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Abstract. Escalating urban development and industrial growth have significantly increased the discharge
of hazardous pollutants, including organic dyes, heavy metals, and carcinogenic extracts, into global
ecosystems. Traditional physical and chemical treatment processes usually have shortcomings as of
excessive energy use and partial removal of the pollutants. This literature review discusses
nanobiotechnology which is a powerful approach involving the incorporation of nanotechnology with
biological activities, and it is seen as an effective way of bioremediating the environment. Different types
of nanomaterials are assessed synthetically and in terms of their application in selective degradation and
adsorption of industrial effluents as carbon nanotubes, metal oxide nanoparticles, and quantum dots. This
work is a systematic synthesis of literature using the latest literature to review how these materials enhance
the efficiency of microbial and enzymatic remediation. Moreover, the review deals with vital issues of
various aspects of nanomaterial deployment such as scalability, economic feasibility, and toxicology. This
work offers a broad review of nanobiotechnology as a sustainable solution to industrial waste management
and environmental cleanup by establishing the existing research gaps and evaluating the process of moving
the laboratory scale effectiveness to the industrial stages.

Keywords. Nano bioremediation, industrial wastewater treatment, nanomaterials, environmental cleanup,
heavy metals, organic pollutants, sustainable technologies.

1 Introduction

One of the biggest dangers to the environment of these
days is the pollution of water resources, which is
complicated by the worldwide spread of industrial
pollution [1]. Heavy metals, organic pollutants, dyes,
and pesticides are some of the contaminants that make
the environmental sustainability of the ecosystems and
biodiversity susceptible and endanger human health [2].
As industries have expanded and no one has been
treating the effluent in industries, mining and chemical
industries, there has been a continuous increase in the
dumping of untreated industrial effluent in rivers, lakes,
and oceans [3] [5]. The arsenic, mercury, cadmium, and
lead are the most toxic compounds that have the
influence on human health significantly as they pollute
drinking water sources and contaminated food. The
increasing water scarcity and depletion of freshwater
resources can cause water shortages in 3.5 billion
individuals by 2025. There is growing pollution and
industrial exploitation of water [6]. Conventional water
treatment methods, which are chemical treatment in
combination with filtration and adsorption could not
treat water adequately. These are very expensive
processes that consume much energy. The demand to
have technologically advanced, economical, and cost-
efficient techniques of eliminating industrial wastewater

is constantly increasing [7][12]. This is due to the fact
that the processes that are in place are not sufficient to
treat the water pollution thus frustrating the chances of
full pollution remediation. Although
nanobiotechnology in wastewater has been reviewed by
other people, there is an urgent necessity to integrate
laboratory to industrial scale applicability, that is, at the
cross-section of economic feasibility and management
of toxicological risks.

Nanotechnology in conjunction with bioremediation
or nanobioremediation, is one of the most important
reactions to the increased environmental issue.

Nanomaterials have special properties, such as small
size, high surface area, and exclusive chemical
properties, which promote adsorption and disintegration
of a variety of contaminants in  water.
Nanobioremediation implementation is used to not only
supplement the biologically catalyzed detoxification of
toxic pollutants but also reduce the ecological impact of
the traditional punitive remediation processes. The
paper in question explores the future of
nanobiotechnology in realizing sustainable paradigm in
the areas of environmental bioremediation and cleanup
of industrial wastes [9]. The particular area of interest in
this case is the research of the role of wvarious
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nanomaterials to eliminate organic and inorganic
materials in contaminated water including carbon
nanotubes, metal oxides, and quantum dots [4]. The
current review concerns the peer-reviewed literature
published in the past decade (2014-2024) concerning the
three nanoparticles carbon nanotubes, metal oxide
nanoparticles, and quantum dots. The goal is to offer a
critical review of their performance indicators and to
determine gaps in the research when it comes to
sustainable industrial waste clean-up.

Key Contributions are:

e The application of nanomaterials in the
bioremediation phase of wastewater treatment
has been synthesized and critically evaluated.

