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Abstract

The elimination of dyes from wastewater represents a critical environmental
challenge, as dye effluents from industries such as textiles, printing, and paper
production pose significant risks to ecosystems and human health.
Conventional treatment methods are often limited in efficiency and cost-
effectiveness, necessitating the exploration of advanced alternatives. This
review analyzes the application of functional oxide nanoparticles in dye
removal, with particular focus on metal oxides such as titanium dioxide, iron
oxide, and zinc oxide, as well as mixed metal oxides. These nanomaterials
exhibit exceptional adsorption and photocatalytic properties due to their large
surface area, tunable surface chemistry, and distinctive surface characteristics,
which enhance dye removal efficiency. The adsorption mechanisms involve
electrostatic attraction, hydrogen bonding, and n—n stacking interactions,
while photocatalytic degradation relies on the generation of reactive oxygen
species under light irradiation, allowing complete dye mineralization and
minimizing harmful intermediates. Despite these advantages, further research
is needed to evaluate long-term stability, recyclability, and potential ecological
impacts, alongside the development of cost-effective synthesis methods and
innovative nanomaterials with improved performance.
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Introduction

Water is a vital resource, essential for sustaining life. Despite 71% of the Earth's
surface being covered by water, which comprises around 97.5% saline water and only 2.5%
freshwater, a tiny 0.007% of all water is accessible for consumption [1]. Industrial waste
primarily contaminates water, containing different colours and other contaminants [2,3].
Dyes have been widely utilised in the textile, leather tanning, cosmetics, pigment, and
various other sectors [4,5]. The existence of these dyes in the hydrosphere constitutes a
substantial pollution source due to their visibility at minimal concentrations and their
recalcitrant nature, which can pose significant threats to aquatic life by diminishing sunlight
penetration and resisting photochemical reactions. Their waste products produced during
dyeing operations are toxic, mutagenic, carcinogenic, and elevate chemical oxygen demand
(COD) and biochemical oxygen demand (BOD) levels in aquatic environments, hence
endangering human health. [6,7]. Consequently, it is imperative to remove colours from
wastewater efficiently before their ultimate release into the environment. Significant
volumes of dyes are released into the environment from diverse industrial processes,
presenting issues for environmental scientists. Numerous technologies such as membrane
separation, improved oxidation, flocculation-coagulation, electrochemical approaches and
aerobic or anaerobic treatment have been used in the removal of colours from wastewater
[8,9]. Therefore, there is an urgent demand to create innovative and low-cost techniques
for the removal of dyes. Adsorption, recognised as a very effective technique for
wastewater treatment, has been successfully utilised to diminish dangerous inorganic and
organic contaminants in effluents [10]. The superiority of adsorption in contrast to other
methods is its sludge-free operation and complete removal of colours even from dilute
solutions [11]. A variety of adsorbents have been reported for the practicality of low-cost
adsorbents to remove colours from wastewater. Some of them are chitosan, wheat straw,
wood hull, banana and orange peels, oil palm ash, wasted tea leaves, degreased coffee bean,
mango peels, rice husk, palm kernel shell, coconut shell and fly ash [12-23]. However, the
application of these adsorbents has been restricted because of their separation difficulties.
Thus, tremendous efforts are needed to exploit novel promising adsorbents. The
advancement of nanotechnology has received considerable interest from many experts in
the scientific domain. The increased interest in nanoscience implies that the potential of
nanomaterials (NMs) is undiscovered and yet to be addressed. Nanomaterials are of

significant relevance that encompass structures and devices with sizes varying from 1 to
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100 nm. Because of their specific features, wide surface area and quantum size effects,
these materials can provide new opportunities (such as strong adsorption, increased redox,
and photocatalytic activities) to remove pollutants in wastewater [24,25]. A range of
nanomaterials ie. nano metals, nano metal oxides, graphene or graphene-based
nanomaterials and polymer-based nanomaterials, have been widely employed in the
removal of pollutants in wastewater [20,27]. The results demonstrated that these
nanoparticles displayed a high adsorption capacity. This review contains three main
elements. Firstly, the types and toxicity of dyes are described. Then, the numerous sorts of
methods employed in wastewater treatment are discussed. Thirdly, the adsorption of
various dyes from aqueous solutions by a wide range of nanomaterials is elaborated and
their maximum adsorption capacity on various dye adsorption is compared. Finally, a
summary and prognosis in the form of findings and recommendations are presented for

their full-scale applications.

Dyes
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Figure 1: Classification of dyes based on ionic exchange [31]

Dyes are generally organic chemicals that can bind to the surfaces of fabrics
to impart a colour [28]. Dyes can be classified according to their ingredients, colours
and applications, of which application is the most generally used approach for dye
categorisation [29, 30]. Azo dyes, anthraquinone dyes, phthalocyanine, indigoid dyes,

nitroso dyes, nitro dyes and triarylmethane dyes based on the classification of the
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chemical structure are presented in Table 1. Azo, anthraquinone and triarylmethane

dyes are the most important classes among these dyes

1.1. Classification of dyes based on chemical structure

Class Chromospheres Examples

Azo dyve N Reactive black S

Anthraquinone dyes Reactive blue 4

Indigoid dyes Acid blue 71

Niwoso dyes - Acid green 1

Niro dyes o Acid vellow 24

Triarvimethane dyves Malachite green

Table 1: Classification of Dyes Based On Chemical Structure

Table 1 [31] shows the classification of dyes according to their many
applications: vat, mordant, and dispersed dyes. Furthermore, based on how their
particle charge dissolves in aqueous solutions, the dyes typically used in the textile
industry are classified as cationic (all basic dyes), anionic (direct, acid, and reactive
dyes), and non-ionic (disperse dyes) [32, 33]. Because of their intricate structure,
dyes are useless when exposed to heat, light, bacteria, or oxidising chemicals. This
makes it difficult for the dyes to degrade. Water dyes reduce water quality and
prevent photosynthesis in aquatic plants and animals by altering sunlight
penetration and oxygen solubility [34,35]. Furthermore, it can result in serious
health problems for people, including elevated heart rate, vomiting, shock, Heinz

body formation, cyanosis, jaundice, quadriplegia, and tissue necrosis [30].
1.1.1.  Azo Dye

The bulk of synthetic aromatic dyes are azo dyes (monoazo, diazo,
triazo, and polyazo). These dyes are made up of one, two, three, or more (N =
N) groups that are attached to benzene and naphthalene rings that are regularly
substituted with various functional groups, such as triazine amine, chloro,

hydroxyl, methyl, nitro, and sulphonate [37]. Azo dyes are widely used in paper
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printing, food colouring, cosmetics, pharmaceuticals, and textile dyeing.
Because of their great stability, affordability, and range of colours, around 80%
of azo dyes are utilised in the textile industry [38]. According to estimates, 10—
15% of colours in effluents are released into receiving water bodies after
becoming unbound with textile fibres [39]. For instance, one kilogramme of
cotton required 30-60 g of dyestuff and 70-150 L of water to dye, and it has
been estimated that up to 50% of used dyes were released into water sources
either directly or indirectly [40,41]. Vinyl sulfone, chlorotriazine,
trichloropyrimidine, and diflurochloropyrimidine are examples of reactive dyes,
which are azo dyes that create covalent connections between their reactive
groups [42]. Reactive dyes are superior to other dye classes in the textile
industry due to their vivid colour, water-fastness, ease of application, and low
energy consumption. Reactive dyes are therefore currently the most widely
utilised. Reactive dyes, on the other hand, are carcinogenic and mutagenic, and
even their intermediate products, mineralization, aromatic amine, and an
arylamine have serious negative effects on people, including harm to the brain,

liver, kidney, and central nervous system, and reproductive system [43].

