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Abstract: Due to the increased demand for clothes by the growing population, the dye-based sectors
have seen fast growth in the recent decade. Among all the dyes, methylene blue dye is the most
commonly used in textiles, resulting in dye effluent contamination. It is carcinogenic, which raises
the stakes for the environment. The numerous sources of methylene blue dye and their effective
treatment procedures are addressed in the current review. Even among nanoparticles, photocatalytic
materials, such as TiOp, ZnO, and Fe304, have shown greater potential for photocatalytic methylene
blue degradation. Such nano-sized metal oxides are the most ideal materials for the removal of water
pollutants, as these materials are related to the qualities of flexibility, simplicity, efficiency, versatility,
and high surface reactivity. The use of nanoparticles generated from waste materials to remediate
methylene blue is highlighted in the present review.

Keywords: photocatalytic; effluents; auxochrome; polyvinylpyrrolidone; hazardous amines

1. Introduction

The contamination of water is a severe ecological concern and a threat to the climate’s
perfect balance [1]. The dumping of wastewater into natural water resources has also
grown as a result of growing development. One of the pollutants found in wastewater
is dye, which is widely used in a variety of industries, including textiles, food, and pa-
per [2]. According to the color indeXx, there are currently over 10,000 different types of dyes
accessible around the globe, with over 700,000 tonnes produced annually [3]. Every year,
over 2 x 10° tons of dyes are released as effluents during dyeing and finishing operations
in the textile sector, due to the ineffectiveness of the dying process [4]. Because of their
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color, high chemical oxygen demand (COD), and extremely complex chemical makeup,
industrially released effluents pose significant environmental risks [5]. Light, temperature,
water, chemicals, detergents, soap, and other variables, such as bleach and perspiration,
have little effect on these colors. Dyes are not well treated by wastewater treatment, and
they stay in the environment for prolonged periods [6]. Antimicrobial compounds are resis-
tant to biodegradation due to their synthetic origin and complex character [7]. Most dyes
are poisonous and can cause carcinogenic, mutagenic, teratogenic, and other detrimental
effects on fish species and microbial diversity [8]. They can also harm humans by causing
damage to the brain, central nervous system, and reproductive system [8]. Benzidine
and other aromatic chemicals are used in several dyes, which are recognized carcinogens.
Certain azo and nitro group chemicals are reported to be reduced in sediments and the
intestinal environment, resulting in the formation of hazardous amines [9]. Because a dye
concentration of 1 ppm in drinking water might render it unsafe for human consumption,
dye removal is critical [10].

Dyes are organic mixtures that can connect themselves to the surface of fabrics or
materials to give vibrant and long-lasting color [11]. They can be natural or synthetic. A
mordant may be required for dyes to improve the dye’s speed on the substance to which
it is applied. Plants have evolved the most dyes, particularly various roots, berries, bark,
leaves, and wood, but only a few are commonly utilized on a commercial basis [12].

Coal tar yields benzene, naphthalene, phenol, aniline, and other compounds that are
utilized as starting materials in the manufacture of synthetic colors (Seow and Lim 2016).
Textiles, paper, dying, and plastics are just a few of the industries that employ various
dyes to color their products and require a significant quantity of water [13]. They produce
a significant volume of colored waste effluent. It is widely acknowledged that the color
of water has a significant impact on public perceptions of water quality. Color is the first
pollutant discovered in wastewater. The presence of a small number of dyes in water
is very obvious, traceable, and unfavorable [14]. Dyestuff industrial effluents are one of
the most difficult wastewaters to treat, not only because of their high chemical oxygen
demand (COD), but also because of other factors, such as suspended particles, turbidity,
hazardous components, and color [15]. Because of the presence of metals, aromatics, and
other compounds in dyes, they may have an impact on aquatic life. Dyes are usually
synthetic and have a complex aromatic molecular structure, making them more stable and
difficult to biodegrade [16].

A dye is made up of two sorts of components: chromophores and auxochromes. Color
is imparted to substances through chromophores, which are unsaturated groups. Nitro
(-NOy,), azo (-N=N-), alkene (>C=C), and other chromophores are important. Chromogens
are substances that include chromophores. While auxochrome is a dye that should be light,
water, and soap resistant, it must be connected to the fibers through chemical bonds that
are stable [17].

2. Methylene Blue Dye

Methylene blue (MB) is a heterocyclic basic dye with a molecular weight of 373.9 g/mol
and a maximum wavelength of 665 nm [18]. Basic blue (9) is its scientific name, and its
molecular formula is C;4H1gN3SClI (Farouk 2018); Figure 1 depicts the chemical structure
of MB dye. The cationic MB dye is more poisonous than anionic dyes [19]. Textile, rubber,
plastics, leather, cosmetics, pharmaceuticals, and food sectors are just a few of the industries
that employ MB [20]. Dye residues can be found in industrial effluents discharged by such
industrial activities. As a result, the presence of extremely lower quantities in the effluent
is readily apparent [4].
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Figure 1. Chemical structure of methylene blue dye.

2.1. Health Impact of MB

MB is a basic and cationic dye that is widely utilized in clinical medicine as a colorant,
indicator, and antibacterial chemical [4]. Cancer, mutation, hemolytic anemia, hyperbiliru-
binemia, chromosomal failure, pulmonary toxicity, and acute renal failure are all linked to
MB dye. In SK-N-MC human neuroblastoma and U-373 MG human astrocytoma cells, a
microgram level of MB is said to induce cytotoxicity [21]. MB’s oral median lethal dosage
(LD50) was calculated to be 1180 mg kg~ !. It has also been reported that during endo-
toxemia, low and moderate dosages of MB increase arterial blood pressure, whereas high
doses worsen systemic hypotension, myocardial depression, and hypertension [22]. The
effects of a high dose of MB on renal and mesenteric blood flow increase vascular resistance
and deteriorate gas exchange. It also causes self-limiting greenish-blue urine and a bluish
area of skin and mucosa [23].

An incident of skin and fat corruption followed by dry gangrene of the skin in a female
patient with breast cancer who underwent sentinel lymph node biopsy limiting utilizing
the peri-tumoral infusion of MB color was accounted for as a result of its tissue receptive
qualities [24]. Silva et al. (2021) also reported the MB dye effect on hemodynamic and
metabolic response in patients of septic shock [25]. The findings of the pulse oximeter’s
light emission are obstructed by MB, resulting in an erroneously low oxygen saturation
measurement. MB also interacts with dapsone to produce hydroxylamine, which causes
hemolysis by oxidizing hemoglobin [26]. Because of its ability to inhibit monoamine
oxidase (MAQ), MB can produce lethal serotonin poisoning at levels greater than 5 mg/kg
and rarely causes severe anaphylactic shock. It is virtually completely contraindicated in
G6PD deficient patients since it can cause severe hemolysis, as well as in people with Heinz
body anemia [27].

2.2. Environmental Impact of MB

Dyes pose several environmental and health risks due to their great thermal and
photo-stability, as well as their resistance to biodegradation, as dyes can be left in the
environment for longer periods. The absorption and reflection of solar light into the aquatic
body is the major environmental concern with dyes. Many aspects of algal growth are
affected by the presence of an increasing amount of dye in a water body, including protein
content, pigment content, and other nutrient content [28,29].

