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Pollutant removal from industrial effluents is a big challenge for industries. These
pollutants pose a great risk to the environment. Nanotechnology can reduce the
expenditure made by industries to mitigate these pollutants through the production of
eco-friendly nanomaterials. Nanomaterials are gaining attention due to their enhanced
physical, chemical, and mechanical properties. Using microorganisms in the production
of nanoparticles provides an even greater boost to green biotechnology as an
emerging field of nanotechnology for sustainable production and cost reduction. In
this mini review, efforts are made to discuss the various aspects of industrial effluent
bioremediation through microbial nanotechnology integration. The use of enzymes with
nanotechnology has produced higher activity and reusability of enzymes. This mini
review also provides an insight into the advantages of the use of nanotechnology as
compared to conventional practices in these areas.

Keywords: microbial nanotechnology, nanoparticles, bioremediation, carbon nanotubes, industrial effluents,
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INTRODUCTION

Water is essential for the continuation of life on earth, so the removal of pollution from water is
just as crucial. Industrialization has put immense pressure on water use due to its use in production.
Increased production leads to the generation of a huge amount of industrial effluents. The treatment
of these industrial effluents is required in a strict and cost-effective way for the sustainable
development of industries and the environment. Various electrochemical, advanced oxidation
processes, and valorization techniques have been applied to reduce the toxicity of effluents from
wastewater and for making its use sustainable (Gupta and Shukla, 2020). But these techniques
are not cost effective for all industries. The development of nanotechnology and nanoscience has
opened new avenues for the remediation of water pollutants. The nanotechnological pathways
are more efficient than their conventional counterparts due to their smaller size, high surface
area to volume ratio, and superior chemical properties (Baruah et al., 2019). Synthesis of green
nanomaterials from microorganisms and extracts of other organisms have paved a path toward the
eco-friendly remediation of pollutants. Iron nanoparticles are green nanoparticles which are used
in remediation due to their redox potential while reacting with water, magnetic susceptibility, and
non-toxic nature (Bolade et al., 2020).

Membrane-associated nanomaterials are also an effective method for effluent removal.
Nanomaterials improve membrane permeability, stinking resistance, mechanical and
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temperature strength, and present innovative functions for
pollutant degradation. Nano-catalysts also play a major role
in the enhancement of degradation reactions (Corsi et al,
2018). Apart from membranes and nano-catalysts, metal-organic
frameworks (MOFs) are employed for the removal of heavy
metals from wastewater. These MOFs are synthesized by the
coordination of organic ligands with metal ion precursors.
MOFs can be made more effective by the coordination of
functional groups with metal as opposed to the organic
ligand. This is because of the less steric hindrance of metals
(Deshpande et al., 2020).

In this mini review, we will discuss the use of such
nanoparticles for the removal of pollutants in industries.
Also, the wuse of microorganisms and enzyme-assisted
green nanotechnology to remove and valorize waste
materials is discussed.

NANOTECHNOLOGY IN WASTEWATER
TREATMENT

The smaller size of nanomaterials makes them suitable for use
in the treatment of wastewater. They have specific chemical,
physical, and biological properties that enhance their use in
various applications. Different nanomaterials, such as carbon-
based (Nanocomposites or Nanotubes), metals and their oxides-
based nanomaterials, have been used for effluent removal
from wastewater. Wastewater management practices consist
of photocatalytic degradation, adsorption, filtration through
nanoparticles, and observation of different contaminants and
pollutants (Palit and Hussain, 2020). Figure 1 shows the
use of various nano-techniques applied for bioremediation of
industrial effluents.

Nano-Adsorbents and Nanofiltration

Membranes

Nanoparticles have been widely used as adsorbents to remove
harmful contaminants from industrial wastewater. Nano-
adsorbents can remove organic and inorganic pollutants
(Kumari et al, 2019). They are categorized mainly as
carbon-based, metal, and metal oxide-based nanoparticles.
Carbon-based nanoparticles mainly include carbon nanotubes
(CNTs), activated carbon, graphene, and, to some extent,
fullerene (Kumari et al., 2019). Carbon nanotubes act as
adsorbents for toxic chemicals from manufacturing industries
or pharmaceutical wastewater. Kariim et al. (2020) prepared
multi-walled carbon nanotubes (MWCNTs) from Fe-Ni
supported on activated carbon using the chemical vapor
deposition (CVD) technique. Adsorption characteristics
of 2.5961 and 2.1363 were found for metronidazole and
levofloxacin, respectively, which come in a range of good
adsorption of 2-10. The enthalpy change showed that
metronidazole was chemisorbed and levofloxacin was
physisorbed. Similarly, MWCNTs are also able to adsorb
metals from wastewater. The carboxylated MWCNTs were
able to achieve increased adsorption of As(V) and Mn(VII) at
250 and 298 mg/g, respectively. The thermodynamic results

showed metal removal takes place through chemisorptions
(Egbosiuba et al., 2020).