[44[4 Microbial types Dyes Percentage removal Time
(%)
(4) fungi
Phanerochaete Reactivered 22 $0-100 30h
chrysosporium
Trametes rrogil Anthraguinone 88 4h
blue
TIrametes versicolor Gryfalan black 59 400 min
RL
Pleurotus sajor-caju Reactive 100 100 day
yellow 15
(5) yeasts
Candida tropicalis Reactive black >99 48h
5
Remazol 98 24h
an black-B
Rhc orula rubra Crystal violet >99 4 day
(6) bacteria
Shewanella oneidensis Napthol green 94 24h
MR-1 B
Pseudomonas sp. Reactive blue 83 72h
13:
Enterobacter EC3 Reactive black 93.6 36
5
Aeromonas hydrophila Reactive red 80 24

141

Table 2: Decolorization of various azo dyes by different microbial types

Volume 2, Issue 3, 2025 349
"



Isaac John Umaru & James Eneji Agwu

1.1.2.  Dyes of Anthraquinone

The textile industry has made extensive use of anthraquinone dyes due
to their broad range of colour hues, fastness characteristics, ease of application,
and low energy usage [54]. They are the second largest class of textile dyes after
azo dyes. The strong affinity of anthraquinone dyes for silk and wool is another
significant benefit of wusing them in dyeing procedures. However,
anthraquinone dyes show a reduced rate of decolorisation because of their
fused aromatic structure. Since the majority of these dyes are poisonous,
mutagenic, and carcinogenic, there has been a lot of interest in getting rid of

anthraquinone dyes.
1.1.3.  Dyes of Triarylmethane

Triphenylmethane dyes are aromatic xenobiotics composed of one p-
quinoid group (chromophore) and two benzene rings joined to a central carbon
atom. -NH2, -NR2, and -OH are the most frequent auxochromes. These dyes,
which include Bromophenol blue (BB), Crystal violet (CV), Malachite green
(MG), and others, have vivid colours with classic red, violet, blue, and green
hues [55]. In the textile industry, these dyes are frequently used to colour
materials such as cotton, wool, silk, polyacrylon nitrile, and modified nylon.
Petrol and the paper and leather industries are two more significant uses for
triphenylmethane dyes [54]. They are thought to be appropriate for dyeing a
variety of textile surfaces due to their poor light fastness, strong tinctorial
strength, and reasonably cheap dyeing, particularly when washed slowly.
Furthermore, triphenylmethane dyes have been widely used in medicine as
medical disinfectants due to their antibacterial, antifungal, and antiprotozoal
qualities. These dyes can also be used to control diabetes and disinfect wounds
following surgery [56]. Because of their sensitivity to pH, certain of these dyes
such as fluorescein, fuchsine, and phenolphthalein are employed as indicator

dyes.
Method of removal of dyes

Biological, chemical, and physical approaches are the three primary categories into
which a vast array of technologies have been created and used for dye scavenging [57].

Their practical applications are limited by their high capital costs, low efficiency, and
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production of surplus sludge. A variety of colours in wastewater can be removed using
some of these procedures, which are more effective and adaptable than others [58].
Adsorption is a preferable option since it is less expensive initially, creates benign

byproducts, and eliminates dyes, even in diluted solutions [59].
1.2. Biological techniques

It has been demonstrated that using microbial approaches to treat industrial
effluents is the most cost-effective and energy-efficient method. The treatment of
industrial effluents has been investigated using microbial biosorption and
biodegradation. Microorganisms such as bacteria, filamentous fungi, yeast, and
algae can change dye molecules into less dangerous forms [60]. This characteristic
of microorganisms is ascribed to the components of their cell walls (lipids and
heteropolysaccharides), which are made up of various functional groups such as
phosphate, carboxyl, hydroxyl, amino, and other charged groups. Strong attraction

forces between the azo dye and the cell wall may result from them [61].
1.2.1. Fungal degradation of colours

It has been observed that fungi can degrade a variety of contaminants,
including organic waste, polyaromatic hydrocarbons, dyes, and steroid
chemicals [62]. Numerous intracellular and extracellular enzymes produce a
metabolic product that gives rise to this feature [63]. The four primary genera
of the white-rot fungus, which are the most commonly utilised fungi, are
Phanerochaete, Trametes, Bjerkandera, and Pleurotus. Because of their
nonspecific enzyme systems, the ligninolytic enzymes that white rot fungus
produce are essential for the removal of dye [63]. Tien and Kirk were the first
to introduce Phanerochaete chrysosporium, which is used to decolorise dyes
[64]. According to Wu et al, after 30 hours of treatment, Phanerochaete
chrysosporium may completely decolorise the Reactive Red 22 (RR 22) dye
[44]. The degradation of dye in effluents was accomplished by a number of
different white rot fungi, including Pleurotus sajor-caju, Trametes versicolour,
and Trametes trogii [50, 65,60]. The lengthy hydraulic retention period needed
for full decolourisation, however, is a barrier to using fungus to decolourise
colours, and the preservation of fungi in bioreactors is another issue to take

into account [65,60].
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1.2.2.  Yeast-degradation dyes

Since yeasts grow quickly like bacteria and can survive in harsh
environments, even at low pH levels, they can be a desirable alternative for the
removal of textile dyes, even if their decolourisation and degrading capabilities
have only been the subject of a few research. According to a recent study by
Yang Ok et al., Candida tropicalis can decolorise Reactive Black 5 (RB 5) by up
to 99% after 48 hours [67]. Furthermore, it has been demonstrated that
Kluyveromyces marxianus IMB3 bioaccumulates remazol black-B, with a
clearance efficacy of 98% after 24 hours [748]. Rhodotorula rubra was found to

be an excellent decolourizer of crystal violet by Kwasniewska et al. [49].
1.2.3. Bacterial degradation dyes

In the 1970s, research on Bacillus subtilis isolation culture was initiated
[68]. Due to their ease of cultivation and quick growth, Oria are ideal for
mineralising and decolorising azo dyes. Azo dyes are biodegraded by a variety
of bacterial species in facultative anaerobic, aerobic, or typical anaerobic
environments. The reductive breaking of azo bonds (-N=N-) with the use of
azoreductase enzymes typically initiates the bacterial degradation mechanism of
azo dyes. Shewanella oneidensis MR-1 has a high capacity (94%) to decolourise
Naphthol green B in anaerobic environments, according to Xiao et al. [50].
Similarly, Reactive blue 13 (RB 13) and Reactive black 5 (RB 5) were degraded
by Pseudomonas sp. and Enterobacter EC3 after 70 and 36 hours, respectively
(83.2% and 93.6%) [51, 52]. Additionally, several studies demonstrate that
certain bacterial species may absorb dyes in aerobic environments. Reactive red
141 (RR 141) can be decoloured by Aeromonas hydrophila, and within 24

hours, the decolorisation can reach 80%.
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Figure 2: Mechanism of Azo dye removal by bacteria [69]
1.3. Chemical Methods
Coagulation-flocculation, ozonation, photocatalytic degradation,

electrochemical therapy, and precipitation-flocculation with Fe2+/Ca(OH)2 are
examples of chemical techniques. Although these chemical methods are effective at
removing dyes from wastewater, overuse of chemicals can make sludge disposal
challenging and increase the risk of secondary pollution. Furthermore, these
methods are expensive and need a lot of electrical energy, which limits their

application. Different microbial species decolourise different azo dyes.
1.3.1. Flocculation and Coagulation

As a necessary and effective method, coagulation and flocculation are
typically used to purify drinking water, treat effluent from textiles, and partially
lower COD. Sanchez-Martin et al. have examined this method's viability in
wastewater treatment [70]. Larger particles are collected by flocculation to
create microflocs, which can be eliminated in later sedimentation or flotation
stages. The coagulation process destabilises colloids by adding a coagulant to
neutralise the negative charges [71]. A coagulant is an agent that makes a liquid
or sol coagulate. Coagulants and coagulant aids are the two primary categories
of coagulants. Coagulants might be naturally occurring substances, polymers, or
metallic salts. It has been documented that polyaluminum chloride and
aluminium sulphate can remove dyes [72, 73]. According to Khayet et al.,

aluminium sulphate is more than 90% successful at removing Acid Black 210
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1.3.2.

1.3.3.
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(AB 210) when used in dosages of 40 mg/L, pH ranges of 4-8, and dye
concentrations of 35 mg/L [72]. At a final pH of 10.89 and a concentration of
3000 mg/L, MgCl2 exhibits outstanding performance (98%) in the elimination
of MG [74].

Ozonation

Ozone has a potent oxidative activity and breaks down rapidly into free
radicals and oxygen. The colour is destroyed when the latter is mixed with the
dyes. Both direct and indirect reactive pathways can be used by ozone to attack
contaminants. The indirect ozonation is caused by highly oxidative free radicals,
while the direct ozonation is associated with the ozone molecular activity. The
starting dye concentration and pH have an impact on the rate at which ozone
decomposes. Ozone can react with dye as an electrophile at low pH levels and
can spontaneously break down into hydroxyl radicals in solution at high pH
levels, which are potent, efficient, and nonselective oxidising agents [75].
According to Shaikh et al., Reactive orange 7 (RO 7), Reactive blue 19 (RB 19),
and Reactive black 5 (RB 5) have nearly 100% decolorisation efficiencies [70].
For RO 7, the corresponding percentages of colour removal at pH 4, 7, 9, and
11 were 19, 50, 60, and 75%. When the pH hit 11, RB 5 began to decolortise,
showing a similar pattern. The outcomes support the decolorisation process by
showing that O3 breakdown and the generation of OH radicals all happened at
higher pH values. According to the study conducted by Manali and colleagues,
Methylene Blue (MB) degraded by up to 94.6% after 26 minutes [77].