There are several reports where MB from the disposed sites could reach up to the
water bodies and affect the other microbial communities residing over there. For instance,
Moorthy et al. (2021) reported the acute toxicity of textile MB on the metabolism and
growth of some of the selected freshwater microalgae. When Chlorella vulgaris and Spirulina
platensis were exposed to MB, there was acute toxicity. The toxicity resulted in the growth
inhibition rate, inhibition of pigment and protein content.

3. Industrial Dye Effluent Treatment

Dye-containing effluent is generated as a result of the industry’s massive application.
However, because it has been identified and targeted by federal legislation, it is increasingly
common to carry out studies on the various techniques of treatment and application of dyes
within the dying sector [30]. For the treatment of dyes, a variety of traditional procedures
have been used, which can be broadly categorized into conventional treatment process
(CTP), established recovery process, and emerging removal process (ERP). CTP involves
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coagulation-based and flocculants-based biodegradation and adsorption. While the estab-
lished recovery process involves membrane separation, ion exchange and oxidation. The
ERP indulges in an advanced oxidation process (AOPs), biomass-based remediation, and
selective bio sorbent-based remediation. All these techniques have their pros and cons [31].

The strategies stated above are quite successful and significant, but they have some
limitations in terms of applicability, cost, efficacy, and time. The usage of these procedures
also results in secondary contamination. As a result, scientists must seek out a replacement
strategy for the complete breakdown of organic contaminants and dyes.

Pirkarami and Olya 2017, conducted a study on color removal from wastewater in
2017. They also looked at the effects of varied current density, anode type, temperature, pH,
and electrolyte concentration factors on the removal of Reactive Red 120 from synthetic
wastewater. Researchers that used the optimal conditions to treat real textile dyestuff waste
effluents did not achieve the desired outcomes. GC-MS analysis was used to characterize
the product obtained following post-treatment. The dye removal process in real dye waste
effluent is more complex than in manufactured wastewater, according to the researchers.

MB dyes have a long history of application in both industry and medicine. However,
excessive exposure poses a health risk and has a negative influence on the environment [32].
For MB dye removal and degradation, a range of adsorbents, chemicals, biosorbents, and
microorganisms have been tested, which is provided in Table 1 [33-49].

Table 1. Removal proficiency of different adsorbents/reagent/bio sorbents for the evacuation of MB dye.

Reagent/Adsorbent Type Removal % Reference
Fe Eltz-c%cro de Electrocoagulation 100% [33]
Fe electrode Electrocoagulation 80% [34]
Al and stainless steel Electrocoagulation in couple 99% [35]
Hydrogen peroxide Oxidation 86% [36]
Bentonite Clay Natural 99.9% [37]
Teak Tree Bark powder Natural 33% [37]
HDTMA gljl‘i};igrfa“am Natural 30% [38]
HDPy—iLag‘i f(iselélifactant Natural 29% [38]
Guava peel Natural 19% [39]
Jack fruit peel Natural 29% [40]
Broad Bean peel Natural 19% [41]
Pineapple stem Natural 12% [42]
Algerian clay Natural 65 [43]
NaOH treated rice husk Agriculture 4% [44]
Xylene with benzoic acid Surfactant 99% [45]
SDBS/amyl alcohol Surfactant 98% [46]
AOT /amyl alcohol Surfactant 97% [46]

Toluene (extractant)

. Surfactant 95% [45]

benzoic acid
Parthvir;tln(lul;}szirtzgl;orus Biosorbent 2.4% [47]
Aspergillus fumigates Fungi 80% [48]
Pseudomonas aeruginosa Bacteria 82% [49]
Pseudomonas putida Bacteria 69% [50]
Aeromonas hydrophila Bacteria 40% [51]
1-4 Comamonas testosterone Bacteria 40% [51]
1-4 P. plecoglossicida Bacteria 34% [51]
Corynebacterium glutamicum Bacteria 34% [52]
P. monteilli Bacteria 47% [51]

Lysinibacillus fusiformis Bacteria 25% [51]
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3.1. Advanced Oxidation Process (AOP)

Advanced oxidation processes (AOPs) were first proposed in the 1980s for the treat-
ment of drinking water and were later on widely used for the treatment of all kinds of
wastewaters. The “advanced oxidation process” (AOP) can be used to degrade a large
number of organic/inorganic pollutants by producing a range of strong hydroxyl radi-
cals [53-55]. Basically, AOPs are based on the generation of strong oxidants in situ, i.e.,
hydroxyl radicals and sulfate radicals, for the oxidation of a wide range of environmental
pollutants. To make hydroxyl radicals, these approaches require a high-energy light source
and an oxidant [56]. AOP has been touted as a viable solution for the treatment of organic
chemical contaminants in wastewater, including dyes and pigments [57]. UV/H;0O; and
UV /reagent Fenton’s AOP procedures are substitutes for the breakdown of organics in
wastewater [58]. However, AOPs continue to be hampered by high costs and insufficient
degradation. Photocatalysis, Fenton-like processes, and ozonation are the different types
of AOPs. Photocatalysis is one of the advanced oxidation technologies which requires no
oxidants (atmospheric oxygen) and utilizes natural sunlight of the reaction to initiate, uses
an efficient semiconductor under UV /visible light irradiation, and does not require extra
chemicals, is likely one of the most effective and cost-effective AOPs [59].

3.2. Photocatalysis and Basic Principle of Photocatalysis

To date, a variety of ways for removing colors from water have been proposed, includ-
ing chemical and biological methods; they can no longer be used because of their high cost,
slow process, toxicity, high power consumption, and creation of harmful by-products. Ad-
vanced oxidation processes, such as photocatalysis, appear to be an appropriate approach
for dye degradation to overcome the constraints of conventional technologies [60]. Hetero-
geneous photocatalysis is a well-known AOPs and alternate technique for the treatment of
dye effluent among AOPs; because photocatalysis is highly prospective, active, and lowers
energy consumption, it could be an effective method for removing dye contaminants [61,62].
The fundamental benefit of photocatalytic degradation is that it eliminates the need for
waste disposal because harmful contaminants are broken down into carbon dioxide, water,
acid, and other simple salts [63].

Photocatalysis is defined as a change in the rate of chemical reactions or the beginning
of chemical reactions in the presence of light within the sight of a photocatalyst [64]. They
are a type of combination that, when exposed to light, produces an electron-hole pair
and causes chemical reactions in reaction substrates that come into contact with them.
They then go through the process of recovering their distinctive electrical composition.
Different organic contaminants can be eliminated photo catalytically under the influence of
an effective light source such as UV or solar light, as has been demonstrated several times.
The oxidation interaction in photocatalysis has earned it a reputation for the capability
of producing hydroxyl radicals [65]. One of the most important advanced oxidation
technologies is photocatalysis. It is commonly used for both oxidative and reductive
wastewater treatment, such as the reductive deposition of metals from wastewater.

It is critical to select the best photocatalyst possible. The following characteristics
should be present in a perfect photocatalyst:

Chemical and photonic stability;
Ability to absorb reactants under adequate photonic activation;
Acquire a bandgap where the hydroxyl radicals” oxidation potential and the superox-
ide radical’s reduction potential are within the gap;
e  Availability is simple.
The bandgap plays a crucial role in photocatalytic degradation. Modification of
nanomaterials lowers the bandgap and enhances photocatalytic efficiency.

