthesized in this method exhibited 
distinct mechanisms for MB dye removal. These 
mechanisms are attributed to the different lattice 
ion arrangements of the phases, which in turn 
influence their adsorption behavior [34].

A recently conducted study aims to evaluate the 
performance of nano γ-Al₂O₃, synthesized from 
low-cost kaolinitic clay, in removing Basic Blue 9 
(BB9) dye from aqueous solutions. The objective 
of the present study was to determine whether 
the initial materials and synthesis methods exert 

an influence on the efficiency of adsorption. The 
findings indicate that nano γ-Al₂O₃ possesses the 
potential to function as an effective adsorbent 
in the removal of BB9 from wastewater. This 
material offers a robust alternative to conventional 
materials in water treatment applications [35]. 
A new study has been offered a novel and cost-
effective method for synthesizing Al₂O₃ NPs. This 
method utilizes Calligonum comosum leaf extract, 
resulting in Al₂O₃ NPs that are spherical, with an 
average crystallite size of 25.1 nm and an average 
particle size of 33 nm (Fig. 2). Photocatalytic tests 
demonstrated high degradation efficiencies for MB 
and Rose Bengal dyes [36]. 

Research findings demonstrate that alumina NPs 
effectively adsorb both anionic and cationic dyes, 
highlighting their promise for textile wastewater 
treatment [37]. Nano-alumina’s advantages - 
including its high surface area, tunable crystal 
phases, rapid adsorption kinetics, selectivity, 
reusability, and cost-effective synthesis (even from 
waste-derived precursors) - position it as a versatile 
and sustainable material for removing diverse 
hazardous dyes via adsorption and photocatalysis.

3.2. Enhanced dye adsorption via surface-
modified and functionalized nano-alumina

Despite its advantages, unmodified alumina NPs 
exhibit limited adsorption capacity for organic 
compounds, such as dyes, due to weak interactions 

 Fig. 1. Possible adsorption mechanisms of a dye onto nano-γ-Al2O3 [32]
 

Fig. 1. Possible adsorption mechanisms of a dye onto nano-γ-Al2O3 [32] 
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between the organic molecules and the hydrophilic 
alumina surface. This means that they can’t remove 
organic contaminants as well as they should. In 
order to overcome this limitation, researchers 
have proposed that chemical or physical surface 
modification or functionalization of γ-Al2O3 
NPs with specific functional groups is essential 
to enhance their adsorption performance [38]. 
The terms “surface modification” and “surface 
functionalization” of nano-alumina are closely 
related but differ in scope, purpose, and methods. It 
is imperative to delineate a scientific distinction in 
this regard. Surface modification of nano-alumina 
involves purposely altering its surface properties to 
enhance its performance in specific applications. 
This can be achieved through various physical or 
chemical techniques, either with or without the 
introduction of new chemical groups. The goal 
is to improve characteristics such as dispersion, 
adhesion, biocompatibility, and reactivity, making 
nano-alumina more versatile [39]. Surface 
functionalization of NPs refers to the modifying the 
chemical properties of their surface by introducing 
specific functional groups. (e.g., -NH₂, -COOH, 
-SH) by means of covalent or non-covalent 
interactions (Fig. 3). This process is necessary 
to adjust the physical and chemical properties 
of the NPs. This makes them more compatible 
and effective in specific uses, like biomedical 

systems and catalytic processes [40].  Sometimes, 
when there is a need, these two tasks, surface 
modification and nanoparticle functionalization, 
are done simultaneously on alumina. These 
modifications aim to increase active sites, improve 
selectivity, and enable multifunctional mechanisms 
like photocatalytic degradation.