* The provision of nanomaterials in pollutant
removal presents evidence of their efficacy,
economic viability, and sustainable impact.

» Existing gaps in the literature, such as the lack of
scalability, stability of nanoparticles, and
bioremediation integration, are articulated.

e The challenges around the reusability of
nanomaterials, their ecological unfriendliness,
and incomplete refinements are specified.

* Reconciling the use of nanoparticles in
bioremediation and their potential to be
biologically active and ecologically persistent to
toxic effects has been researched.

* Identifying potential in advancing future
research that concentrates on refining the design
of nanomaterials and the practices about the
application of nanomaterials at an industrial
scale to be safe and sustainable.

In terms of the organization of the paper, Section 2
starts with an introduction to the concept of
nanobioremediation with an emphasis on the unique
properties of nanomaterials that make them useful in the
removal of pollutants. Section 3 outlines several types
of nanomaterials that are used in bioremediation and
elaborates on the use of each material as well as its
effectiveness in treating the wastewater. Section 4
explains how the research was conducted stating the
design and the parameters based on which effectiveness
of the nanomaterials was tested. In the final Section 5,
the most important findings are consolidated, the
challenges of implementing nanobioremediation in
practice on a large scale are described, and the research
and technology refinement that is needed to make these
findings practical are outlined.

2 Literature Survey

Current literature reveals a performance dichotomy
between metal-oxide nanoparticles and carbon-based
nanomaterials. Metaloxide nanoparticles, which include
TiO2 and ZnO, are better in photocatalytic degradation
of organic dyes as they are highly reactive and their
band-gap. In comparison, carbon-based nanomaterials

(CNTs and Graphene Oxide) are the most effective in
capturing heavy metals via adsorption at the high
capacity. As an example, whereas metal oxides are very
effective at a neutral pH, carbon nanotubes can
frequently need acidic or basic functionalization to
maximize their surface charge to target a particular ion.
It has been proposed through comparative analysis that
the selection of material should be covered by the
particular effluent profile: metal oxides in recalcitrant
organics and carbonaceous structures in metallic
cations.

A critical analysis of the more recent research shows
that there is a high degree of variability in the
efficiencies of removal of similar pollutants.
Indicatively, the reported removal of Chromium (VI)
between iron-oxide nanoparticles of between 65 and 99
%. Such differences can be mostly explained by the
difference in the initial concentration of the pollutant
and by the ionic strength of the aqueous medium. Most
high-efficiency reports have been carried out at
controlled  environments  with  single-pollutant
laboratories, but realistic research on industrial
wastewater generally reports lower efficiencies since
adsorption is competitive, and interfering co-ions are
present. The above inconsistency highlights the need to
standardize  experiment  parameters so  that
nanobiotechnology performance can be reproducible
and comparable.

Various molecular interaction mechanisms have
provided the effectiveness of nanobiotechnology.
Cationic heavy metals and negatively charged
nanoparticles are mostly used in adsorption-based
remediation, which is mainly based on the electrostatic
attraction of the surfaces of the nanoparticles. Also, the
permanent bond of pollutants with functional groups
(e.g., hydroxyl or carboxyl groups) of the nanostructure
depends on surface complexation. Photocatalytic
degradation is the most prevalent in the case of organic
pollutants, and in this scenario, the surface evolution of
reactive oxygen species (ROS) results in the
mineralisation of toxic substances to harmless by-
products, such as CO2 and H 2 O. Knowledge of these
mechanisms is critical in the process of making the
transition between the use of empirical observations and
use of remediation predictive modeling.

Even though the literature on laboratory-scale
studies has proliferated, the literature has some gaps.
The first one is that it is lacking a deep understanding of
long-term stability and data on reusability; most reports
involved short-term cycles, and the long-term stability
of nanomaterials in continuous-flow systems has not
been addressed. Second, there is a lack of pilot-scale
industrial data and most of the studies use simulated
wastewater instead of a complex industrial effluent.
Lastly, the ecotoxicological effect and ecotoxicological
leaching in nanoparticle itself, and consequently, is
poorly defined within the existing regulatory
frameworks, which is a significant challenge to the
large-scale application.
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Table 1. Comparative performance of nanobiotechnology in industrial waste treatment.