3.2.1. Mechanism of Photocatalysis

The photocatalysis method is based on the activity of a semiconductor under irra-
diation light, such as solar or ultraviolet light, which can generate charges [66]. When
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photons with sufficient energy penetrate a semiconductor, an electron may be ejected from
its valance band energy level and into the conduction band, leaving a hole (h*) [67]. An
electron-pair generation is a term used to describe this occurrence. In the presence of a
continuous energy supply, these electron pairs are consistently created [68]. The oxidized
organic molecules are formed as end products in undiscriminating degradation at the pho-
tocatalyst surface via similar and sequential redox reactions. Figure 2 shows a schematic
representation of the mechanism of oxidative species liberation from a photocatalytic study
for dye degradation.

/Conduction Band (CB) e

Band gap

€ wecies OH OrO,

\Valance Band (VB) hé . Intermediate

H,O or OH

Co, +H,0

Figure 2. Mechanism for photocatalytic degradation.

The general mechanism is presented, and subsidiary steps might be added based on
the experimental conditions. This approach is regarded as the most successful since it results
in the near-complete mineralization of diverse chemical compounds. Aside from that, the
adoption of low-cost semiconductors amplified the significance of this technique [69]. In
general, a heterogeneous catalytic reaction necessitates five steps [70]:

e  Adsorption onto the surface;

Reaction on the surface;

Desorption of products from the surface;

Diffusion of reactant molecules from the bulk to the surface;
Product diffusion to the masses.

The superoxide (O, ) produced becomes protonated to form hydroperoxyl radi-
cal (HO,?) and then subsequently H,O,, which further dissociates into highly reactive
hydroxyl radicals (OH®). The resulting OH radical, being a very strong oxidizing agent
(standard redox potential + 2.8 V) can oxidize most of the MB dye; the mineral end-product
substrates not reactive toward hydroxyl radicals are degraded employing ZnO photocatal-
ysis with rates of decay and are highly influenced by the semiconductor valence band edge
position [71].

ZnO + hv——————»7n0 (e (B 4 L*(VB) )
H,0 (ads) + h+(VB)——»OH?" (ads) + H* )
Oy +e B——— ¥, 0 3)

0, % + H* «——HOO" )

2HOO———H,0, + O, (5)
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H,0,————»20H" (6)

Dye + OH>——»CO, + H,0 (dye intermediates) (7)

Dye + h*(VB)———»Oxidation products (8)

Dye + e (CB)——»Reduction products 9)

The degradation of different dyes is caused by the excited electron and hole in the
semiconductor. A wide range of semiconductors has been used, with the vast majority of
them being used in the nano-state because of their increased surface area and high quantum
size impact. Furthermore, the processes can be carried out at room temperature and normal
pressure. Furthermore, this technique can use sunlight as a sustainable, high-access, and
low-cost light source (depending on the semiconductor type and band gap), which is less
expensive than alternative procedures that require ozone formation, electrodes, or other
expensive components [72].

There are several studies where MB has been reported to be degraded by zinc oxide
or zinc oxide nanoparticles. One such study was carried out by Balcha et al. (2016)
where ZnONPs of size 28-30 nm synthesized by sol-gel was used for the photocatalytic
degradation of MB dye up to an efficiency of 92.5%. The remediation of MB dye by
photocatalytic ZnONPs/NiFe;O4 is shown below in the schematic diagram, Figure 3, as
reported by Adeleke et al. (2018) [73].

; - Free Radicals
Conduction Band e «OH, 0,~

]

et TOE & e

- + Q CO;, +
Valence Band h H,0 +

residues

Colorless |

Figure 3. Photocatalytic degradation of MB dye by ZnONPs/NiFe,O4 "Reproduced with permission
from [Adeleke et al. (2018)], [Applied surface science]; published by [Elsevier, 2018]. [73] (License
NO is 5312450835938).

Houas et al. (2001) also reported the effect of various factors on MB dye removal. The
author showed the disappearance of MB dye by photolysis and photochemistry under UV
light at different wavelengths, as shown in Figure 4 [74].

3.2.2. Photocatalysis Reaction Kinetics

The kinetics and mechanism of photocatalysis are largely determined by experimental
parameters, such as pH, temperature, catalyst dose and type, dissolved oxygen concen-
tration, presence of an oxidant, substrate concentration, concentration of intermediates
produced, and presence of inorganic ions [75]. To explain heterogeneous catalysis, the
Langmuir Hinshelwood kinetics model (L-H) is commonly utilized. The photocatalytic
rate ® is proportional to the organic substrate’s surface covering fraction,

Kak:C

I= 13 K.C (10)
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where r is the reactant’s oxidation rate (mgL’lmin), C is the reactant’s concentration
(mg L), tis the irradiation period, kr is the reaction’s rate constant (mgL~'min), and Ka
is the reactant’s equilibrium constant on the catalyst surface (Lmg~1).

920

photolysis at 340 nm

60 -
photolysis at 290 nm

C ( pmoliL)

30

photocatalysis at 340 nm

photocatalysis at 290 nm
0 : 1 : :

-90 -40 10 60 110 160
t (min)

Figure 4. Remediation of MB dye by photochemistry and photocatalysis by UV irradiation at 290
and 240 nm, adopted from Houas et al. (2001) [74].

At lower substrate concentrations, the photocatalytic degradation of organic molecules
follows pseudo-first-order reaction kinetics. The relationship between reactant concentra-
tions at time t is represented by the equation below. Taking the equation and integrating it,

Co

In-2 + (Co-C) = kit (11)

The equation can be simplified to a first-order equation in the form:

1n<%°) + k(Co-C) = kKt (12)

where Cj is the initial concentration of the pollutant in solution, and C is the residual
concentration of the pollutant [76].

4. Zinc Oxide as Photocatalyst

Heterogeneous photocatalysts are solids that can promote catalytic reactions in the
presence of light without being consumed in the process [77]. TiO,, ZnO, SnO,, ZrO,, SiOy,
WO;3, CeO;, and other semiconductor materials are employed in photocatalytic reactions
and can be used as photocatalysts because of their capacity to decolorize dye-containing
wastewater [78,79]. Out of all of them, ZnO emerges as one of the best photocatalysts due
to its unique physicochemical properties.

Zinc oxide (ZnO) is an II-IV semiconductor with a wide direct band gap of 3.37 eV and a
large exciton binding energy of about 60 mV at 300 K [80]. ZnO typically appears as a white-
colored powder. It has near insolubility in water. It is also optically transparent under the
visible range. ZnO can be crystallized in three forms under different conditions: hexagonal
wurtzite, cubic zinc blend, and rock salt structure [81]. Among all three structures, the
hexagonal wurtzite structure of ZnO is the most thermodynamically stable. Under ambient
conditions, ZnO crystallizes into the wurtzite structure with great preference [82]. Due to
its properties, lower cost than other catalysts, easy availability, ZnO has been one of the
most popular choices of the photocatalyst. It also possesses excellent quantum efficiency
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and solar absorption capacity, which lead to higher photocatalytic activity [83]. Compared
to TiO,, ZnO nanoparticles have a large surface-area-to-volume ratio, high UV absorption
capacity and long life span [84].

The most common chemical methods for ZnO NPs synthesis are chemical reduction,
microemulsion (colloidal) techniques, sonochemical reduction, electro-chemical, hydrother-
mal, and microwave-assisted methods [85]. Surfactant- or polymer-based preparative
methods for nanoparticles synthesis are also a quite popular approach to avoid agglomer-
ation and controlled synthesis of nanoparticles [86]. The homogeneous chemical precipi-
tation method is considered economically viable for the synthesis of monodisperse metal
oxide particles of different sizes and shapes. The method also provides better control of
morphological and chemical characteristics [87].