Photocatalytic techniques

Due to the production of extremely reactive hydroxyl radicals, the
application of advanced oxidation processes (AOPs) for the efficient oxidation
of a broad range of organics and dyes has drawn particular interest in recent
years. The ultrasonic process, photocatalysis, UV/H202, Fenton and photo-
Fenton processes (Fe2+/H202 and Fe2+/H202/UV), and electrochemical
processes are examples of AOPs. Because of its great efficiency and low energy
usage, photocatalytic degradation is prioritised among them. There are several
different kinds of photocatalysts, including titanates, perovskites, zinc oxide,

and titanium dioxide. The photogeneration of charge carriers (electrons and
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holes) is the reason titanium dioxide (T1O2) is utilised as a photocatalyst. Both
visible and ultraviolet (UV) light can irradiate TiO2, a semiconductor with a
band gap of 3.2 eV. When the photocatalyst is exposed to radiation, positive
holes (h+) are created in the valance band (VB) and electrons (e-) on the
surface of TiO2 are stimulated to the conduction band (CB) [78]. The electron
can lower the molecular oxygen in the solution, and the positive hole can
oxidise water to produce hydroxyl radicals. The following is a description of the
photocatalytic mechanism: The non-toxic, low-cost, extremely stable, and
reactive properties of 2TiO make it one of the most used photocatalysts.
Complete mineralisation of TiO2-contaminated areas can result in non-toxic

compounds like CO and HCL

Furthermore, because of its potent oxidising ability, the reaction can
occur at room temperature. To remove Direct Black 38 (DB 38), Seyyedi et al.
investigated UV/TiO2 [79]. The pH of the solution has a major impact on the
removal efficiency since the results indicated that the decolourisation process
was pH-sensitive. Due to TiO2's 6.6 isoelectric point, the percentage of
degradation is more effective at acidic pH values. The surface of TiO2 will be
positively charged when the pH is below the isoelectric point, whereas the dye
molecules will be negatively charged because of their sulfonic groups (SO3-).
The ideal conditions for decolourising DB 38 in this process were a pH of 5, a
concentration of 0.75 g/l for TiO2, a concentration of 26.56 mM for H202,
and a dye concentration of 50 ppm calcium oxide (CaO) with varying light
source radiation, with a 90% decolourisation efficiency [80]. Visible light, long
UV light, and short UV light were compared. It was discovered that, in contrast
to visible and long UV regions, this dye may be efficiently broken down in a
brief amount of time utilising short UV light. This result showed that thanks to
the advantage of higher energy, lower wavelength radiation performed
exceptionally well in photodegradation. Because of its similar photodegradation
mechanism to that of TiO2, zinc oxide (ZnO) has garnered a lot of attention.
Because of its exceptional electrical and optical activity, excellent chemical
stability, and favourable photo-electric and piezoelectric behaviours, ZnO has
been used in room-temperature UV lasers, sensors, and photocatalysis [90]. To

produce nano-sized particles, Zaharieva et al. synthesised ZnO using a
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traditional precipitation process and then treated it with a mechanochemical
technique under varying milling times [81]. Under UV light, ZnO materials
were mechanochemically treated for 0, 15, 30, and 240 minutes to degrade the
Reactive Black 5 (RB 5) dye. The results showed that the mechanochemically
activated ZnO powder for 15 minutes had the maximum photocatalytic
effectiveness (96%) while the mechanochemical treatment of ZnO materials for

4 hours had the lowest degree of degradation (82%) for RB 5 dye.

-

. N
/ ConductionBand

Figure 3: Schematic representation of the photocatalytic process on the surface of

semiconductor nanoparticles. [82]
1.4. Electrochemical Methods

Because of its complete decolourisation, low final temperature, moderate
pH range, decreased COD and BODS5, and lack of sludge formation,
electrochemical techniques have garnered more attention in recent years [83,84].
While electrochemical treatment is utilised for metal recovery or compound
synthesis, its applications in dye decolorisation are expanding quickly. Direct or
indirect oxidation processes are used in electrochemical procedures to remove
organic and hazardous contaminants. The anodic electron transfer reaction in a
direct anodic oxidation method destroys the contaminants once they have been
deposited on the anode surface [85]. Strong oxidants, such as hydrogen peroxide,

ozone, and hypochlorite/chlorine, are produced during electrolysis in an indirect

[@] African Journal of Biochemistry and Molecular Biology Research




Isaac John Umaru & James Eneji Agwu

oxidation process. The oxidant produced during the oxidation reaction process
subsequently destroys the contaminants in the solution [86]. For the removal of
Direct Red 80 (DR 80), Lopes et al. employed three distinct anode materials: iron,
polypyrrole, and boron-doped diamond. They demonstrated a 99% removal

efficiency for these materials [87].
1.5. Physical techniques

Ion exchange, adsorption, and membrane filtration (reverse osmosis,
electrodialysis, and nano-filtration) are some of the physical techniques that have
been developed for the removal of pollutants. The two main limitations of
membrane filtering technologies are their propensity for membrane fouling and
their requirement for periodic replacement. Because of their low cost,
straightforward design, ease of use, high effectiveness, and lack of toxicity,
adsorption techniques are a desirable substitute for treating contaminated

waterways.
1.5.1. Filtration by membrane

Membrane filtration, such as reverse osmosis (RO), microfiltration
(MF), ultrafiltration (UF), and nanofiltration (NF), is a sophisticated treatment
technique used to eliminate colour, BOD, and COD. The basic idea behind this
process is that the membrane's pore size is established by whether the particles
are held on the barrier's side or pass through [88]. Particles will be prevented
from passing through if they are bigger than the membrane's pore size. Because
of its pore size, UF may be used to separate particles with sizes between 0.05
and 0.15 pm, which are appropriate for treating inorganic particles or organic
colloids. Alventosa-de Lara et al. conducted studies to eliminate Reactive Black
5 using UF membranes [89]. The findings demonstrated that at a dye
concentration of 500 mg/L, the rejection stayed above 70%. Therefore, UF
membranes are not appropriate for the removal of dyes. The NF membrane
has pores that are between 1 and 10 angstroms in size, which is sufficient to
separate particles that are nanometres in diameter. When it comes to better flux
permeation, higher retention of multivalent salts, comparatively low investment,
and low operation and maintenance expenses, NF technology—a mix of UF

and RO—offers advantages over UF and RO [90]. Methylene blue (MB),
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Victoria blue (VB), and methyl violet (MV) colours can be effectively removed
using NF in conjunction with cellulose nanocrystals [91]. Amin et al. conducted
a study to examine the NF for treating Reactive Black B (RB 5) from dye-house
effluents under a range of operating conditions, including temperature, flow
rate, and pressure [92]. It was discovered that, with a dye rejection rate of over
99%, the ideal working conditions were 15 bar of operating pressure, 35°C, and
480 L/h of flow rate. The outcomes demonstrated that nanofiltration is a very

effective method for getting rid of reactive dyes.
Exchange of ions

Due to their high efficiency, affordability, and appealing features, ion
exchange membranes have drawn a lot of attention for use in water
purification, heavy metal removal, and the treatment of textile effluents. Strong
interactions between charged dyes and functional groups on ion exchange
resins enable the ion exchange method to extract dyes from aqueous solutions.
Anion exchange membranes, cation exchange membranes, cross-linkage
membranes, and other ion exchange membranes are the four primary
classifications for resins. Anion and cation membranes are the most often
utilised among them for the removal of dyes. Positively charged groups like -
NH3+, -NRH2+, -NR2H+, -NR3+, and -PR3+ are present in anion exchange
membranes and are useful for passing anions but blocking cations. Negatively
charged groups like -SO3—, -COO—, -PO32—, -PO3H-, and -C6H4O-found in
cation exchange membranes permit cations to flow through while rejecting
anions [93]. Muhammad et al. [94] have studied the effectiveness of an anion
exchange membrane (EBTAC) in removing the anionic dye Congo red (CR)
from aqueous solutions. Temperature, ionic strength, membrane dose, and
contact time were among the variables whose effects were examined. The
findings showed that the effectiveness of CR removal is significantly influenced
by contact time and membrane dose. However, temperature and ionic strength
have minimal effects on the elimination of CR. In otrder to remove Acid
Orange 7 dye (AO7), Akazdam and Chafi expanded their research to include
the use of macroporous strongly basic anion exchange resin [95]. Through a
series of studies involving a number of parameters, including contact time, pH,

initial dye concentration, adsorbent dosage, agitation speed, and solution
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1.5.3.