Sodium dodecyl sulfate (SDS) is a widely used 
surfactant in the field of nanomaterial modification, 
particularly in the context of dye removal processes 
involving nano-alumina. The material’s ability to 
enhance the adsorption of dyes onto the alumina 
surface is well-documented, thereby increasing 
the efficiency of the removal process [41]. Its 
application in dye removal procedures has been 
an area of interest for numerous years. SDS surface 
modification neutralized the positive charge on the 
alumina and created a negatively charged layer, as 
evidenced by the shift in zeta potential from +41.2 
mV to -40.5 mV. This change indicates that the 
dodecyl sulfate (DS⁻) anions adsorbed onto the 
alumina surface, forming micelles that made a 
negative charge [42].

A simple, cost-effective, and sensitive solid-
phase extraction method employing γ-Al₂O₃ 
NPs modified with SDS has been developed for 
the selective extraction, preconcentration, and 
detection of trace levels of malachite green (MG). 
The method proved effective when applied to fish 

 

Fig. 2.  A schematic illustrating the process of synthesizing Al2O3 NPs using an extract 

from the Calligonum comosum L. plant [36] 

  

 Fig. 2.  A schematic illustrating the process of synthesizing Al2O3 NPs using an extract from the 
Calligonum comosum L. plant [36]
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farming water samples, highlighting its practical 
utility and efficiency [43]. Although the utilization 
of alumina NPs that have undergone modification 
with SDS has been recognized in previous years [44], 
it remains in use today. In recent years, researchers 
have become more interested in these methods 
because they have been shown to be very effective 

at removing pollutants, especially dyes, from water. 
The removal of cationic dye Rhodamine B (RhB) 
through the adsorption process using alumina NPs, 
which were synthesized via solvothermal method 
and modified with anionic surfactant SDS, has also 
been investigated. After four regeneration cycles, 
the modified NPs maintained a RhB removal 

 

Fig. 3. Common mechanisms involved in surface modification of NPs (A) ligand addition, 

(B) ligand exchange, and (C) encapsulation [40] 

  

 Fig. 3. Common mechanisms involved in surface modification of NPs (A) ligand addition, (B) ligand 
exchange, and (C) encapsulation [40]

 

Fig. 4. Surface modification of alumina particles with fatty acids for dispersion in a 

polysulfone matrix.  Reproduced with permission from Ref. [55] 

  

 Fig. 4. Surface modification of alumina particles with fatty acids for dispersion in a polysulfone matrix.  
Reproduced with permission from Ref. [55]
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efficiency exceeding 86% and achieved a high 
adsorption capacity of 165 mg/g [45].

The surface modification of both major nano-
alumina phases, namely alpha- and gamma-
alumina, has demonstrated promising results. 
The surface modification with SDS led to a 
substantial enhancement in the adsorption 
capacity in comparison with unmodified α-Al2O3. 
The modified α-Al2O3 demonstrated remarkable 
reusability, maintaining over 98% removal efficiency 
after four regeneration cycles and achieving 
near-complete removal of RhB in actual textile 
wastewater samples [46]. A series of investigations 
focused on the removal of several basic synthetic 
dyes used in the textile industry including BB1, 
BR46, BY28, BB41, BY40 and BR18 with particular 
emphasis on addressing environmental concerns 
were carried out. Under optimized conditions, 
the SDS modified γ-alumina NPs achieved dye 
removal efficiencies exceeding 94 %. Validation 
experiments confirmed the superior performance 
of the modified NPs, with adsorption efficiencies 
exceeding 90%, significantly outperforming 
unmodified NPs, which showed efficiencies below 
60% [47-49]. 

A study has highlighted the advantages of 
surface modification and functionalization of 
nano-alumina. In this work, a novel adsorbent, 
2,4-dinitrophenyl hydrazine-functionalized 
γ-alumina NPs (DNPH-γ-alumina) coated with 
SDS, was synthesized and evaluated for its efficiency 
in removing both anionic (AYR) and cationic (MB) 