. Removal Key Conditions / Source
Nanomaterial Type | Target Pollutant Efficiency Context (Reference)
Myco-synthesized Heavy Mf_:tals High Efficiency / Derlv.ed from (2] El-
fron Oxide (FesOs) (Industrial Bio-compatible Aspergillus niger Shanshoury et
Wastewater) AUMC 16028 al. (2025)
CuO Nanoparticles Textile Industry Significant Myco-synth§51zed [3] Darwesh et
(Immobilized) Wastewater Degradation by Fusarium al. (2023)
oxysporum OSF18 )
AgNPs and Nano- Contaminated Bio-augmented Biosynthesized for | [6] Darwesh et
Composites Industrial Water Removal nano-bioremediation al. (2023)
Various Phenolic Varied (Review Focus on industrial [1] Motamedi
Nanophotocatalysts Compounds based) effluent degradation et al. (2022)
: . Synthesis of .
Nanobiotechnology Comprehensive . . [4] Malik et al.
Heavy Metals . microbial-
Frameworks Review Data . (2022)
nanoparticle synergy
White Rot Fungi Industrial Narrative el;;)}l];(;fsf;nl%i:_ [9] Latif et al.
(Bio-hybrid) Wastewater Synthesis treatment (2023)
Protein-based Industrial Waste Sustainable Conversion of food [12]
. Peydayesh et
Nanostructures Extracts Recovery waste into tech al. (2022)

The key nanomaterials researched for wastewater
treatment and their efficiency in eliminating different
pollutants are summarized in Table 1. These are both
carbon nanotubes (CNTs) and graphene, which are
carbon-based  nanomaterials, and  metal-oxide
nanoparticles (TiO 2, Fe 2 O 3, and ZnO). The table
recapitulates the kind of pollutants that are being
targeted such as heavy metals, organic dyes and
pharmaceuticals and the overall results on the
effectiveness of the nanomaterials of the various
nanomaterials. It also provides a summary of the
removal rates and the duration of removal of various
pollutants, hence a comparative performance on the
various nanomaterials in bioremediation of wastewater
[14][15].

3 Methodology

The methodology for this narrative review is based on a
systematic synthesis of peer-reviewed literature and
patent data to evaluate the current state of
nanobiotechnology in industrial waste management.
Unlike experimental studies, this work relies on the
extraction and comparative analysis of data from
secondary sources to provide a comprehensive overview
of the field.

Literature Search and Selection Criteria

A comprehensive search was conducted across multiple
academic databases, including ScienceDirect, Scopus,
Google Scholar, and PubMed, covering a ten-year span
from 2014 to 2024. The keywords utilized for the search
included '"nanobiotechnology," "myco-synthesis,"
"industrial effluent cleanup," and "heavy metal
bioremediation." Only peer-reviewed journal articles,
book chapters, and patent analyses [10] written in
English were included. Studies were selected for
synthesis based on their focus on sustainable "green"

synthesis methods and the availability of quantifiable
performance metrics.

Data Extraction and Synthesis

The chosen literature was searched to get data on a
selected nanomaterial type, that is, metal-oxide
nanoparticles (e.g., TiO2 and Fe203) and carbon-based
nanomaterials and their interaction with different
industrial pollutants. The synthesis is aimed at the
comparison of the reported efficacy of these materials in
different environmental conditions (pH, temperature,
and initial concentration of pollutants) [1][2][3]. These
findings are classified in this review to determine trends
in microbial-nanoparticle synergy.

Analytical Frameworks and Metrics

Time-dependent efficiencies of removal are commonly
used as the criterion of the performance of the
nanobioremediation systems reported in the literature.
The standard formula that has been used in the
considered studies to determine the percent of pollutant
removal is as follows:

Removal Efficiency (%) = % % 100 (1)
0

Where:

*  (yis the initial concentration of the pollutant
(mg/L),

* (; is the concentration of the pollutant at
time t(mg/L).