temperature, they examined the effectiveness of AO 7. The pH of the solution
has a significant effect on the magnitude of this activity, according to the
scientists. Up to 75% of AO7 could be nearly eliminated by the resin in 100
minutes. The findings show that, with a maximum adsorption capacity of 200
mg/g, the experimental results fit the Langmuir isotherm model quite well.
Thermodynamic tests further verified that the adsorption of AO7 on the
macroporous basic anion exchange resin under the studied conditions was an
exothermic and spontaneous process, while adsorption kinetics demonstrated

that the adsorption process followed a pseudo-second-order model.
Adsorption

The process by which the interface between gas and liquid molecules is
focused on the surface of a porous substance is known as adsorption.
Adsotrbate is the substance that accumulates at the interface, while adsorbent is
the substance that comes into contact with a solid [96]. Depending on how the
adsorbate species is adsorbed onto the adsorbent surface, the adsorption
process can be broadly classified into two types: physical sorption and chemical
sorption. Through weak physical forces such as Van der Waals forces,
hydrophobicity, hydrogen bonding, polarity, static interactions, dipole
interactions, and n-n interactions, the adsorbate adheres to the adsorbents
during physical adsorption [97]. In chemical adsorption, the force of electron
exchange binds adsorbates chemically to the surface of an adsorbent. The
adsorption method is a popular alternative for environmental remediation since
it is more effective than other techniques for removing colours from
wastewater when cost, efficiency, and design flexibility are taken into account.
Adsorption also prevents secondary contamination and doesn't produce any
dangerous materials. Based on the adsorption capacity, surface area, and
possible cost of material reuse, an economical and environmentally friendly
adsorbent was chosen for the adsorption procedure [98]. The porous structure
of activated carbon (AC), which has a high surface area of 500-2000 m2/g, and
its excellent adsorption capabilities for a variety of contaminants are well
recognised. The source of natural resources is responsible for these exceptional
qualities. However, because coal and wood are rather costly natural resources, it

is essential to look for less expensive and renewable precursors. The primary
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sources of AC are agricultural waste and byproducts, including chitosan, oil
palm ash, banana and orange peels, wasted tea leaves, and degreased coffee
beans. According to a study by Tan et al., activated carbon made from coconut
husk can remove MB [99]. When the temperature was raised from 30 to 50°C,
the adsorption capacity dropped from 434.78 to 384.62 mg/g, indicating that
the adsorption reaction was exothermic. Equilibrium was reached at 30 hours.
According to the Langmuir isotherm calculations, 434.78 mg/g is the maximum
amount of MB that can be adsorbed onto an adsorbent with a comparatively
high surface area of 1940 m2/g and a total pore volume of 1.143 cm3/g.
Hameed et al. [100] looked into the adsorption capacity of activated carbon
made from rattan sawdust. The equilibrium was reached in less than twenty-
four hours, and the kinetic data were found to be consistent with pseudo-
second-order kinetics. The equilibrium data demonstrated the monolayer
coverage of dye molecules at the sawdust carbon's outer surface, by the

Langmuir model.

1.6. Functional oxide nanomaterials for the removal of dyes

The fact that nanoscience is becoming more popular suggests that the
potential of nanomaterials (NMs) is still untapped and unexplored. The elimination
of dyes is a common application for inorganic nanomaterials, such as metal oxide-
based or nanosized metal. High surface area and specific affinity are provided by
nanosized metals or metal oxides, such as magnetic Fe304 [103], magnesium oxide
MgO) [103], titanium dioxide (TiO2) [104], zinc oxide (ZnO) [105], nano
zerovalent iron [101], and nano zerovalent zinc [102]. These compounds,
particularly metal oxides, have no secondary pollution, poor solubility, and little
impact on the environment. They have also been chosen to eliminate heavy metals

because of their superiority.

1.6.1. Iron nano-zerovalent

360

A wide range of contaminants, including nitrates, organochlorine
insecticides, chlorinated chemicals, heavy metals, and dyes, can be effectively
removed by nano-zerovalent iron (nZVI) particles [106-107]. In contrast to
their microscale counterparts, the oxidation of the Fe core is thought to be the

primary cause of the reactivity of ZVI core-shell nanoparticles. The higher
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reactivity of the nanoscale particles has been ascribed to the higher density and
intrinsic reactivity of their reactive surface sites. Three azo dyes, Sunset Yellow,
Acid Blue A, and Methyl orange, were reported to be removed with nZVI by
Rahman et al. [108]. The decolonisation of the dyes was aided by increasing the
dose of nZVI particles, as seen by the removal efficiency of these three dyes in
response to the nZVI dosage. However, when the dye concentration increased,
the percentage of degradation dropped. The impact of the pH shift on dye
removal effectiveness demonstrated that the acidic environment was conducive
to adsorption. This outcome could also be explained by the iron particle
electrons that are contributed to H+ ions, which results in the creation of
atoms. When the pH of dyes drops, these atoms cause the conjugated system
and chromophore group to cleave [109]. The outcomes showed that nZVI has
a high decolorisation efficiency for Sunset yellow, Acid blue A, and Methyl
orange. This substance was then employed to remove Reactive Black 5,
Reactive Red 198, and Light Green, and it continues to remove these dyes with
good results [101, 110]. By adding 500 mg of nZV], the initial concentration of
100 ppm of reactive black 5 and red 198 was eliminated. Furthermore, 97% of

the light green dye may be removed.

Catalyst Dyes  Working volume/ Amount/ Efficiency (%),
(Nanocomposites) concentrations conditions with time
BiVO4/CuCr204/PANI MB 40 mL, 10mg, 65 W, 95,
10 mg L Philips lamp 20 min
AgiPOy/TiO: MB, 100mL, 20 mgL! 50 mg, 300 W 90, 42 min
RhB Xe arc lamp & 6, 42 min
Ag0s RhB 100 mL, 300W Xe arc lamp, 100, 35 min
MO 10 mgL! visible light 90, 15 min &
MB 95, 30 min,
respectively
Bi2TiOsF2-12 h RhB 60 mL, 50 mg, 300 W 100,
10 mgL*! Xe lamp 150 min
e 3: The removal efficiency of Azo dyes by ZVI [89, 92, 94, 95, 99,100]
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1.6.2. Nanomaterials with magnetic properties

One of the most reactive metals, iron can coordinate with other
elements because it can exist in several oxidation states. Haematite (y-Fe203),
maghemite (x-Fe203), and magnetite (Fe304) are the three oxide types that are
most frequently found in nature [111, 112]. These materials have several uses
and are more re-collectable due to their high surface area-to-volume ratio,
strong magnetic susceptibility, and superior biocompatibility [113]. In aqueous
settings, bare magnetite nanoparticles are prone to aggregation and air-induced
oxidation [114]. To eliminate Rhodamine B (Rh B), Peng et al. coated Fe304
nanoparticles with humic acid (HA). HA improved the stability of Fe304
nanoparticles and stopped them from oxidising [115]. Rh B adsorption onto
Fe304/HA showed a maximum adsorption capacity of 161.8 mg/g and
achieved equilibrium in 15 minutes, according to the data. At the ideal pH, HA-
coated Fe304 nanoparticles were able to eliminate more than 98.5% of Rh B.
Using cetyltrimethylammonium bromide as a surfactant, Chaudhary and
colleagues created Fe304 nanoparticles by chemical precipitation to eliminate
Congo red (CR), Coomassie brilliant blue R-250 (CBB), and Acridine orange
(AO) [116]. With a dosage of 0.02 g and a pH of 4 for CBB and 6 for AO and
CR, a good clearance efficiency was attained. Tan and colleagues investigated
the adsorption capability of impregnated magnetic nanoparticles onto maize
cobs for the removal of Methylene Blue (MB), and the results demonstrated
favourable adsorption behaviour for MB with a removal efficiency of 99.9%
[117]. Other materials including silica-based cyclodextrin (Al-CD-MNPs),
polyacrylic acid, and ionic liquids can also be used to modify the surface of
IONPs. These compounds were used to successfully remove Direct Blue 15,