dyes from aqueous solutions. The high uptake and 
selectivity for DNPH demonstrate that surface 
functionalization significantly enhances the 
performance of γ-alumina, suggesting its broader 
applicability for the removal of diverse pollutants, 
including dyes and metal ions [50]. Conventional 
γ-Al₂O₃ has been shown to have limitations in 
wastewater treatment, including pH-dependent 
removal efficiency and low adsorption capacity for 
cationic dyes. In order to address these challenges, 
a pH-independent nano-sized γ-alumina was 
synthesized via dealumination of kaolin using 
nitric acid, followed by ammonia-induced 
precipitation in the presence of mixed surfactants. 
The incorporation of cetyltrimethylammonium 
bromide (CTAB) and Triton X-100 (TX100) 
surfactants promoted enhanced particle 
interactions and inhibited aggregation, resulting 
in increased surface area and improved adsorption 
performance. The synthesized alumina powders 
exhibited consistent dye removal efficacy across 
a broad pH range and demonstrated significantly 
higher adsorption capacity. This material has been 
identified as an efficient adsorbent for cationic dye 
removal from aqueous solutions [51]. Surfactants, 
in addition to modifying the nano-alumina 
surface, can be used in the synthesis procedure to 
produce highly effective NPs. A facile synthesis 
route has been developed for producing γ-alumina 
NPs using formamide as a precipitating agent 
and the non-ionic surfactant Tween-80 as a soft 
templating agent. The resulting NPs exhibited 

 Fig. 5. Schematic of membrane filtration of dyes [74]  

Fig. 5. Schematic of membrane filtration of dyes [74] 
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high surface area and demonstrated excellent 
adsorption capacity for the cationic dye MB [52]. 
Poly(vinylbenzyltrimethylammonium chloride) 
(PVBTAC)-modified α-Al₂O₃ NPs have been 
developed as a novel adsorbent for the removal 
of the azo dye New Coccine (NCC) from aqueous 
solutions [53]. It was also applied as an effective 
agent for the adsorptive removal of the azo dye acid 
orange G (AOG). This nano adsorbent exhibited 
effective dye removal performance along with high 
reusability, indicating their potential for repeated 
use in wastewater treatment applications [54].

Increased adsorption capacity, selective dye 
removal, broader pollutant range, enhanced 
surface properties, pH-independent performance, 
reusability and durability, practical applicability, 
multi-functional capabilities are capabilities 
have been demonstrated in studies on nano-
alumina after modification or functionalization. 
Consequently, surface-modified and functionalized 
nano-alumina exhibits superior performance in 
the removal of dyes from water when compared 
to unmodified nano-alumina. The material’s 
versatility, high efficiency, and reusability make it 
a promising adsorbent for advanced wastewater 
treatment and pollutant remediation.

3.3. Alumina-based nanocomposites
Nanocomposites are multi-phase materials 

with at least one nanoscale component dispersed 
within a matrix (Fig. 4) [55]. This creates a three-
dimensional structure that gives it properties that 
are different from regular materials.

 Nanocomposite-based adsorbents offer distinct 
advantages for wastewater treatment by combining 
high surface area and tuned porosity with 
synergistic binding mechanisms across multiple 
phases. [56]. 

Alumina-based nanocomposites have 
attracted a lot of attention because of their great 
surface characteristics, mechanical stability, and 
resistance to thermal degradation [57]. These 
sorbents have also demonstrated efficacy in the 
removal of dyes from wastewater. An Al₂O₃/
graphene oxide/halloysite nanotube (Al₂O₃/
GO/HNT) nanocomposite was synthesized and 
characterized to evaluate its adsorption efficiency 
toward both cationic MB and anionic CR dyes in 
wastewater Thermodynamic analysis indicated a 
spontaneous and exothermic adsorption process. 
Moreover, the composite effectively removed 
Cu (II), oxytetracycline, and 2-chlorophenol, 

demonstrating its potential as a versatile adsorbent 
for dyes, heavy metals, and organic contaminants 
[58].