Activated carbon modified nano-magnets have also been
used for the removal of fluoride ions from wastewater. The
nanocomposite was able to remove 97.4% fluoride ion from
synthetic wastewater by sorption with an uptake of 454.54 mg/g
(Takmil et al., 2020). Recently, microbial fuel cells and
nanocatalysts are also used for the generation of bioelectricity.
Electrodes coated with Iron(II)molybdate nanocomposites were
able to enhance the efficiency of microbial fuel cells. Using
this method, the maximum columbic efficiency of 21.3 £ 0.5%,
the power density of 106 = 3 mW/m* and COD removal
competence of 79.8 + 1.5% was achieved (Mohamed et al,
2020). Superparamagnetic composite of iron oxide nanoparticles
with activated carbon was found to be suitable to remove
Cr(VI) from wastewater. The treated wastewater was suitable
for discharge according to the environmental protection agency
(EPA)’s recommendations. Magnetic separation and sorption
were utilized for the removal of heavy metal (Nogueira
et al, 2019). A graphene-based nanocollector was prepared by
Hoseinian et al. (2020). They prepared an amino-functionalized
graphene oxide nanocollector to remove nickel ions by
using an ion floatation process. They were able to achieve
around 100% removal of nickel ions from the wastewater
using this economical, efficient, and stable nanocollector
(Hoseinian et al., 2020).

Metal and metal oxide-based nano-adsorbents also play a vital
role in the removal of pollutants from wastewater. Studies have
revealed that coating magnetic nanoparticles with other supports
led to an increase in their adsorption efficiency. Magnetic
nanoparticles coated with silver showed 36.56% chemical
oxygen demand (COD) removal from wastewater, which
was 6.16% higher than the uncoated magnetic nanoparticles
(Najafpoor et al., 2020). Similarly, a magnetic polymer of
Co0304@SiO; magnetic nanoparticles coated with nylon 6
was able to adsorb 666.67 mg/g Pb (II) from wastewater at
298K. The polymer was reusable up to six cycles with a
little loss in its adsorption capacity of < 30% (Mohammadi
et al., 2020). Thus, these nanoparticles, alone as well as in
conjugation with other favorable supports, can remove pollutants
from industrial effluents. Their reusability and stability make
them cost effective and environmentally friendly. Similarly,
metal oxide-based nanomaterials work efficiently in effluent
treatment. Nano-porous magnesium oxide obtained from the
solid waste from the ductile iron industry was able to adsorb
1,000 mg.g~! of toxic dye from the wastewater. The adsorbent
properties were enhanced by using a 1:1 mixture of sodium
dodecyl sulfate (SDS) and polyoxyethyleneoctyl phenyl ether
(TX100). This helped to achieve a suitable pore size of 16
nm (Pourrahim et al., 2020). Almomani et al. (2020) used
magnetic nanoparticles, made from iron oxide, to remove heavy
metals from wastewater. The iron oxide nanoparticles grafted
on hyperbranched polyglycerol were able to remove nickel,
copper, and aluminum from wastewater in 35 s. Moreover, the
organic content and phosphorous do not affect the adsorption
efficiency of nanoparticles, while nitrogen reduced the removal
of heavy metals.
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FIGURE 1 | Utilization of various nanotechnology approaches in combination with microbial assistance for wastewater bioremediation. MOFs: Metal organic
frameworks; MWCNTs: multi-walled carbon nanotubes; SWCNTs: Single-walled carbon nanotubes.
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Nanofiltration (NF) membranes also play a vital role in
the recovery of nutrients from industrial effluents. NF90 gives
the highest rejection (70%) of phosphorous from pulp and
paper industry effluent. But the problem in the fouling of
membrane arises due to the high phosphorous content (Leo
et al,, 2011). Shalaby et al. (2020) used gold nanoparticles
woven with a polymer blend of the NF membrane to achieve
a higher recovery of phosphorous from wastewater. They
were able to achieve 96.1% rejection of trivalent phosphate
with increased fouling resistance and hydrophobicity of the
membrane (Shalaby et al., 2020). In another study, Ceramic
supported graphene oxide (GO)/Attapulgite (ATP) composite
membrane was prepared for the removal of heavy metals.
The membrane was able to reject nearly 100% of metal
ions of copper, nickel, lead, and cadmium. It is valuable to
prepare such a membrane due to its increased flux speed,
immense water stability, and outstanding rejection ability
(Liu et al., 2019). There are some concerns related to the
chemical nature of nanomaterials with commercialization. So,
researchers have now utilized microorganisms for the generation
of green nanostructures. These microorganisms-supported