Ghorbani (2015) synthesized ZnO nanoparticles by the precipitation method using
zinc nitrate as a precursor and potassium hydroxide as a precipitating agent in an aqueous
solution. ZnO nanoparticles were characterized by UV visible spectroscopy, transmission
electron microscopy (TEM) and dynamic light scattering (DLS) techniques. The size range
of synthesized ZnO powder was approximately 20-40 nm.

The least possible number of chemicals is utilized during the biological route for the
synthesis of nanoparticles that produce the least amounts of pollutants. So biological ap-
proaches for nanoparticle synthesis using plants and microorganisms have been suggested
as safe and eco-friendly alternatives to chemical methods. Bacteria can reduce metal ions
and show the ability to precipitate at a nanometer scale [88]. Several natural moieties, such
as plants, bacteria, fungi, algae and viruses, are used for ZnO synthesis [89].

Recently, there has been a growing necessity to develop eco-friendly methods that do
not use any toxic materials during the synthesis process. To date, a number of physical,
chemical and biological methods are available for the synthesis of different nanomaterials.
The synthesis of nanoparticles by using different parts of plants is novel, which leads to
truly green chemistry, as it is reduced or no need for energy, high pressure, temperature, and
toxic chemicals. Moreover, it is effective at a very affordable cost [90]. The use of algae for
the synthesis of nanoparticles has become prevalent these days due to their high efficiency
and easy access. The biomolecules present in algae or algal extract have relatively been
exploited for the synthesis of nanoparticles than other biological resources, such as bacteria
and plants [91]. The perspective of developing new materials by combining biological and
inorganic components has caused rising interest in many scientific groups [92].

Anbuvannan (2015) employed a biological technique to generate ZnO NPs for dye
degradation. They reported the synthesis of ZnO NPs, by using Phyllanthus niruri leaf
extract as a reducing agent. The ultra visible-differential reflectance spectroscopy (UV-DRS),
photoluminescence (PL), X-ray diffraction (XRD), Fourier transform-infrared spectroscopy
(FTIR), field emission scanning electron microscope (FE-SEM), and transmission scanning
electron microscope (TEM) methods were used to characterize the produced nanoparti-
cles. The obtained results confirmed the estimated bandgap of 3.51 eV at 402 nm and PL
intensity [93].

5. Dye Removal: Bioremediation to Nanoremediation

Because of its simplicity and lower cost, dye biodegradation via traditional two-stage
aerobic/anaerobic activated sludge or immobilized biofilm processes is the most widely
used method worldwide [94].

Contreras et al. (2012) used Galactomyces geotrichum KL20A, a Kumis isolate, to remove
MB dye. The initial dye concentration and growth temperature were tested at three different
levels in the bioremediation process. The duration of the exposure was 48 h. Under the
best-operating conditions, clearance percentages of MB dye were found to be greater than
70%. The researchers also carried out a cytotoxicity investigation. When compared to
the hemolytic activity of the negative control, the by-products recovered following the
bioremoval procedure had a substantially lower proportion of hemolysis (22%) than the
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negative control (100 %). Their findings indicate that the isolated strain is capable of
removing large levels of MB from wastewater effluents [95].

The bioremediation of dye chemicals utilizing indigenous microorganisms was re-
ported by Bhawana and Fulekar (2012). They used physicochemical and microbiological
studies to analyze the dye effluent collected in their investigation. Microbes from the
wastewater were identified and cultivated for use as biomass in bioremediation. GC-MS
analysis revealed the presence of organic chemicals. The consortium was used to bioremedi-
ate dyestuff in a laboratory-scale bioreactor over a 21-day timeframe. GC-MS analysis was
used to track the biodegradation of organic components in industrial wastewater at regular
intervals until the biodegradation was complete. The intermediate chemicals generated
during the process were degraded to phthalic acid, a non-toxic substance. Their findings
revealed that the dye chemicals were effectively degraded by an indigenous microbial
community into environmentally favorable products [96,97].

Eslami et al. (2017) tested the biodegradation of MB dye from an aqueous solution by
bacteria isolated from contaminated soil on a laboratory scale. The dominating bacteria
was found to be Pseudomonas aeruginosa. Researchers found that increasing the initial MB
concentration from 50 to 200 ppm increased the clearance effectiveness of germs from 82.25
to 97.82 %. The clearance effectiveness was lowered to 43.08 % when the MB concentration
was increased from 200 to 1000 ppm. The findings revealed that the bacteria utilized MB as
a carbon source in addition to glucose. P. aeruginosa was shown to be an effective alternative
for removing MB from the environment by researchers [98].

Chavan and Fulekar (2018) described a new technique to increase the degradation
efficiency of CETP wastewater using integrated treatment processes, such as photocatalytic
oxidation and biodegradation. During their research, they used a hybrid photocatalyst
impregnated with activated carbon for photocatalytic oxidation and a created biofilm on a
biocarrier for biodegradation. In the presence of solar light, TiO, /activated carbon, and
biofilm, the percent degradation efficiency of chemical oxygen demand (COD), biological
oxygen demand (BOD), total suspended solids (TSS), and NH3-N during 6 h were 61 %,
92 %, 88 %, and 50 %, respectively, and color removal was 78 %. Their findings showed that
using an impregnated TiO, /AC photocatalyst provides a high surface area and photocat-
alytic rate in photocatalytic oxidation, which generates radicals in the presence of sunlight,
attacks toxic pollutants, and converts them to biodegradable pollutants, which are then
mineralized by biofilms [99].

Nanoparticles offer a lot of potential for wastewater treatment because of their unique
properties. Bio-nanotechnological solutions have recently proven to be crucial in avoiding
the problems related to dye-bearing wastewaters. The emergence of biomimetic nanotech-
nology sparked the concept of combining bioremediation and nanotechnology to create a
revolutionary technology. Nanobiotechnology is the name given to the confluence of these
two existent technologies. The use of nanomaterials in conjunction with living bacteria is
known as nanobiotechnology [100].

Enzyme-assisted wastewater treatment is effective for refractory contaminants and
requires only mild reaction conditions, making it environmentally friendly. Nanoparticles
are utilized as a vehicle for a variety of enzymes that degrade contaminants found in textile
effluent [101].

Aber et al. (2016) reported the synthesis of magnetite NPs and used them as sup-
port for glucose oxidase immobilization. A pH of 6, the temperature of 10 °C, glucose
oxidase/support ratio of 1800 U/g, and time of 2.5 h were the optimal immobilization
conditions. In these settings, 450 units of glucose oxidase/gram of magnetite were im-
mobilized. In batch experiments, immobilized glucose oxidase was utilized to decolorize
acid yellow 12. The researchers concluded that the dye removal efficiency of the magnetite
immobilized enzyme was improved [102].

Carata et al. (2017) applied a nanobiotechnological approach to transforming pol-
lutants in water, air, and soil into environmentally benign chemicals. The technique can
be used to avoid water pollution, treat wastewater, remediate dangerous contaminants,
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and produce contamination identification sensing and detection systems [103]. Although
nanobioremediation is superior to traditional treatment approaches, there may be certain
concerns associated with environmental nanotoxicity.