Mixed iron/aluminum oxide (Fe₂O₃-
Al₂O₃) nanocomposites were synthesized via a 
hydrothermal method and functionalized with 
the cationic surfactant CTAB to enhance their 
adsorption capacity for the anionic dye Acid 
Orange 67 (AO67) from aqueous solutions. 
Under optimized conditions, the CTAB-modified 
nanocomposites exhibited high removal efficiency 
for AO67 and other dyes, including RB222, 
RY145, and AR37, from simulated wastewater. 
These results suggest that the modified Fe₂O₃-
Al₂O₃ nanocomposite has promise as an effective 
adsorbent for treating dye-contaminated effluents 
in water purification applications [59]. An alumina–
zirconia (Al₂O₃-ZrO₂) composite was synthesized 
via the combustion method and evaluated as an 
adsorbent for the removal of CR and MB dyes from 
aqueous solutions. The adsorption performance 
was found to be more strongly influenced by the 
density and accessibility of active sites than by 
the specific surface area alone. These findings 
underscore the potential of Al₂O₃-ZrO₂ composites 
as efficient and cost-effective adsorbents for the 
treatment of dye-contaminated wastewater [60]. 
Another composite adsorbent comprising chitosan, 
mesoporous silica (MCM-41), and nano-sized 
gamma-alumina (CS/MCM-41/Nano-Al₂O₃) was 
successfully synthesized. The resulting γ-alumina 
NPs exhibited high adsorption capacity for the 
cationic dye MB, highlighting their potential in dye 
removal applications [61].

Despite the investigation of numerous 
polymeric composite adsorbents for dye removal 
in wastewater treatment, further research is 
necessary to enhance their adsorption efficiency 
and commercial applicability, particularly in 
conjunction with carbonization and activation 
techniques. It is noteworthy that the application of 
alumina-polymeric composites for the removal of 
commercial dyes such as CR dye and Safranin O 
(SF) has not been thoroughly explored. In order to 
address this gap, a nano-alumina-doped catechol 
formaldehyde resin composite was synthesized 
via suspension polymerization that exhibited a 
higher adsorption capacity for the anionic dye CR 
compared to the cationic dye SF, suggesting its 
potential application as an effective adsorbent for 
the removal of anionic pollutants from aqueous 
environments [62]. In line with advancements in 

DBF_J_Name
DBF_Volume
DBF_PubYear
DBF_DocType


736

M. Saadati

Colloid Nanosci. J. 3(4) (2025) 727-741

Original Article

alumina-based nanocomposites, synthesis of a 
novel hybrid adsorbent, gamma-alumina dawsonite 
has been reported which has been functionalized 
with bio-based substances. This novel adsorbent 
has been termed B-BBS0.4. The adsorption 
performance of the material was evaluated using 
cationic dye Crystal Violet (CV) and emerging 
contaminants Atenolol and carbamazepine as 
model substances. The synthesized composite 
exhibited a high adsorption capacity and rapid 
kinetics, with a reaction time of less than 30 minutes 
[63]. A recent study examined the adsorption of 
CR dye from aqueous solutions using ZnO and 
Al₂O₃/ZnO composite adsorbents. ZnO NPs 
were synthesized via a co-precipitation method, 
while Al₂O₃ for the composite was sourced from 
recycled aluminum waste. Adsorption occurred 
rapidly within the first 15 minutes and reached 
equilibrium by 45 minutes. Thermodynamic 
analysis revealed the adsorption process to be 
spontaneous and endothermic, with the Al₂O₃/
ZnO composite demonstrating greater spontaneity 
than ZnO alone. These findings indicate that the 
incorporation of Al₂O₃ enhances the adsorption 
efficiency of ZnO for CR dye removal [64]. 
Recently, a novel composite adsorbent composed 
of alumina derived from alum physically mixed 
with acid-activated clay (Alumina/H⁺-Clay) was 
synthesized via a straightforward physical blending 
method. The composite’s efficacy for the removal 
of MG dye was systematically evaluated and 
confirmed, demonstrating enhanced adsorption 
performance [65].