Rhodamine 6G, and Reactive Red 120 [118-119].
1.6.3. Magnesium oxide nanoparticles

Because of their high surface reactivity and adsorption capacity,
nanosized alkaline earth metal oxides—in particular, magnesium oxide (nano-
MgO) are an intriguing, multipurpose, and incredibly significant material that
has been widely employed as a destructive adsorbent for the removal of

numerous hazardous chemicals [120,121]. Because of its exceptional optical,
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electrical, thermodynamic, mechanical, electronic, and unique chemical
qualities, this substance is also used as a catalyst support, in toxic waste cleanup,
as an additive in refractory materials, and in paint and superconducting
products. Additionally, this substance was investigated as an adsorbent and
bactericide [122—123]. MgO nanoparticles were demonstrated to be an efficient
sorbent for Reactive Orange 122 (RO 122) and Reactive Black 5 (RB 5) in a
study conducted by Jamil et al. The maximal adsorption capabilities of RO 122
and RB 5 were determined to be 333.34 mg/g and 500 mg/g, respectively
[124]. Massive efforts have recently been made to create MgO with increased
surface area in a variety of shapes, including tubes, wires, belts, and rods. Dhal
et al. conducted research on the capacity of magnesium oxide nanomaterials in
various forms, including MgO nanorods, hierarchical nanostructures, and
nanoflakes, to function as adsorbents for the elimination of harmful dyes,
including Congo red and malachite green [125]. The hierarchical MgO
nanostructures demonstrated exceptional adsorption performance for the
removal of both dyes, with maximum sorption capacities of 1205.23 mg/g and
1050.81 mg/g, respectively, which were significantly higher than those of other
adsorbents, according to a comparison of three materials (MgO nanorods,
hierarchical nanostructures, and nanoflakes). Based on the likelihood of its high
surface area and hierarchical structures, we can explain why the hierarchical
MgO nanostructures have a higher adsorption capacity than MG and CR. To
improve the ability to remove dyes, nano MgO modification creates an
improved composite material. Daniel and his colleagues' production of MgO-
encapsulated activated carbon nanoparticles serves as one illustration.
Rhodamine B (Rh B) was removed using this substance as the adsorbent [120].
With a maximum adsorption capacity of 16.2 mg/g at pH 6.75, dosage of 100
mg, and contact period of 2 hours, it was discovered that the Langmuir
isotherm provides a more accurate description of the adsorption process.
Moazzam et al. [127] used a modified coprecipitation approach to create rice
straw charcoal/MgO nanocomposites. By altering the amount of shaking time,
adsorbent dose, shaking speed, pH, temperature, and initial adsorbate
concentration, several adsorption tests were conducted to examine the capacity

of rice straw charcoal/MgO nanocomposite to remove Reactive Blue 221 (RB
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221) from aqueous solutions [127]. It was discovered that the ideal adsorption
occurred when the adsorbent dose was 250 mg, the shaking speed was 200
rpm, the pH was 7.0, the shaking period was 90 minutes, the temperature was
26°C, and the initial adsorbate concentration was 30 mg/L. This dye was
adsorbed according to the Freundlich isotherm and pseudo-first-order kinetics.
According to the Langmuir isotherm, the maximum adsorption capacity was
determined to be 27.78 mg/g. The findings show that RB-221 can be adsorbed

from aqueous solutions onto a rice straw charcoal/MgO nanocomposite.
1.6.4. Graphene oxide and graphene oxcide based

With a few layers tightly packed in six-membered rings of sp2 carbon
atoms, graphene is a two-dimensional nanomaterial with exceptional properties
like a high sutface area (theoretically, the specific surface area is 2630 m2/g),
strong mechanical, electrical, and chemical stability [128,129]. As a result, it may
find use in sensors, nano-electronic devices, and nanocomposite materials
[127]. Furthermore, it has a high n-n stacking interaction with the aromatic
moieties found in different colours due to its graphitised basal plane structure
[141]. The oxygen-rich functional groups (such as carboxyl, carbonyl, and
hydroxyl groups) on the surface of graphene oxide (GO), the functionalised
graphene, enable it to dissolve in water and improve its electrostatic interactions
with cationic dye molecules. As a viable substrate for the creation of different

graphene-based nanocomposites, GO has garnered a lot of research interest.

364 African Journal of Biochemistry and Molecular Biology Research



Isaac John Umaru & James Eneji Agwu

Adsorbents Preparation/ Adsorbate Efficicncy
modification
NPs were synthesized Acridine 0.056
FciOu by chemical orangc (mol/g)
nanomatcrials precipitation method
uaing CIAD Coomassie 0.082
brilliant
bluc R-250
Congo red 0.078
HA- FeiaOu FeiOu NPs were Rhodamine Adsorption

modificd by humic

qmax-161.8

acid my/e
(9R.59%)
FeiOa Ionic liquid were used Reactive 166.67
nanomaterials 1o modify red 120 me/g
Fei3O4 nanoparticles
Fey O, Polyacrylic-acid bound Rhodamine 55.8 my/
nanomaterials FeyO. 6G
nanoparticles,
which act as core
and PAA as ionic
exchange
Fe O Silica-based - Direct blue 98%
nanomaterials cyclodextrin 15
immobilized on
magnetic
nanoparticles
MgO nano Co-precipitation Reactive 500 mg/g
particles method black S
MgO nano Reactive 333.34
particles orange me/
MgO nanorods Artinite and MgO Malachite green 95.1% and
nanorods prepared by and Congo red 86.28%

precipitation method

MgO Hicrarchical Malachitec green 99.98% and
nanostructurcs hydromagnesite and and Congo red 99.94%
MgO nanostructurcs
prepared by reflux
method
MgO nanoflakes Hydro magnesite and Malachite green 97.42%.

MgO nano
particles

Rice straw
charcoal/MgO
nanocomposite

MgO nanoflakes
prepared by
hydrothermal method

Activated carbon
immobilized on MgO
nanoparticles

Rice straw charcoal
immobilized on MgO

and Congo red

Rhodamine B

Reactive
blue 221

and 92.68%

16.2 myg/g

27.78 my/g

GO - Methylene blue 714 mg/e
magnetite/reduced - Rhodamine B3 91%
graphene oxide
Malachite green 94%

nZVIrGo - Rhodamine B 87.72 mg/g

Table 4: Removal of dyes by different nanomaterials

[115,116,118,133,119,124,125,126,127,130,131,132]
Conclusion

The research of functional oxide nanoparticles for the removal of dyes is a
promising path in resolving environmental concerns connected to water contamination.
The unique qualities of these nanomaterials, such as high surface area, reactivity, and
programmable surface chemistry, make them attractive candidates for efficient dye removal
methods. The complete analysis of the literature shows the broad range of functional oxide
nanomaterials exploited, including but not limited to titanium dioxide, zinc oxide, and iron
oxide, each demonstrating significant advantages in dye adsorption and degradation. The
success of these materials resides not only in their intrinsic qualities but also in the new
production processes and surface changes that increase their performance. The removal
processes, whether adsorption, photocatalysis or a combination of both, underline the

adaptability of functional oxide nanoparticles in handling different dye contaminants.
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Furthermore, the examination of various dye kinds and concentrations demonstrates the

potential use of these nanoparticles across a broad spectrum of industrial effluents.

References

[1] Petersen L, Heynen M, Pellicciotti F. Freshwater Resources: Past, Present, Future. ...
Earths Future 2017; (5):545-559

[2] Demirbas A. Heavy Metal Adsorption onto Agrobased Waste Materials A Review.
Journal of Hazardous Materials 2008; 157: 220-229.

[3] Arshad A, Igbal J, Ahma I, Ceram. Int., 2017.

[4] Kabdash O, Tinay DO. Wastewater control and management in a leather tanning
district. Water Sci Technol. 1999; 40 (1): 261-267.

[5] Anastopoulos GZ, Kyzas. Agricultural peels for dye adsorption: a review of re- * cent
literature. J. Mol. Liq.2014; 200:381-389

[6] Gupta N. Artificial neural network. Netw. Complex Syst., 2013; 36

[7] Wong YC, Szeto YS, Cheung WH, McKay G. Adsorption of acid dyes on chitosan —
equilibrium isotherm analyses Process Biochemistry. 2004; 39: 695-704.

[8] Malik PK, Sanyal SK. Kinetics of decolorization of azo dyes in wastewater by.
UV/H202 process. Sep. Putif. Technol., 2004; 36: 167-170.