6. Treatment of Industrial Effluent Using ZnO Nanomaterials

The remediation of dye substance compounds has become a hot topic in recent years
because of too stringent government legislation and environmental regulations. Textile
dyes must be removed from colored industrial waste effluents to safeguard the environment
and ensure long-term sustainability [104]. In terms of BOD, COD, color, salinity, suspended
solids, and pH, effluent discharged in water bodies from dye manufacturing and textile
industries has negative effects on the environment, demonstrating that these effluents
contain a large proportion of nonbiodegradable organic matter that must be treated with
new and modified techniques [54,105].

The potential applications of ZnO nanoparticles in the form of nano-sorbents, nano-
sized plates, nano-composite film, and hybrid or doped nanoparticles for the treatment
of industrial wastewater with heavy metal and color content were examined by Nagar
and Pradeep (2020) [106]. According to researchers, ZnO NPs impregnated in the polymer
matrix are not expelled with effluents. Nano-composites can be regenerated using 0.1 M
HNOj3 or 0.1 M NaOH as a desorption agent. According to their research, the modified
ZnO material can be used to replace high-cost artificial UV light with visible solar light.

Abul et al. (2015) employed a chitosan zinc oxide composite as an adsorbent for the
removal of two colors from a textile industrial waste effluent sample: Reactive Black HN
and Reactive Magenta HB. The color removal efficacy of chitosan ZnO NC was tested
using such parameters as temperature, composite loading, contact time, and turbidity
during their research. Color removal from a textile sector effluent was studied using batch
adsorption, and 95-99 % efficiency was attained. It was discovered that by utilizing 2 gm
of composite per liter of effluent at room temperature (50 °C) and 60 min of contact time,
99 % of the effluent’s natural color could be removed. Researchers discovered that when
the dose of composite and temperature rises, so does color adsorption [107].

Hairom et al. (2015) sought to remediate industrial dye effluent with ZnO NPs in a
membrane photocatalytic reactor (MPR) [108]. The precipitation process was used to make
ZnO NPs. Researchers discovered that pH 11 and 0.1 g/L ZnO loading were the MPR’s
optimal operating conditions. In the presence of ZnO-PVP-St as the photocatalyst in the
MPR, the performance of the NF membrane and the chemical properties of the effluent
were improved in terms of normalized flux reduction (65%), color removal (100%), COD
reduction (92%), turbidity reduction (100%), and total suspended solid rejection (100 %).
Due to the permeability of dye molecules and ZnO NPs over the UF membrane pores,
the UF membrane performed poorly. The results show that the MPR system has greater
promise in the treatment of industrial wastewater [108].

In the presence of ZnO-polyvinylpyrrolidone (PVP) nanoparticles (0.025 g/L of PVP),
Sidik et al. (2018) proposed photocatalytic degradation of industrial dye effluent. During
the precipitation type of ZnO synthesis, PVP was used as a capping agent. The chemical
linkages in ZnO-PVP were studied using FTIR analysis. The rate of dye degradation was
determined to be 90.61 percent in the presence of ZnO-PVP at pH 7. The photocatalytic
degradation of industrial dye effluent by ZnO-PVP NPs offers significant potential as an
alternative treatment, according to researchers. It is an environmentally friendly treatment
because no toxic by-products are produced [109,110].

Blazeka et al. (2020) synthesized ZnO NPs using the laser ablation method, having
an average size of about 47 nm for the photocatalytic degradation of methylene blue and
Rhodamine B dye under UV light irradiation. The photocatalytic degradation efficiency
is about 40% higher for methylene blue dye compared to Rhodamine B dye. It was
reported that the photodegradation rate is much larger at lower dye concentrations; as the
concentration of dyes increased, photocatalytic degradation was found to be decreased.
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Mydeen et al. (2020) synthesized ZnO NPs using Prosopis juliflora leaf extract (ZLE) and
citric acid (ZCA) for the photocatalytic degradation of MB dye and antibacterial activities.
The energy band difference values are 3.23 and 3.25 eV, and ZLE NPs are blue-shifted, which
is recognized as an influence of leaf extract, according to UV-DRS data. In the presence of
ZnO NPs, the MB dye was found to be effectively destroyed under UV radiation. ZLE NPs
degrade well within 45 min, according to researchers [111].

Under UV light irradiation, Balcha (2016) examined the photocatalytic degradation of
methyl blue by ZnO NPs produced by precipitation and sol-gel methods. The hexagonal
wurtzite structure of ZnO NPs generated by precipitation and sol-gel techniques was
revealed by XRD data, with crystallite sizes of 30 and 28 nm, respectively. The effects of
operational parameters, including the starting dye concentration and photocatalyst load
were looked at. The photocatalytic degradation process follows the pseudo-first-order
reaction, according to researchers. They found that ZnO NPs made by the sol-gel approach
had higher photocatalytic activity than those made by the precipitation method [112].

Delaying electron-hole recombination, broadening the absorption spectrum, facili-
tating particular specific processes on the surface of photocatalysts [113], and improving
photo-stability are all advantages of photocatalyst modifications. Doping transition met-
als such as Ag, Pd, Pt, Au, Sn, In, and Fe with ZnO proved effective in overcoming the
difficulties of anodic photo-corrosion and instability of ZnO in acidic or alkaline condi-
tions [114,115].

Nanostructured ZnO has received a lot of attention in recent years because of its
unique properties and novel applications in optoelectronics, optics, pyroelectricity, piezo-
electricity, and catalysis [116,117]. Because of its unique benefits, such as lower price, strong
photocatalytic activity, and non-toxicity, the degradation of pollutants catalyzed by ZnO
has been extensively explored [118]. The catalyst’s main drawback is that its catalytic
activity is currently insufficient for commercial use [119] and has also shown toxicity due to
its nanosize. Several investigators have reported the toxicity of ZnONPs due to their small
size, for instance, Liu et al. (2017), Vandebriel and De Jong (2012) and Sruthi et al. (2018).
Doping is performed by adding some hetero-elements to boost the photocatalytic property
efficiently and practically. The photocatalytic activity, charge carrier recombination, and
interfacial electron-transfer rate is all affected by the presence of doping material in the
ZnO crystalline matrix [120]. Transition metal ions, such as Co%*, Mn?*, Min**, Ti**, La®*,
Fe3*, and so on, are commonly used [121,122].

Zhang and Zeng (2012) used a typical sol-gel procedure to try to make a Cd-doped
ZnO photocatalyst for the degradation of MB dye under visible light irradiation [123]. The
effects of essential operational parameters, such as beginning dye concentration, catalyst
loading, and initial pH value on decolorization extents, were investigated. According to the
obtained data, the decolorization of organic molecules followed pseudo-first-order kinetics
according to the Langmuir-Hinshelwood model. Under optimal conditions, roughly
85 percent of the color may be removed in 3.5 h [123].

Omidi (2013) employed ultrasonic irradiation to generate Sb-doped ZnO nanostruc-
tures for the photodegradation of MB dye. The nanostructures that were generated were
characterized using XRD, SEM, FTIR, and UV-DRS. The observed results demonstrated
morphological and size variations in doped nanostructures when compared to pure ZnO.
Doping ZnO nanostructures with 0.03 Mol% Sb*? ions triple the reaction rate, which the
researchers attribute to decreased charge carrier recombination. At pH 5.4, they discov-
ered that doped nanostructures with a concentration of 0.4 g/L exhibited the highest
photocatalytic activity [124].