From the standpoint of environmental and 
natural resources engineering, the development of 
sustainable and efficient remediation technologies 
remains a critical priority. Commersonia bartramia 
leaf extract has been utilized for the first time as a 
green reducing agent in the synthesis of copper NPs, 
following an environmentally benign approach. 
The synthesis incorporated nano-alumina as a 
non-toxic support material to form Cu/Al₂O₃ 
nanocomposites. The catalytic efficiency of the 
Cu/Al₂O₃ nanocomposites was assessed through 
the reduction of aqueous pollutants, specifically 
DNPH, CR and MB dyes, under ambient conditions. 
The nanocomposites exhibited high catalytic 
performance and demonstrated excellent reusability 
across multiple reaction cycles with minimal activity 
loss, underscoring their potential as green and 
sustainable catalysts for environmental remediation 
and wastewater treatment applications [66].

The studied fabricated alumina-based 
nanocomposites exhibit superior physical and 
chemical properties, enhanced adsorption 
efficiency, versatility in dye and pollutant 
removal, improved kinetics and rapid adsorption, 
sustainability and environmental compatibility, 
high reusability, and cost-effectiveness for 
removing a broad spectrum of synthetic dyes and 
pollutants from wastewater.

3.4. Nano-alumina based membranes and inno-
vative adsorbents

This subsection encompasses studies with 
distinctive innovations that do not fall under 
the previously discussed categories. A novel 
approach was developed for the simultaneous 
extraction and preconcentration of MG and basic 
fuchsine (FU) dyes from aqueous media using 
a molecularly imprinted polymer-coated nano-
alumina adsorbent (MIP\@Nano-Al2O3). The 
adsorbent was synthesized via a surface molecular 
imprinting technique and characterized using a 
variety of related techniques. The method relies 
on the selective adsorption of MG and FU and its 
applicability was confirmed through successful 
analysis of seafood and environmental water 
samples [67]. A flexible, self-supporting membrane 
consisting of ultrafine alumina–silica NFs was 
successfully fabricated using the electrospinning 
technique and employed as an adsorbent for the 
removal of RR-120 dye from aqueous solutions. 
Following adsorption, the nanofiber membrane 
could be easily separated and reused, exhibiting 
outstanding flexibility, recoverability, and 
reusability [68]. A novel mesoporous silica–
alumina oxide (comprising 97% SiO₂ and 3% 
Al₂O₃), synthesized via the pyrogenic method, 
was employed as an adsorbent for the removal of 
selected dyes - C.I. Acid Orange 7 (AO7, acid dye), 
C.I. Reactive Black 5 (RB5, reactive dye), and C.I. 
Direct Blue 71 (DB71, direct dye) - as well as heavy 
metal ions (Co²⁺, Cu²⁺, Ni²⁺, Zn²⁺) from aqueous 
solutions and wastewater. The results demonstrated 
the high efficacy of this mixed oxide material as 
an adsorbent for the removal of diverse pollutants 
from contaminated water sources [69]. Magnetic 
nano-alumina, serving as a readily separable 
adsorbent, has been utilized for the removal of 
the toxic azo dye CR from aqueous solutions. The 
adsorbent exhibited a favorable adsorption capacity 
for the targeted dye, indicating its potential for 
effective dye remediation [70]. A novel adsorbent, 
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humic acid-functionalized alumina (HAFA) NPs, 
was synthesized via a precipitation method and 
evaluated for its effectiveness in the removal of MB 
dye from aqueous solutions. The findings suggested 
that the adsorption process was effective. Notably, 
reusability tests demonstrated that the HAFA NPs 
exhibited high adsorption efficiency over five 
consecutive cycles, indicating their potential for 
repeated use in dye removal applications [71].