[9]15. Korbahti BK, Artut K. Electrochemical oil/water Chem. Eng. J., 2011; 173: 677-688
[11] Sanmuga P E, Senthamil SP. Arabian J. Chem. 2017;10 :3548-3558.

[12] Gregorio C., Pierre-Marie B. Application of chitosan, a natural aminopolysaccharide,
for dye removal from aqueous solutions by adsorption processes using batch
studies: A review of recent literature, Prog. Polym. Sci. 2008;33:399-447.

[13] Robinson T, Chandran, B, Nigam P. Removal of dyes from a ... Water Research. 2002;
36: 2824-2830.

[14] Low KS, Lee CK. Quarternized rice husk as adsorbent for reactive dyes. Bioresour.
Technol. 997;61: 121-125.

[15] Annadurai G, Juang RS, Lee DJ. Use of cellulose-based wastes for adsorption of dyes
from aqueous solutions. | Hazard Mater. 2002;92:263—74.

[16] Foo KY, Hameed BH. Value-added utilization of oil palm ash: a superior ... ] Hazard
Mater 2009; 172: 523-531.

[17] Hameed B H, Khaiary M 1. Batch removal of malachite green from aqueous solutions
by adsorption on oil palm trunk fibre ... ] Hazard Mater 2009; 161:753-759.

[18]Mi-Hwa Bacek, Christianah Olakitan Ijagbemi, Se-Jin O, Dong-Su Kim, Removal ...
Journal of Hazard. Mate.2010;176: 820-828.

[19] Bello OS, Ahmad MA, International Conference on Environmental Science and
Technology (ICEST), 2011;28:505.

360 African Journal of Biochemistry and Molecular Biology Research



Isaac John Umaru & James Eneji Agwu

[20] Foo KY, Hameed BH.Ultilization of rice husk ash as novel adsorbent: a judicious
recycling of the colloidal agricultural waste. Adv Colloid Interface Sci. 2009;152:39—
47.

[21] Zawani Z, Lugman CA. Choong T SY. Equilibrium, Kinetics and Thermodynamic
Studies: Adsorption of remazol black 5 on the palm kernel shell activated carbon
(PKS-AC). Eur. J. Sci. Res. 2009; 37: 63.

[22] Bello OS, Ahmad M A. Coconut (Cocos nucifera) shell based activated carbon for the
removal of malachite green dye from aqueous solutions, Sep. Sci. Technol. 2012;
47:903-912

[23] Janos P, Buchtova H, Ry znarova M. Sorption of dyes from aqueous solutions onto fly
ash. Water Res. 2003;37 (20): 4938—4944.

[24] Mohmood I, Lopes C B, Lopes I, Ahmad I, Duarte A C, Pereira E. Nanoscale
materials and their use in water contaminants removal-a review.Environ Sci Pollut

Res, 2013; 20(3): 1239-1260.

[25] Buzea C, Pacheco II, Robbie K. Nanomaterials and nanoparticles: Sources and
toxicity. Biointer. 2007; 2: 17-71.

[26] Wang SB, Sun HQ, Ang HM, Tadé MO. Adsorptive remediation of environmental
pollutants using novel graphene-based nanomaterials. Chem Eng J. 2013;226:336—
47.

[27] Khin MM, Nair AS, Babu V], Murugan R, Ramakrishna. S. A review on nanomaterials
for environmental. remediation. Energy Environ. Sci. 2012; 5:8075-8109.

[28] Yagub MT, Sen TK Afroze S, Ang HM. Dye and its removal from aqueous solution
by adsorption: a review. Adv. Colloid. Interface. Sci. 2014; 209:172- 185

[29] Clarke E, Anliker R. Organic dyes and pigments. Handb Environ Chem 1980; 3: 181-
215

[30] Gupta VK, Suhas. Application of low-cost adsorbents for dye removal—a review ]
Environ Manage. 2009;90: 2313-2342.

[31] Hunger K. Industrial Dyes, Chemistry, Properties, Applications, Wiley-VCH:
Weinheim, 2003; 20-35.

[32] Mishra G, Tripathy M. A critical review of the treatment for decolorization of textile
effluent, Coloura. 1993;40(1):35-38.

[33] Purkait M. DasGupta S, De S. Adsorption of eosin dye on activated carbon and its
surfactant based desorption. J. Environ. Manage.2005; 76(2):135-142.

[34] Clarke E, Anliker R. Organic dyes and pigments. Handb Environ. Chem. 1980; 3: 181-
215.

[35] Rafatullah M, Sulaiman O, Hashim R, Ahmad A. Adsorption of Methylene Blue on
Low-Cost Adsorbents: A Review. May 2010; Journal of Hazard.  Mater.
2010;177(1-3):70-80 .

[36] Bell J, Plumb JJ, Buckley CA, Stuckey DC. Treatment and decolorization of dyes in an
anaerobic baffled reactor. ] Environ Eng Div ASCE. 2000; 126:1026 —1032.

[37] Saratale RG, Saratale GD, Chang ]S, Govindwar SP. Bacterial decolorization and
degradation of azo dyes: a review. | Taiwan Inst Chem. Eng. 2011; 42: 138-57.

Volume 2, Issue 3, 2025 367
=



Isaac John Umaru & James Eneji Agwu

[38] Solis M, Solis A, Pé rez HI, Manjarrez N, Flores M. Microbial decolouration of azo
dyes: A review. Pro- cess Biochem. 2012; 47: 1723—-1748.

[39] Wang H, Yuan X, Zeng G, Leng L, Peng X, Liao K, Peng L, Xiao Z. Removal of ...
Environ Sci Pollut. Res. Int. 2014; 21: 11552—-11564.

[40] Sen SK, Raut S, Bandyopadhyay P, Raut S. Fungal decolouration and degradation of
azo dyes: A review. Fungal Biol. Rev. 2016;30:112—-133.

[41] Aksu Z, Karabayur G. Comparison of biosorption properties of different kinds of
fungi for the removal of Gryfalan Black RL metalcomplex dye.Bioresour. Technol.
2008; 99:7730-7741.

[42] Chung KT, Cerniglia CE. Mutagenicity of azo dyes: structure- activity relationships.
Mut. Res. 1992;277: 201-220.

[43] Aspland JR. Textile Dyeing and Coloration. AATCC; Research Triangle Park, NC,
USA 1997; 1-77.

[44] Wu F, Ozaki H,Terashima Y, Imada T,Ohkouchi Y.Activities of ligninolytic enzymes
of the white rot fungus, Phanerochaete chrysosporium and its recalcitrant
substance degradability, Water Science and Technolo. 1996;34(7-8): 69-78

[45] Levin L, Jordan A, Forchiassin F.Degradation of anthraquinone blue by Trametes
trogii. Rev Argent Microbiol. 2001;33(4):223-8.

[46] Munari FM, Gaio TA, Calloni R, Dillon AJP. Decolorization of textile ... World ]
Microbiol Biotechnol. 2008;24:1383-1392.

47]Yan, , Yang, M, Pritsch K, Yediler A, Hagn A, Schloter A, Kettrup A.
) 8 8 p
Decolourizationof synthetic dyes and production of manganesedependent
peroxidase by new fungal isolates.Biotechnol. Lett. 2003;25 : 709-713.

[48] Meehan C, Banat IM, McMullan G, Nigam P, Smyth F, Marchant R. Decolorization of
Remazol Black-B using a thermotolerant yeast, Kluyveromyces marxianus IMB3.
Environment international. 2000;26(1-2):75-9.

[49] Kwasniewska, K. Biodegradation of crystal violet (hexamethyl-p-rosaniline chloride)
by oxidative red yeasts. Bull. Environ. Contam. Toxicol. 1985; 34:323—-330

[50] Xiao X, Xu CC, Wu YM, Cai PJ, Li WW, Du DL, Yu HQ. Biodecolorization of
Naphthol Green B dye by Shewanella oneidensis MR-1 under anaerobic conditions.
Bioresout. Technol.2012;110: 86—90.

[51] Lin J, Zhang X, Li, Z, Lei L. Biodegradation of reactive bluel3 in a two-stage

anaerobic/aerobic fluidized bedssystem with a Pseudomonas sp. isolate. Biotresour.
Technol. 2010;101: 34-40.

[52] Wang H, Zheng XW, Su JQ, Tian Y, Xiong X]J, Zheng TL. Biological decolorization
of the reactive dyes Reactive Black 5 by a novel isolated bacterial strain
Enterobacter sp. EC3. J. Hazard. Mater. 2009;171: 654—659.