Shirini (2015) synthesized tungsten (W) doped ZnO nanocomposite and further an-
alyzed it by using XRD, TEM, BET, SEM, and ICP-OES. The nanocatalyst created was
then used to synthesize biscoumarins in water. The surface area of W-ZnO (93.70 m?/ g)
was quite considerable. The TEM images show very small particles, less than 20 nm in
diameter. According to ICP-OES data, the weight ratio of W/Zn in W-ZnO nanocomposite
was 0.228% [125].
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When exposed to UV radiation, Sanoop (2016) generated yttrium (Yt) doped ZnO to
eliminate the MB dye. In terms of photocatalytic activity, researchers discovered that doped
nanoparticles outperformed pure ZnO. The kinetics of the photodegradation reaction
carried over MB dyes exhibited first-order reaction kinetics for ZnO samples containing
1 mol% Y,O3. When the Y03 doping level was greater than 5 mol%, the catalytic reaction
displayed second-order reaction kinetics. At pH 10, all of the samples included in the
study had maximum photocatalyst efficiency. According to the reusability tests, Yt doping
improved the stability of the ZnO samples [126].

Hemalatha et al. (2016) created lanthanum (La) doped ZnO flower-like nanoparticles,
using a microwave-assisted sol-gel technique. XRD measurements indicated the effective
incorporation of the lanthanum ion into the ZnO lattice. Short-duration UV light irradiation
of 20 mg/L of MB interacting with 90 mg/150 mL of 3 mol percent La-doped ZnO nanorods
resulted in maximum MB dye degradation of up to 95 % (60 min). Several operational
parameters, such as dye concentration, photocatalyst quantity, and dopant concentration,
were optimized during the investigation [127].

Bhatia (2016) used a simple combustion approach to quickly produce Er-doped ZnO
NPs for photocatalytic degradation of direct red-31 dye [128]. During the investigation,
several concentrations of Er 2.0 at. wt%, 2.5 at. wt%, 3.0 at. wt %, and 3.5 at. wt %were used
as dopants. The concentration of Er as a dopant was found to have a significant impact on
the band gap, morphology, and photocatalytic efficacy of ZnO NPs. The photocatalytic tests
revealed that the degradation percentage increased with increasing the Er concentration
up to 2.5 at. wt. %, which showed nearly complete degradation in only 60 min when
exposed to UV light. All samples, according to kinetic studies, follow the first-order rate
constant [128,129].

Zandsalimi et al. (2018) reported the synthesis of tungsten-doped ZnO by the hy-
drothermal method. During the study, tungsten oxide was injected into the structure of
ZnO at concentrations of 0.5, 1.0, and 2.0 % and analyzed using SEM, XRD, FTIR, DLS,
atomic force microscope (AFM), and UV-Vis spectroscopy. SEM and XRD measurements
corroborated the hexagonal and non-aggregated structures of ZnO and doped-ZnO nanos-
tructures. According to DLS data, doping was found to diminish the particle size of ZnO.
According to UV spectra and AFM tests, the doping of ZnO nanostructures caused a spec-
trum change in the absorbance of ZnO from ultraviolet to the visible area, increasing their
relative roughness [130].

Vallejo et al. (2020) reported the synthesis and characterization of Ag-doped ZnO thin
films by employing the sol-gel method. The doctor blade technique was used to create
the thin films. The samples were polycrystalline, and the diffraction signals corresponded
to the ZnO wurtzite crystalline phase, according to the physicochemical characterization
data. Under visible light irradiation in the aqueous phase, Ag-doped ZnO thin films were
employed for the photocatalyst breakdown of MB dye. The presence of Ag improved the
optical properties of ZnO in the visible region, according to the optical data, and the Ag-
doped ZnO thin films exhibited the lowest band gap value (2.95 eV). The method improved
the photocatalytic response under visible light irradiation, according to the researchers, and
the Ag-doped ZnO thin films exhibited the greatest MB photodegradation value (45.1%)
when compared to the ZnO thin films (2.7 %) [131].

6.1. Co-Doped ZnO for Removal of Dye

Vignesh et al. (2014) used the co-precipitation approach to make Nickel (Ni) and
Thorium (Th) co-doped ZnO NPs. The degradation of MB dye under visible light irradiation
was used to assess the photocatalytic activity of the produced co-doped ZnO. Ni-Th-ZnO
exhibits a hexagonal and rod-like shape, with an average crystalline size of 30 nm, according
to XRD and SEM data. The greatest MB degradation (93 percent with 70% COD elimination)
was reached with a Ni-Th-ZnO concentration of 0.375 g/L, an initial MB concentration
of 1.5 M, pH 10, and an irradiation period of 180 min, according to the researchers. A
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photocatalytic mechanism was proposed as well. The photocatalyst could be utilized four
times without losing its activity significantly [132].

6.2. ZnO Nanocomposites for Removal of MB Dye

The term “nanocomposite material” [133] has broadened greatly over the years to
include a wide range of systems, including one-dimensional, two-dimensional, three-
dimensional, and amorphous materials, which are made up of distinctly diverse compo-
nents and blended at the nanoscale scale [134]. “Materials having a nanoscale structure that
improves the macroscopic qualities of products” are nanocomposites. Clay, carbon, or poly-
mer nanocomposites, or a mixture of these materials with nanoparticles as building blocks,
are used. When compared to their bulk-sized counterparts, they have an exceptionally
high surface-to-volume ratio, which dramatically affects their properties. Nanocomposite
materials can be 1000 times more durable than bulk component materials. Nanocomposites
have the potential to significantly improve qualities, as shown in [135].

For the photodegradation of MB dye under visible light irradiation, Prihashemi and
Yangieh (2013) synthesized an AgBr-ZnO nanocomposite in water by refluxing about
90 °C for 3 h. XRD, SEM, EDX, UV-Vis DRS, and FTIR methods were used to examine
the produced nanocomposites. According to the XRD results, AgBr loading does not
affect the wurtzite hexagonal crystalline phase of ZnO. The SEM image shows that the
surface morphology of the samples changes to nanorods with lower diameters as the mole
fraction of AgBr increases. The nanocomposites were discovered to have more activity than
pure ZnO and AgBr during the research. Furthermore, the impact of several operating
parameters on degradation was investigated. Under visible light irradiation, chemical
oxygen demand (COD) measurements were used to check the mineralization of MB on the
nanocomposite [136].

Ma et al. (2014) used a simple one-step photochemical approach to synthesize
Zn0/Ag,0 heterostructures for the elimination of MB dye in deionized water, Changjiang
River water, and tap water with great efficiency under UV and visible light irradiation.
When compared to pure ZnO and Ag,0O, the UV and visible photocatalytic activity of
the produced ZnO/ Ag,O heterostructures was dramatically increased. The deterioration
rates of ZnO/AgyO heterostructures were 27.4 and 15.6 times quicker than those of bare
ZnO, respectively. Aside from that, due to the lower concentration of surface imperfec-
tions, the produced ZnO/Ag,O heterostructures could be easily recycled in UV and visible
photocatalytic applications [71].