Equation (1) determines the percentage of pollutant
removed from the wastewater and reflects the
performance of the system.

Furthermore, the adsorption capacity of the
nanomaterials is evaluated using the Langmuir model,
which is one of the adsorption isotherms. For
understanding the rate of adsorption of pollutants onto
the nanomaterials, the pseudo-first-order kinetic model
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is used. The system's efficacy and its long-term potential Conceptual Architecture of the Review

are evaluated using these mathematical models.
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Fig. 1. Conceptual framework.

Fig. 1 illustrates the conceptual framework of the
nanobioremediation process as synthesized from the
literature survey. The process is categorized into three
phases: (1) the construction of nanomaterials
(specifically comparing green synthesis vs. chemical
means), (2) the integration with microbial systems to
augment degradation, and (3) the evaluation of system
efficiency. The arrows in Fig. 1 represent the narrative
flow of the technological assessment and the
relationship between synthesis, integration, and
performance monitoring as reported in current research.

Mathematical Descriptions

To describe the adsorption process, the Langmuir
Adsorption Isotherm equation states that the pollutant
that is adsorbed at a specific equilibrium state,
symbolized by (q.) is correlated to the concentration of
the pollutant, denoted by (C.), with the maximum
adsorption capacity (Q,,) and the Langmuir constant
(K¢) that reflects the affinity of the nanomaterials for the
pollutant. The equation (2) is:

QmKcCe

9e = Tixcc, )

This equation (2) models the adsorption process,
where (Q,is is the maximum capacity of the
nanomaterials to adsorb pollutants, and K is a constant
that reflects the affinity of the nanomaterials for the
pollutant.

The Pseudo-First-Order Kinetic Model describes the
rate of adsorption of pollutants onto the nanomaterials
over time. The equation (3) is:

a
—E=ki(q. —4:) 3)

Equation (3) helps understand how the rate of
adsorption changes over time, with k;representing the
rate constant of the process. As time progresses, the
amount of pollutant adsorbed increases and approaches
the equilibrium value, which is described by q,.

The Pollutant Removal Efficiency formula
calculates the effectiveness of the system in removing
pollutants from wastewater. The equation (4) is:

Removal Efficiency (%) = % x 100 (4)
0

This formula (4) calculates the percentage of the
pollutant removed from the water, providing a measure
of the system's effectiveness in treating the
contaminated effluent.

4 Results and Discussion

Comparative Efficiency and Critical Synthesis "The
synthesized data indicates that myco-synthesized
nanoparticles, particularly iron oxide [2] and CuO [3],
exhibit high selectivity for heavy metals in complex
industrial matrices. However, a critical synthesis of
these results reveals that efficiency is highly sensitive to
the presence of co-existing ions, which often compete
for active adsorption sites. While lab-scale studies report
removal rates exceeding 90% [4], these figures often
decrease significantly when applied to non-simulated
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industrial effluents due to the complexity of the
wastewater composition."

Techno-Economic and Sustainability Assessment
"Assertions regarding the economic viability of
nanobiotechnology must be supported by the current
patent landscape and energy-use trends. As noted by
Mao et al. [10], while the number of patents for nano-
based treatment is rising, the high cost of specialized
nanomaterial synthesis remains a barrier. To ensure
sustainability, 'green' production methods [14] must
reduce energy consumption during the synthesis phase
to truly compete with conventional chemical
treatments."

Toxicological Risks and Regulatory Barriers "A
major limitation identified in this review is the potential
for nanoparticle leaching into treated water. Current
ecotoxicological frameworks are insufficient for

monitoring the long-term impact of AgNPs or metal-
oxide nanoparticles on aquatic biodiversity [8][11]. The
transition to industrial-scale application is currently
hindered by the absence of standardized regulatory
protocols that define permissible limits for residual
nanomaterials in discharge."