[53]Chen H, Xu H, Heinze TM, Cerniglia CE, Decolorization of water and oil-soluble azo
dyes by Lactobacillus acidophilus and Lactobacillus fermentum. J. Ind. Microbiol.
Biotechnol. 2009;36:1459—-14606.

[54] Duxbury DF. The photochemistry and photophysics of triphenylmethane dyes in solid
and liquid media. Chem. Rev. 1993;93:381-433.

368 African Journal of Biochemistry and Molecular Biology Research




Isaac John Umaru & James Eneji Agwu

[55] Azmi WRK, Sani A, Banerjee UC. Biodegradation of triphenylmethane dyes. Enzyme
Microb. Technol. 1998;22:185-191.

[56] Ghoreishi M, Haghighi R. Chemical catalytic reaction and biological oxidation for
treatment of non-biodegradable textile effluent. Chem. Eng. J. 2003; 95:163-169.

[57] Kobya M, Demirbas E, Senturk E, Ince M Adsorption of heavy metal ... Bioresource
Technology2005; 96(13):1518-1521.

[58] Foo K'Y, Hameed BH . “An overview of dye removal via activated carbon
adsorption process”, Desalin. Water Treat. 2010; 19, ( 1-3): 255-274

[59] Srinivasan A, Viraraghavan T. Decolorization of Dye Wastewaters by Biosorbents: A
Review,” Journal of Environmental Management, 2010; 91: 1915-1929.

[60] McMullan G, Meehan C, Conneely A, Kirby N, Robinson T, Nigam P, Banat IM,
Marchant R Smyth W F. Microbial decolourisation and degradation of textile dyes.
Applied Microbio. and Biotechnol. 2001;56(1-2): 81-87.

[61]]afaria N, Soudib MR, Kermanshahic RK. Biodegradation Perspectives of Azo Dyes by
Yeasts. Microbio. 2014;83: 484—497.

[62] Humnabadkar RP, Saratale GD, Govindwar SP. Decolorization of purple 2R by
Aspergillus ochraceus (NCIM-1146). Asian ] Microbiol Biotechnol Environ. 2008;
10:693-697

[63] Tien M, Kirk TK. Lignin-Degrading Enzyme from the Hymenomycete Phanerochaete
chrysosporium Burds. Science. 1983;221(4611):661-663.

[64] Sudha M, Saranya A, Selvakumar G, Sivakumar N. Microbial degradation of azo dyes:
A review. Int ] Curr Microbiol Appl Sci. 2014; 3(2): 670-90.

[65] Chang ]S, Chen BY, Lin YS. Stimulation of bacterial decolorization of an azo dye by
extracellular metabolites from Escherichia coli strain NO3. Bioresour. Technol.
2004; 91: 243-248.

[66] Stolz A. Basic and applied aspects in the microbial degradation of azo dyes. Appl
Microbiol Biotechnol 2001; 56: 69-80.

[67] Yang Q, Yang M, Pritsch K, Yediler A, Hagn A, Schloter M, Kettrup A.

Decolorization of synthetic dyes and production of manganese-dependent
peroxidase by new fungal isolates. Biotechnol. Lett. 2003;25:709—713.

[68] Horitsu H, Takada M, Idaka E, Tomoyeda M, Ogawa T. Degradation of p-
aminoazobenzene by Bacillus subtilis. Eur | Appl Microbiol.1977;4:217-24.

[69] Pearce CI, Christie R, Boothman C, von Canstein H, Guthrie JT, Lloyd JR. Reactive
azo dye reduction by Shewanella strain J18 143. Biotechnol. Bioeng. 2006;95: 692—
703.

[71] Sanchez-Martin ], Beltran-Heredia ], Solera-Hernandez C, Surface water and

wastewater treatment using a new tannin-based coagulant. Pilot plant trials. J.
Environ. Manag. 2010; 91:2051-2058

[72] Tatsi AA, Zouboulis Al, Matis KA, Samaras P. Coagulation-flocculation pre-
treatment of sanitary landfill leachates. Chemos. 2003; 53: 737

[73] Moghammadi M, Hassani A ], Mohamed AR, Najafpour GD.J. Chem. Eng. Data,
2010; 55:5777.

Volume 2, Issue 3, 2025 369
"



Isaac John Umaru & James Eneji Agwu

[74] Man LW, Kumar P, Teng TT, Wasewar KI.. Design of experiments for ... Desalination
Water Treat 2012;40:260-271.

[75] Turhan K, Durukan L, Ozturkcan SA and Turgut Z. Decolorization of textile basic
dye in aqueous solution by ozone Dyes Pigmen. 2012; 92: 897-901.

[76] Sahito AR, Pathan AA. In-situ decolorization of residual dye effluent in textile jet
dyeing machine by ozone. Pak | Anal Environ Chem. 2014; 15(2):6

[77] Desai M, Mehta M. Int. J. Eng. Sci. Res. Tech. 2014; 3: 1579.

[78] Ezhilkumar, P.; Selvakumar K V| Jenani R, Koperun DN, Selvarani M, Sivakumar V
M. J. Chem. Pharmaceutical Sci. 2016;9:259.

[79] 115106

Seyyedi K, Jahromi MAF. Decolorization of Azo Dye C.I. Direct Black 38 by.
Photocatalytic Method Using TiO2 and Optimizing of Process. Procedia.
2014;10:115-119

[80] Veeranna K D, Lakshamaia MT, Narayan RT. Int. ]. Photochemistry, 2014;(3)

[81] Zaharieva K L, Milenova KL, Cherkezova-Zheleva Z P, Dimova SS, Kunev B N,
Eliyas A E, Mitov IG, Stambolova I D, Blaskov VN. Bulg. Chem. Commun. 2015;
47: 342,

[82] Tsuji H, Yagi I, Hattori H, KitaH. Self-condensation of n-butiraldehyde over solid
base catalysts J. of catal. 2005 ;148: 759-770.

[83] Mohan SV, Rao NC, Prasad KK, Karthikeyan J. Treatment of simulated Reactive
Yellow 22 (Azo) dye effluents using Spirogyra species. Waste Manag. 2002; 22:575—
582.

[84] Do J S Chen ML. Decolourization of dye-containing solutions by electrocoagulation.
J. Appl. Electrochem. 1994;24:785-790.

[85] Louhichi B, Ahmadia MF, Bensalah N, Gadri A, Rodrigo MA. Electrochemical
degradation of an anionic surfactant on boron-doped diamond anodes, J. Hazard.
Mater. 2008; 158: 430-437.

[86] Yang C H, Lee C, Wen TC. Hypochlorite generation on Ru—Pt binary oxide for
treatment of dye wastewater. J. of Appli. Electrochem. 2000;30: 1043—-1051 .

[87] Lopes A, Martins S, Mora“o A, Magrinho M, Gonc alves I, Portugaliae Electrochimica
Acta, 2004; 22:279.

[88] Crossley C. Coloration Technol. 2010; 114:194.

[89] Alventosa-delara E, Barredo-Damas S, Alcaina-Miranda M I and Iborra-Clar MI.
Ultrafiltration technology with a ceramic membrane for reactive dye removal:
optimisation of membrane performance. Jour. of Hazard. mater.2012; 209:492-500.

[90] Cheng S, Oatley DL, Williams PM, Wright CJ. Characterisation and application of a
novel positively charged nanofiltration membrane for the treatment of textile
industry wastewaters. Water Res.2012; 46:33—42.

[91] Karim Z, Mathew AP, Grahn M, Mouzon J, Oksman K. Nanoporous membranes
with cellulose nanocrystals as functional entity in chitosan: removal of dyes from
water. Carbohydr Polym. 2014;112:668—676.

[92] Amin MM, Hafez Al Shaaban AF, Abdelmonem NM, Hanafy M. Membrane, 2011.

370 African Journal of Biochemistry and Molecular Biology Research




Isaac John Umaru & James Eneji Agwu

[93] Xu T W. Ion exchange membranes: state of their development and perspective.
Journal of Membrane Sci. 2005; 263(1-2): 1-29.

[94] Khan MI, Akhtar S, Zafar S, Shaheen A, Khan MA, Luque R, Rehman A. Materials,
2015; 8: 4147.

[95] Akazdam S, Chafi M, Yassine W and Gourich B. Removal of acid orange ... Journal of
Materials and Environmental Sciences 2017; 8:2993-3012.

[96] Dabrowski A. Adsorption From Theory to Practice. Advances in Colloid and Inter.
Scien. 2001;93: 135-224.

[97] Dawood S, Sen T. Review on Dye Removal from Its Aqueous Solution into
Alternative Cost Ef- fective and Non-Conventional Adsorbents. Journal of
Chemical and Process Engineering. 2014;1(104):1-11.