Saravanan (2014) used a simple thermal decomposition approach to make a vanadium
pentoxide (V205)/ZnO nanocomposite for the photocatalytic degradation of MB dye under
visible light irradiation. Because of its narrow band gap, V,0Os5 has attracted a lot of
attention as a potential visible light catalyst for the degradation of organic contaminants.
Nonetheless, the rapid recombination of electron-hole pairs limits the use of V,0s5 in
pollutant photodegradation. Researchers have combined V,05 with other semiconductors,
such as ZnO, to overcome this constraint. XRD examination revealed the production of
orthorhombic-structured V,05 and hexagonal-structured ZnO. The nanorod production
of produced composites was revealed by HR-SEM data. The nanocomposites are made
up entirely of vanadium, zinc, and oxygen, as determined by electron diffraction analysis
(EDX) [137].

The effect of granular activated carbon (AC) coated with ZnO NPs (AC-ZnO) on
the removal of MB and Acid orange 7 dye from an aqueous solution was examined by
Nourmoradi et al. (2015). The shape of AC and AC-ZnO was determined using SEM,
and the significant interaction between AC and ZnO was validated using FTIR spectra. In
comparison to raw AC, the Langmuir isotherm and pseudo-second-order kinetic models fit
the experimental data better, while AC-ZnO was more efficient [138].

Nasir (2016) used the sol-gel process to create a unique TiOp-ZnO-CoO nanocomposite
for the photodegradation of MB dye. TiO; and ZnO are photocatalysts for the photodegra-
dation of organic contaminants in general. The disadvantages and limitations of TiO, and
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ZnQ’s photocatalytic activity occur largely in the UV range and less in visible light. The
goal of this work was to use cobalt oxide to reduce the disadvantages of TiO, and ZnO. The
mass ratio of O: Ti:Co: Zn in TiO;-ZnO-CoO nanocomposite was 32.64:37.39:11.85:18.12,
according to the EDS analysis. The best photodegradation condition for MB was found to
be pH 7, with a degree of degradation of 36.98 % for 60 min [139].

For the sonocatalytic decolorization of MB dye, Soltani et al. (2016) used a porous
clay-like biosilica substrate for the production and immobilization of ZnO nanostructures.
The ZnO-biosilica nanocomposite had a higher sonocatalytic activity (77.8%) than pure
ZnO nanostructures (53.6 %). It was discovered that changing the initial pH from 3 to 10
resulted in a 41.8 to 88.2 percent increase in color removal. Increases in nanocomposite
dosage from 0.5 to 2.5 g/L led to greater color removal, while increases up to 3 g/L resulted
in a noticeable decline in color removal. The temperature-dependent sonocatalytic activity
of ZnO-biosilica was also discovered. Within three consecutive experimental runs, the
color removal (percent) in the reusability test research dropped by 15%. The ZnO-biosilica
nanocomposite was found to be more efficient than pure ZnO NPs at absorbing the light
irradiation created during cavitation, resulting in larger concentrations of OH radicals for
dye molecule destruction [140].

Prasanna and Rajagopalan (2016) devised and synthesized a novel nanocomposite
ZnO, /polypyrrole that releases reactive oxygen species (ROS) in dark and light for MB
dye and Rhodamine B degradation [141]. According to the researchers, the synergically
coupled nanocomposite of ZnO, /polypyrrole is the first example of an improved oxidation
process that destroys dyes in the dark without the use of extra chemicals. It should be
emphasized that in the presence or absence of visible light, neither ZnO, nor polypyrrole
could degrade these pigments. The nanocomposite’s physicochemical synergy between
ZnO; and polypyrrole makes it efficient for dye degradation [141].

Patil et al. (2017) reported the development of ZnO-bentonite nanocomposite for the
photocatalytic degradation of MB dye. The accelerated oxidation process, according to
researchers, is responsible for the breakdown of MB. The effects of initial dye concentration,
pH, photocatalyst dose, and contact time on photocatalytic degradation were investigated.
At pH 8, the maximum MB degradation was discovered after 80 min. Adsorption follows
pseudo-second-order kinetics, according to the kinetic study. The adsorption isotherm
was discovered to be similar to the Langmuir isotherm; a 62.5 mg/g monolayer coverage
capacity was discovered. For a 0.2 g/L photocatalyst dosage at 60 mg/L MB concentration,
the amount of dye adsorbed was found to be 252.7 mg/g [142].

Hosseini and Babaei (2017) studied the photocatalytic degradation of methylene blue
dye using graphene oxide/zinc oxide (GO/ZnO) nanocomposite, ZnO NPs, GO, carbon
nanotubes (CNT), and CNY/ZnO nanocomposite in comparison. The BBD of the response
surface methodology effectively generated a second-order model for the photocatalytic
process and forecasted the process (RSM). The photocatalyst dosage of 2.0 g/L, initial
pH of 4.5, hydrogen peroxide (H,0,) concentration of 3.5 10—4 mol L=}, and irradiation
time of 140 min were found to be the best conditions for the removal of MB. Based on
the Pareto analysis, the most effective factors were identified to be the irradiation period
and photocatalyst dosage. According to the researchers, GO/ZnO could be a promising
photocatalyst for dye cleanup [143].

Wang (2018) created a rectorite-based magnetic zinc oxide nanocomposite (REC/Fe304/
ZnO) nanocomposite for MB dye adsorption and photocatalytic degradation. The ZnO com-
ponent in the nanocomposite considerably aided dye degradation, with REC/Fe304/ZnO
activity decreasing as the ZnO content increased. The dye on the composite adsorption
isotherm fit the Langmuir model well, with maximum adsorption of 35.1 mg/g. The high
adsorption capacity of the dye improved the contact between it and the REC/Fe304/ZnO
nanocomposite, allowing for effective dye breakdown under simulated solar radiation. At
pH 6.0, the maximum photoactivity for dye degradation was discovered. After three cycles,
the mass loss and photoactivity of the produced nanocomposite only slightly decreased.
During the research, the MB dye degradation route was also proposed [144].
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Adeleke et al. (2018) reported the fabrication of a ZnO/NiFe,O; nanocomposite
for methylene blue dye degradation under UV and solar light irradiation. Both freshly
synthesized ZnO and co-precipitated NiFe,O4 were calcined at a high temperature of
800 °C for 10 hours to generate the ZnO/NiFe;O4 nanocomposite. The results demonstrate
that hydroxyl radicals and photo-produced holes are the major species involved in the
removal of MB dye by generated nanocomposites. Here, the authors used a 50 mL solution
of MB (at 500 mM), to which 20, 40, 50, and 75 mg of the ZnO/NiFe,O; nanopowder
was added. When compared to other concentrations of the same catalyst, the 75 mg
ZnO/NiFe;O4 nanocomposite has the best photocatalytic activity [73].

The synthesized ZnONP was hexagonal in the shape of size 25 nm, while the NiFe,O4
was rod-shaped at 10-20 nm, as analyzed by the scanning electron microscope (SEM).
In comparison to ZnO and NiFe,Oy, the composite of both showed large agglomeration
and different morphology. The SEM images of ZnO and NiFe,O4 and their composite are
shown in Figure 5.
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Figure 5. SEM micrographs of ZnO, NiFe;O4, and ZnO/NiFe,O4 were adopted from Adeleke et al.
(2018) [73] (license no 5312450835938).

Figure 6 shows the absorbance spectra of MB dye by the varying concentration of
nanocomposites, i.e., 50 mg and 75 mg for the removal of 50 mL MB dye from the aqueous
solution. Figure 6 also shows the effect of time and irradiation time on the removal of MB
dye from aqueous solutions.