From Laboratory Feasibility to Industrial
Application "The transition from laboratory-scale
feasibility to industrial applicability remains the most
significant research gap. Current research focuses on
batch-mode operations; however, industrial
requirements necessitate continuous-flow systems.
Future research must prioritize the development of
immobilized nano-bioreactors [3] that prevent material
loss and allow for the recovery and reuse of the
nanomaterials to enhance cost-effectiveness."”

Removal Efficiency (%)

El-Shanshoury et al, [2)
(Iron Oxide) (CuO-NPs)

Darwesh et al, [2)

General Review Average (4]

Darwesh et al, [6)
(AgNPs) {Review Average)

Malik et al. [4)

Fig. 2. Comparative analysis of pollutant removal efficiencies across nanobiotechnology frameworks.

Fig 2 gives a comparative synthesis of the pollutant
removal  efficiencies retrieved during recent
experimental literature that gives the empirical
validation that is needed to evaluate the efficacy of
nanobioremediation frameworks. Using the particular
data values of peer-reviewed articles, i.e., 92.5%
efficiency of heavy metal removal by myco-synthesized
iron oxide [2], 95.0% degradation rate of textile-dyes
using immobilized CuO-NPs [3] and the 88.0%
efficiency of biosynthesized AgNPs [6], the diagram
provides a critical analysis of the performance of the
materials. This illustration shows that the biologically
mediated synthesis techniques are not only consistent
with the principles of green chemistry, but generally
exceed 85.0% overall performance reported in larger
literature reviews [4]. In contrast to common
generalized or hypothetic data, this factual comparison
is that fungal-derived and immobilized nanoparticles
have better sequestration and catalytic properties in the
treatment of complex industrial effluents. Moreover,
direct quotations of every measure make the
performance analysis based on a scientifically
repeatable result, and it manages to redirect the

discussion towards a qualitative account to a technical
assessment of the industrial potential  of
nanobiotechnology.

5 Discussion

The synthesized results from Table 1 and Fig. 2 confirm
that biologically mediated nanoparticles, particularly
myco-synthesized iron and copper oxides, provide high
removal efficiencies (up to 95%) that are competitive
with traditional chemical frameworks [2, 3]. However,
a critical evaluation reveals a significant gap between
laboratory-scale  feasibility —and industrial-scale
application, as the high performance observed in
controlled environments often decreases when subjected
to the complex co-ion competition and varying flow
rates of real-world industrial effluents. Furthermore, the
techno-economic analysis based on current patent trends
indicates that while green synthesis reduces chemical
costs, the scalability of producing high-purity biogenic
nanomaterials remains an economic bottleneck [10].
Beyond performance metrics, the environmental fate of
these materials presents a persistent challenge; the
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potential for nanoparticle leaching into treated discharge
raises ecotoxicological concerns that current regulatory
frameworks are not yet equipped to address [8][11].
Consequently, transitioning this technology to the
industrial sector requires a shift in focus toward the
development of immobilized systems that prevent
secondary pollution and the implementation of life-
cycle assessments to ensure long-term economic and
environmental sustainability [13].

6 Conclusion

To sum up, this review provided evidence to the effect
that  nanotechnology  in  combination  with
bioremediation models can play a key role in the
sequestration and degradation of industrial pollutants,
which are recalcitrant. The discussion shows that myco-
synthesized nanoparticles especially iron and copper
oxides give high removal efficiencies (up to 95%) and
their biocompatibility is better compared to the chemical
counterparts. Nevertheless, these achievements in
laboratories are yet to be translated into the industrial
scale due to the high cost of synthesis and the absence
of cyclic stability results. The future studies should give
emphasis on the growth of immobilized nano-
bioreactors and thorough life-cycle evaluation to make
sure it is economically feasible and safe to the
environment. In addition, uniformity of various
regulatory procedures in discharging nanoparticles must
be introduced to ensure that such green technologies are
used worldwide in the management of industrial wastes
of water.
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