Ceramic membranes currently occupy a small 
portion of the filtration membrane market due 
to high production costs and complex fabrication 
processes. To address this, a study introduced a 
rapid, one-step molding method for fabricating 
alumina ultrafiltration membranes using a 
camphene-based freeze-casting technique 
combined with surface airflow treatment. This 
method allows for the simultaneous formation of 
a thin separation layer and a macroporous support, 
simplifying production. The resulting membranes 
exhibited excellent performance, achieving 99.6% 
rejection of Direct Red 80 dye, highlighting their 
potential for cost-effective and scalable industrial 
ultrafiltration applications [72]. Nano-alumina has 
shown versatility in removing diverse pollutants. 
A breakthrough approach involved designing 
phenanthridine-based salicylaldehyde ligands 
for pollutant/metal ion detection, which were 
then engineered into novel mononuclear Al(III) 
complexes. These were transformed via sol-
gel methods into ultra-small (3 nm) α-alumina 
NPs. Remarkably, these NPs achieved >93% 
solar-light-driven photodegradation of RhB and 
Methyl Orange in 140 minutes, surpassing prior 
benchmarks, demonstrating their exceptional 
potential as rapid, solar-responsive photocatalytic 
remediators [73]. To enhance the resistance 
of ultrafiltration membranes against dye 
fouling to ensure the efficient treatment of dye 
wastewater, polyvinylidene fluoride membranes 
were modified with aluminum oxide (Al₂O₃), 
which was introduced in two forms: as a sol and 
as a nanopowder. Membranes incorporating 
20% Al2O3 sol exhibited superior performance 
compared to those modified with 1.0 wt% Al2O3 
nanopowder, demonstrating improved pore 
structure, mechanical strength, and elevated water 
flux. These modifications resulted in a substantial 
enhancement of membrane hydrophilicity, dye 
rejection efficiency, and antifouling capability. The 
membranes demonstrated dye retention rates that 
exceeded 96% for neutral red 5 and dispersed navy 

blue 79 (Fig. 5), while exhibiting high recovery 
rates of over 92% across three filtration cycles. 
These findings underscore the effectiveness and 
operational durability of the membranes in treating 
complex dye-laden wastewaters [74]. 

The study of reviewed works shows that 
innovative nano-alumina based nanoadsorbents 
have many advantages, including being selective, 
efficient, reusable, and able to be recovered and 
used many times. They are also versatile, efficient, 
reusable, and scalable. These nanoadsorbents offer 
a solution for removing a wide range of pollutants, 
especially synthetic dyes, from wastewater and 
makes them good choices for industrial and 
environmental water treatment.

4. Conclusion 
Water pollution caused by synthetic dyes is 

a serious global problem that affects both the 
environment and human health. Alumina-
based NMs have shown excellent dye-removal 
performance because of their large surface area, 
adjustable pore structure, and good chemical 
stability. Advances in synthesis methods such as 
hydrothermal, sol-gel, combustion, and green 
waste-derived processes have improved their 
crystallinity and adsorption capacity. Both γ- and 
α-alumina phases exhibit strong dye adsorption 
and photocatalytic activity, depending on their 
structural properties. Surface modification and 
functionalization also play key roles in enhancing 
the performance of nano-alumina. Approaches 
using surfactants (such as SDS) or chemical 
functional groups help improve particle dispersion, 
selectivity, and adsorption efficiency, often 
achieving more than 90% dye removal. Alumina-
based nanocomposites show fast adsorption, good 
reusability, and the ability to remove both anionic 
and cationic dyes. Green synthesis using plant 
extracts or recycled aluminum sources increases 
sustainability and cost-effectiveness. Hybrid 
materials such as molecularly imprinted polymers, 
electrospun nanofibers, mesoporous silica alumina 
oxides, and modified membranes further enhance 
adsorption performance, mechanical strength, 
hydrophilicity, and antifouling properties, often 
achieving dye rejection above 96%. Overall, 
alumina-based NMs are efficient, sustainable, and 
scalable materials for wastewater treatment. Future 
work should focus on improving synthesis routes 
for large-scale production, enhancing long-term 
stability, and developing hybrid composites with 
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carbonaceous or polymeric materials to improve 
performance in complex and real wastewater 
systems.
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