nanotechnological applications have led to a revolution in the
field of green nanotechnology.

MICROORGANISMS ASSISTED
NANOTECHNOLOGY

Biofabrication of nanomaterials and the simultaneous use of
microbes makes the use of nanotechnology more sustainable and
eco-friendly. The chemically produced nanoparticles may have
some disadvantages in relation to the use of chemicals and self-
agglomeration in aqueous solution. So, the green synthesis of
nanoparticles from plant extract, fungal, and bacterial enzymes
can be a potential solution. They act as reductive agents for the
metal complex salt and generate metallic nanoparticles. These
nanoparticles attain superior solidity in an aqueous environment
because of co-precipitation or by adding proteinaceous and
bioactive elements onto the outer face of the nanoparticles.
Mahanty et al. (2020) biofabricated iron oxide nanoparticles
from Aspergillus tubingensis (STSP 25) obtained from the
rhizosphere of Avicennia officinalis in Sundarbans, India. The
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synthesized nanoparticles were able to remove more than 90%
of heavy metals [Pb (II), Ni (II), Cu (II), and Zn (II)] from
wastewater with a regeneration capability of up to five cycles.
The metal ions were chemically adsorbed on the surface of
the nanoparticles in endothermic reactions (Mahanty et al,
2020). In another study, exopolysaccharides (EPS) obtained from
Chlorella vulgaris were used to co-precipitate with iron oxide
nanoparticles. The Fourier-transform infrared spectroscopy (FT-
IR) analysis revealed the successful modification of nanoparticles
by functional groups of EPS. Further, it was observed that the
nanocomposite was able to remove 91% of PO4>~ and 85% of
NH,T (Govarthanan et al., 2020).

The synthesis of nanoparticles with the help of
microorganisms has provided a cost-effective and eco-friendly
strategy. Copper nanoparticles were synthesized from Escherichia
sp. SINT7, which is copper resistant. The biogenic nanoparticles
were shown to degrade azo dye and textile effluent. At a
lower concentration of 25 mg/L, the reduction of reactive
black-5, congo red, direct blue-1, and malachite green was
83.61, 97.07, 88.42, and 90.55%, respectively, while this was
reduced at 100 mg/L concentration to 76.84, 83.90, 62.32, and
31.08%, respectively. The industrial effluent was also treated
and there was a reduction in the suspended solids and chloride
and phosphate ions in treated samples. The performance of
such biogenic nanoparticles gives a boost to cost-effective and
sustainable production from industries (Noman et al., 2020).
Cheng et al. (2019) prepared iron-sulfur nanoparticles without
using extra sulfur. These nanoparticles were able to degrade
Napthol Green B dye through the extracellular transfer of
electrons. The use of Pseudoalteromonas sp. CF10-13 in the
preparation of nanoparticles provides an eco-friendly method
for biodegradation. The endogenous production of nanoparticles
inhibited the production of harmful gases and metal complexes.
The use of biogenic particles is a superior technology to apply in
the remediation of industrial effluents. But besides the production
of nanoparticles directly from the microorganisms, there are
several other ways in which microorganisms can help in boosting
nanotechnology. For instance, the microorganisms could
provide catalytic enzymes which, along with nanoparticles, help
in remediation of effluents. Table 1 provides brief information
about the use of nanotechnology in the bioremediation of
wastewater. Microorganisms also help in the production of useful
products from industrial waste, which will be discussed further.