Ritika et al. (2018) used a hydrothermal approach to make MoS;-ZnO heterostructure
nanorods for the photocatalytic degradation of MB dye using solar light. They discovered
that the produced MoS,/ZnO heterostructured nanorods removed 97 % of the MB dye
in 20 min at pH 11 with a photocatalyst concentration of 0.15 g/L. The photocatalytic
elimination of MB was found to follow pseudo-first-order kinetics, with a rate constant
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of 0.162 min~!, according to kinetic research. Scavenger studies and terephthalic acid
fluorescence techniques were used to confirm the involvement of active species in the

degradation of MB utilizing MoS;-ZnO heterostructure nanorods [145].
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Figure 6. (a,b) Absorbance spectra of 50 mL methylene blue [5 x 10~> M] dye solution containing

50 mg and 75 mg of ZnO/NiFe,O4 nano powder respectively. (c) The linear fitting for the absorbance

spectra of MB dye solution containing 20 mg, 40 mg, 50 mg and 75 mg of ZnO/NiFe,O4 nano powder.

(d) Photo-degradation and photocatalytic performances. (a) self-photo degradation of MB dye- with
UV irradiation and absence of photo-catalysts. (b) MB dye and 75 mg of ZnO/NiFe;O4 absence of
UV irradiation with stirring. (c) Bare ZnO 75 mg with MB dye. (D) ZnO/NiFe,O4 nano powder
75 mg with MB dye adopted from Adeleke et al. (2018) [73].

Munawaroh et al. (2018) presented their work employing graphene oxide (GO)/ZnO
nanodrums to photocatalyze the breakdown of MB dye. During their research, they used
the Hummer method to make GO and the hydrothermal approach to make ZnO. In distilled
water, GO/ZnO nanodrums were mixed with varied compositions of GO and ZnO, such
as 1:0, 1:1, and 1:2 (w/w). The degradation of MB by GO/ZnO nanodrums was reported to
be 94.05 % after 60 min of contact time with UV exposure at 254 nm [146].

Micheal et al. (2020) used a wet chemical approach to manufacture rods such as ZnO
nanoparticles and carbon nanoplates that supported ZnO nanorods (ZnO/C). Under visible
light irradiation, the produced ZnO nanoparticles were employed to photodegrade the MB
dye. When compared to pure ZnO, the ZnO/C photocatalyst showed excellent photocat-
alytic efficiency for the degradation of MB dye (95 %) within an 80 min irradiation time.
Finally, for increased ZnO/C activity, the researchers presented a probable degradation
route mechanism [147].
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Lee (2015) used a spray-coating approach to create gold nanoparticles (Au NPs) that
anchored graphene oxide (GO) on ZnO nanorods (Au/GO/ZnO) hybrids. The hybrid
nanocomposite outperformed ZnO and GO/ZnO in terms of UV light absorption and pho-
toluminescence emission quenching. When compared to ZnO and GO/Zn0O, Au/GO/ZnO
had the best photocatalytic activity for methylene blue dye degradation. For ZnO, GO/ZnO,
and Au/GO/ZnO, the photodegradation efficiency of MB was found to be 62, 71, and
81 %, respectively. GC-MS analysis was used to look into the MB dye degradation mecha-
nism [148]. Some reported research work for the removal of dye contamination using ZnO
and ZnO-based nanomaterials (Modified ZnO) are listed in Table 2.

Table 2. Photocatalytic degradation of difcferent dyes using ZnO and modified ZnO.

Type of Nanomaterial Dye Mode of Synthesis Source of Light Kinetics Reference
Acid red 14 - UV light First-order [149]
Eosin Y Chemical UV lamp First-order [150]
Rhodamine B Hydrothermal method Solar light First-order [151]
Acid Yellow 23 Chemical UV light First-order [152]
Acridine orange - Visible light First-order [153]
Acid Blue 92 UV light First-order [154]
Malachite green Gar.cmla .mangostana Solar light First-order [155]
fruit pericarp extract
7n0O Congo red Purchased from Merck UV-A light First-order [156]
Rhodamine B )
Acridine orange Sol-gel methods Solar light - [157]
o Purchased from Alpha . .
Alizarin Black S Chemika, India UV light 254 nm First-order [158]
Direct red 23 Chemical synthesis Low-pressure First-order [159]
mercury lamp
Methyl Red,
Methyl Violet, MB Turnera subulata leaf .
Ethyl Eosin extract Solar light [160]
Safranin
Modified ZnO
(EDTA, Citric acid, Cis Malachite Green Sol-gel Visible light First-order [161]
Oleic acid)
Al-doped ZnO Methyl orange Chemical First-order [162]
Carbon black/ZnO NC Methyl orange Chemical-sonication UV Clight First-order [163]
Visible light
BiOI/ZnO NC Acid red 18 Chemical halogen lamp First-order [164]
(300W)
. Congo red . s
Chitosan ZnO NC Brown BR Chemical Visible light [165]

Based on the above studies, it was concluded that doping enhances the degradation
ability of photocatalyst manifolds, and composites, and co-doping all aid in increasing the
photocatalytic ability of nanomaterials, thus it is recommended to dope the photocatalyst
with suitable dopants in order to enhance the efficiency of photocatalysis.

7. Conclusions

The present review focuses on the degradation of MB dyes using pure and modified
ZnO. Photocatalytic degradation of dyes is a prospective and promising approach. Ac-
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cording to numerous literature and experiments, dye degradation mediated by ZnO and
modified ZnO via the addition of dopants or composites is the most successful technique.
In comparison to other photocatalysts, ZnO is a better photocatalyst in terms of cost and
availability, according to the literature review. ZnO was modified to make it more efficient
at degrading dye compounds and other pollutants. Apart from that, the degradation
efficiency is highly dependent on pH, illumination, temperature, dopant concentration,
catalyst dose, and dye concentration. It is also worth noting that ZnO has a higher dye
breakdown efficiency when exposed to sunlight, making it a better candidate for investiga-
tions. The use of ZnO as a photocatalyst to degrade pollutants, such as dyes, is a potential
technology for future development. It is projected that interest in ZnO will continue to
increase, resulting in the discovery of novel applications for the material.
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AC Activated Charcoal

AOPs Advanced Oxidation Process
BBD Box-Behnken Design

BOD Biological Oxygen Demand
CB Conduction Band

CETP Common Effluent Treatment Plant
COD Chemical Oxygen Demand

CTP Conventional Treatment Process

DLS Dynamic Light Scattering

EPS Exopolysaccharides

ERP Emerging Removal Process

FE-SEM  Field Emission Scanning Electron Microscope
FTIR Fourier Transform Infrared Spectroscopy

GC-MS  Gas Chromatography-Mass spectroscopy
GIDC Gujarat Industrial Development Corporation

LD Lethal Dose

L-H Langmuir Hinshelwood
MAO Monoamine Oxidase
MB Methylene Blue

MBR Membrane bioreactor
NF Nanofiltration

NPs Nanoparticles
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PL Photoluminescence

PUF  Polyurethane Foam

PVP  Polyvinylpyrrolidone

RSM  Response Surface Methodology
SMP  Soluble Microbial Products
TEM  Transmission Electron Microscope
TiO, Titanium Dioxide

TOC  Total organic carbon

UF Ultrafiltration

uv Ultraviolet

VB Valance Band

XRD  X-ray Diffraction

ZnO  Zinc Oxide
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