[98] Worch E.Adsorption Technology in Water Treatment (Berlin/Boston: Walter de
Gruyter GmbH & Co. KG). 2012; 1-18.

[99] Tan IAW, Ahmad AL, Hameed BH. Adsorption of basic dye on high-surface-area
activated carbon prepared from coconut husk: equilibrium, kinetic and
thermodynamic studies. J. Hazard. Mater. 2008;154: 337-346.

[100] Hameed BH, Ahmad AL, Latiff KNA. Adsorption of basic dye. (methylene blue)
onto activated carbon prepared from rattan sawdust. Dyes Pigments. 2007;75:143—
149.

[101] Satapanajaru T, Chompuchan C, Suntornchot P and Pengthamkeerati P. Enhancing
decolourisation of Reactive Black 5 and Reactive Red 198 during nano zero-valent
iron treatment. Desalination, 2011; 266(1-3): 218-230

[102] Ruan WQ, Shi XD, Hu ] W, Hou, Y, Fan M Y, Cao RS, Wei XH. Appl. Sci. 2017,
8:3.

[103] Weng CH, Lin YT, Yeh CL, Sharma YC. Magnetic Fe304 nanoparticles for
adsorptive removal of acid dye (new coccine) from aqueous solutions. Water Sci.
Technol. 2010;62:844—851.

[104] Gao C, Zhang W, Li H, Lang L, Xu Z. Controllable fabrication of mesoporous MgO
with various morphologies and their absorption performance for toxic pollutants in
water. Cryst Growth Des. 2008; 8:3785-3790.

[105]Lee CK, SS, Liu LC, Juang CC, Wang MD, Lyu B, Hung SH. Application of titanate
nanotubes for dyes adsorptive removal from aqueous solution, J. Hazard. Mater.
2007; 148: 756-760.

[106] Zhao Q, Ye Z, Wang Z, Zhang M. Progress on the Treatment of TNT Waste Water.
Environ. Chem. 2010; 29(5): 496-801.

[107] Khan MS, Ahmad A, Bangash FUK. Removal of basic dye from aqueous solutions
using nano scale zero valent iron (NZVI) as adsorbent. ] Chem Soc Pak.
2013;35:744-748.

[108] Rahman N, Abedin Z, Hossain MA, Rapid degradation of azo dyes using nano-scale
zero valent iron. J. Environ. Sci. 2014, 10, 157-163.

[109] Chatterjee S, Lim SR, Woo SH. Removal of reactive black 5 by zero-valent iron
modified with various surfactants. Chem Eng J. 2010; 160:27-32 .

Volume 2, Issue 3, 2025 371
=



Isaac John Umaru & James Eneji Agwu

[110] Prema P, Thangapandian S, Selvarani M, Subharanjani S, Amutha C. Color removal
efficiency of dyes using nanozerovalent iron treatment. J. Toxicol. Environ. Chem.
2011;93:1908-1917.

[111] Islam MS, Kusumoto Y, Kurawaki ], Abdulla-Al-Mamun M, Manaka H. A
comparative study on heat dissipation, morphological and magnetic properties of
hyperthermia suitable nanoparticles prepared by co-precipitation and hydrothermal
methods. Bull. Mat. Sci. 2012; 35:1047-1053.

[112] Adekunle AS, Ozoemena KI. Comparative surface electrochemistry of Co and
Co304 nanoparticles: nitrite as an analytical probe. Int | Electrochem Sci.
201015:1972-1983.

[113] Afkhami A, Saber-Tehrani M, Bagheri H. Modified maghemite nanoparticles as an
efficient adsorbent for removing some cationic dyes from aqueous solution.
Desalination. 2010;263(1-3):240-248.

[114] Maity D, Agrawal DC. Synthesis of iron oxide nanoparticles under oxidizing
environment and their stabilization in aqueous and non-aqueous media. J. Magn.
Magn. Mater. 2007;308:46-55.

[115] Liang P, Qin PF, Lei M, Zeng QR, Song HJ, Yang ], Shao JH, Liao BH, Gua JD. ].
Hazard. Mater. 2012;209:193.

[116] Chaudhary G R, Saharan P, Kumar A, Mehta S K, Mor S, Umar A.Adsorption
studies of cationic, anionic and azo-dyes via monodispersed Fe304 nanoparticles.
J. of Nanosci. and Nanotec. 2013;13(5): 3240-3245.

[117] Tan IAW, Ahmad AL, Hameed BH. Adsorption of basic dye on high-surface-area
activated carbon prepared from coconut husk: Equilibrium, kinetic and
thermodynamic studies. J. Hazard. Mater. 2008;154: 337-346.

[118] Absalan G, Asadi M, Kamran S, Sheikhian L., Goltz DM: Removal of reactive red-
120 and 4-(2-pyridylazo) resorcinol from aqueous samples by Fe304 magnetic
nanoparticles using ionic liquid as modifier. ] Hazard Mater 2011; 192(2):476-484.

[119] Arslan M, Sayin S, Yilmaz M. Removal of carcinogenic azo dyes from water by new
cyclodextrin-immobilized iron oxide magnetic nanoparticles. Water, Air, & Soil
Pollut. 2013;224: 1527.

[120] Nagappa B, Chandrappa GT.Mesoporous nanocrystalline magnesium oxide for
environmental remediation. Microporous and Mesopor. Mater. 2007;106 (1-
3) :212-218.

[121] RichardsR, Mulukutla RS, MishakovI, Chesnokov V, Volodin A, Zaikovski N, Sun
N KlabundeK]J. Nanocrystalline ultra high surface area magnesium oxide as a
selective based catalyst, Scripta Mater. 2001;44: 1663—1666.

[122] Tsuji H, Yagi F, Hattori H, KitaH. Self-condensation of n-butiraldehyde over solid
base catalysts J. of catal. 1994;148: 759-770.

[123] Stankic S, Miller M, Diwald O, Sterrer M, Knézinger E, Bernardi J. Size-dependent
optical properties of MgO nanocubes. Angew Chem Int Ed. 2005;44(31):4917—
4920

[124] Jamil N, Mehmood M, Lateef A, Nazir R, Ahsan N. Adv. Materi.: Tech. Connect
Briefs.2015, 353.

372 African Journal of Biochemistry and Molecular Biology Research




Isaac John Umaru & James Eneji Agwu

[125] Dhal JP, Sethi M, Mishra BG, Hota G. MgO nanomaterials with different
morphologies and their sorption capacity for removal of toxic dyes. Mater Lett.
2015; 141:267-271

[126] Daniel S, Shoba US. Synthesis, characterization and adsorption behavior of MgO
nano particles on Rhodamine B dye, Journal of Chemical and Pharmaceutical Res.
2015; 7(8): 713-723.

[127] Moazzam A, Jamil N, Nadeem F, Qadir A, Ahsan N, Zameer M.  Reactive dye
removal by a novel biochar/MgO nanocomposite. Journal of the Chemical Society
of Pakistan 2017;39(1):26-34.

[128] Sharma P, Das MR. Removal of a cationic dye from aqueous solution using graphene
oxide nanosheets: investigation of adsorption parameters. J. Chem. Eng. Data.
2013;58:151-158.

[129] Su Q, Pang S, Aljjani V, Li C, Feng X, Mullen K. Composites of graphene with large
aromatic molecules. Adv. Mater. 2009;21: 3191— 3195.

[130] Yang ST, Chen S, Chang YL, Cao A, Liu YF, Wang H.F. Removal of methylene blue
from aqueous solution by graphene oxide. J. Colloid Interface Sci. 2011;359:24—
292.

[131] Sun HM, Cao LY, Lu LH. Magnetite/reduced graphene oxide nanocomposites: one
step solvothermal synthesis and use as a novel platform for removal of dye
pollutants. Nano Res. 2011;4: 550-562.

[132] Shi XD, Ruan WQ, Hu JW, Fan MY, Cao RS, Wei XH. Optimizing the removal of
rhodamine B inaqueous solutions by reduced graphene oxide-supported nanoscale
zerovalent iron (nZVI/tGO) using an artificial neural network-genetic algorithm
(ANN-GA). Nanomaterials 2017; 7:134.

[133] Zhang XA, Zhang P, Wu Z, Zhang L, Zeng G, Zhou C. Adsorption of Methylene
Blue onto Humic Acid-Coated Fe304 Nanoparticles. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2013;435:85-90.

Volume 2, Issue 3, 2025 373
"