NANOTECHNOLOGY AND ENZYME
TECHNOLOGY

The combination of enzymes with nanotechnology is of the
utmost importance to make nanomaterials less harmful to
the environment. When enzyme molecules are present with
nanomaterials, they minimize their cell interaction through steric
hindrances and decrease in the surface energy (Dwevedi, 2019).
Since enzymes are eco-friendly and provide a supplementary
distinctiveness of catalysis, this makes nanomaterials more
adaptable and efficient in bioremediation and green energy
production. Conversely, immobilized enzymes on nanomaterials

are highly stable due to resistance in unfolding, being less
vulnerable to diffusional constraints, being able to be used
in multiple cycles, and having enhanced kinetic characteristics
(Ding et al, 2015). The large surface area of nanomaterials
improves immobilization efficiency through elevated enzyme
loading. Immobilized enzymes can be easily separated from the
reaction blend, predominantly when the immobilizing matrix
of magnetic nanomaterials is used. Multimeric enzymes such
as oxidoreductases can also be stabilized by immobilizing them
on nanomaterials. Enzyme immobilization on solid substrates
leads to changes in structures, mainly increasing f3-sheet structure
and decreasing the o-helical structure; such modifications
are not observed when nanomaterials are used for enzymes’
immobilization (Secundo, 2013).

Studies have revealed the superiority of the combination of
these two technologies. Darwesh et al. (2019) showed the effect of
immobilized peroxidase enzyme on wastewater bioremediation.
They found that glutaraldehyde-modified iron oxide magnetic
nanoparticles provided pH and temperature stable immobilized
enzymes. The immobilized peroxidase enzyme was able to
remove green and red azo dyes individually in 4 h. It took 6 h
to completely remove the dyes when a combination of both the
dyes was used at the same time at lab-scale experiments (Darwesh
etal., 2019). Laccase is widely used for the treatment of industrial
effluents. Various composites of magnetic nanoparticles have
been utilized to immobilize laccase for biodegradation. In a study,
an Fe3Oy4 and chitosan composite was used as a magnetic carrier
for laccase immobilization. The covalently bound laccase was
stable and able to remove 2, 4-Dichloro-Phenol (2, 4-DCP) and
4-Choloro-Phenol (4-CP) effectively even up to 10 cycles. The
breakdown of 4-CP and 2,4-DCP reached 75.5% and 91.4% after
12 h (Zhang et al., 2020). In another experiment, Li et al. (2020)
used Fe3O4 core and chelated Cu?™ of carbon shell to immobilize
laccase. These Fe;04,@C-Cu?t nanoparticles possessed a simple
immobilization method, high enzyme activities, and high loading
capacity, reusability, and stabilities of the immobilized laccase.
The immobilized laccase was able to degrade synthetic dyes,
reactive blue 19, crystal violet, Procion red MX-5B, azophloxine,
brilliant green, and malachite green to approximately 81, 79,
75, 88, 93, and 99 (%) respectively in the first cycle. After 10
continuous reuses, the degradation rates were 65, 71, 60, 78, 80,
and 94 (%), respectively (Li et al., 2020). Similarly, immobilized
lignin peroxidase on Fe304@SiO,@polydopamine nanoparticles
was able to reduce organic pollutants to a higher extent than
the free enzyme. Immobilized lignin peroxidase dissipated 100%
of dibutyl phthalate, phenol, tetracycline, and 5-chlorophenol.
The removal of benzo(a)pyrene, phenanthrene, and fluoranthene
was observed at 65, 79, and 73%, respectively (Guo et al,
2019). In another study, the recombinant cyanate hydratase was
immobilized on iron-oxide-filled magnetic MWCNTs. The action
of the immobilized enzyme on synthetic wastewater sample was
able to remove Cu, Fe, Cr, and Pb by 29.63, 35.53, 39.31, and
34.48%, respectively. Also, the amount of cyanate was reduced
by > 84% (Ranjan et al,, 2018, 2019). Thus, it is evident from
such studies that enzyme technology, along with nanotechnology,
provides a stable and efficient environment for the degradation of
industrial effluents.
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TABLE 1 | Bioremediation of different industrial effluents using advanced nanotechnology processes.

Sr. no. Nanotechnology applied Modification Associated Removal or adsorption Advantage/Mechanism Specific feature References
microorganisms capacity
1. NiO and MgO nanoparticles Silica-embedded - Maximum uptake of 41.36, Spontaneous, endothermic, Regeneration and Abuhatab et al.,
13.76, 7.23 (ions per nm?) and physical adsorption of reusability proved 2020
for Cr3t, Cu*, and Zn2+ Cu?* and Cr3* and sustainability
exothermic and chemical of
Zn2+
2. Electrospunnanofibrous Bacterial encapsulation Pseudomonas 55-70% removal of Biological removal of dye Genetic engineering or Sarioglu et al.,
webs aeruginosa methylene blueat different more potent bacterial cell 2017
concentrations could prove more promising
3. Mesoporous organosilica Incorporation of ferrocene - High removal rate of dyes More surface area and Novel organic-inorganic Yang et al., 2019
nanoparticles (MONs) by MONs-50% and metals nthjugation derived from hybrid nanomaterial
by MONs-25% non-covalent interaction
facilitated by ferrocene
4. Cobalt and cobalt oxide Microwave and reductive - 43.6 and 39.4% Irradiation and large surface  Greener, easy, and faster to Adekunle et al.,
nanoparticles chemical heating degradation of murexide area make, cost-effective and 2020
dye by Cobalt and cobalt photocatalytic degradation
oxide nanoparticles, efficiency
respectively
5. Electrospuncyclodextrinfibers  Bacterial encapsulation Lysinibacillus sp. Removal efficiency of Bacterial bioremediation Cyclodextrin provides extra San Keskin et al.,
NOSK Ni(ll) = 70 + 0.2%, carbon source for growth of 2018
Cr(Vl) =58 £+ 1.4% and bacteria
Reactive black 5 =82 + 0.8
6. Zirconia nanoparticles Synthesis from microbial Pseudomonas Tetracycline adsorption of Chemisorptions and strong Green synthesis of Debnath et al.,
cell free culture supernatant  aeruginosa 526.32 mg/g electrostatic interaction nanoparticles and 2020
among zwitter ions sustainable bioremediation
7. Enzyme immobilized Laccase immobilization P, ostreatus Degradation of Oxidation by immobilized Reusable enzyme and Jietal, 2017
nanoparticles bisphenol-A = 90% and laccase cost-effective
carbamazepine = 10%
8. Graphene oxide and Nano-sized nickel metal - Methylene blue adsorption Hydrophobic and/or wt-7 Superior interaction of Ahsan et al., 2020
carbon nanotubes organic framework of 222 mg/g interactions, high surface nanocomposite
area, occurrence of the
pores among the MOFs
and the platforms and
diverse morphological
features of mixed
nanocomposites
9. Silica nanoparticles Synthesized from Actinomycetes 80% decolorization of Photocatalytic degradation Cost-effective and Mohanraj et al.,

actinomycetes

industrial effluent

sustainable

2020
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VALORIZATION OF WASTE USING
MICROORGANISMS AND
NANOTECHNOLOGY

Conversion of waste materials to useful products using
technology is attracting the attention of researchers around
the world. Using this approach, we can reduce waste and
generate useful products simultaneously. This practice is widely
used in industries for the production of adsorbents, clinker,
biogas, biohydrogen, biomolecules, and many more products
(Gupta and Shukla, 2020). Nanotechnology has helped in the
enhancement of the production rate for efficient conversion of
waste into resources. Kumar and colleagues in 2019 described
the use of nanoparticles to enhance dark fermentation reactions
for increased biohydrogen production (Kumar et al, 2019).
Supplementation of fermentative bacteria with nanoparticles
has opened new avenues for biohydrogen generation from
wastewater. Elreedy et al. (2019) utilized mixed culture bacteria
along with single, dual, and multiple nanoparticles to generate
biohydrogen. They found that biohydrogen production was
the maximum (14% more than the single nanoparticles
use) when multiple nanoparticles were used. The different
nanoparticles increased hydrogenase and dehydrogenase activity,
leading to increased biohydrogen production (Elreedy et al.,
2019). Similarly, the addition of both nickel oxide and
hematite nanoparticles gave 1.2-4.5-fold increased biohydrogen
production than the sole nanoparticles. The highest hydrogen
yield of 8.83 mmol/g COD was obtained in the combination
of nanoparticles. This increase is owed to the increased activity
of hydrogenase and ferredoxin oxidoreductase enzymes (Gadhe
et al, 2015). Thus, nanotechnology can also be used to
generate green energy for sustainable industrial growth and eco-
friendly production.

FUTURE PERSPECTIVE AND
CHALLENGES

Nanotechnology has generated interest among researchers due
to its beneficial effects, such as its large provided surface
area, the capability of multiple uses, its stability at harsh
conditions, easy and efficient manipulations in materials,
increased interaction, and many more. The integration of
microorganisms and enzymes with nanotechnology has provided
a greener approach toward the management of industrial
effluents (Dixit et al, 2020; Zhang et al, 2020). The risk
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