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Increasing industrial activities have intensified environmental pollution caused by heavy metals, persistent
organic pollutants, and other hazardous contaminants, posing serious risks to ecosystems and human
health. Although numerous studies have investigated phytoremediation and environmental engineering
technologies independently, comprehensive reviews examining their integration for industrial pollution
prevention remain limited. Therefore, this systematic literature review aims to synthesize current evidence
on the integration of plant breeding and environmental technologies to develop more effective and
sustainable industrial pollution control strategies. The review followed the PRISMA 2020 guidelines and
searched five international scientific databases, namely Scopus, Web of Science, ScienceDirect,
SpringerLink, and MDPI, covering publications from 2019 to 2026. Eligible peer-reviewed studies were
selected using predefined inclusion and exclusion critetia and synthesized through qualitative content
analysis. The findings demonstrate that advances in plant breeding, including genetic engineering,
CRISPR-Cas9 genome editing, marker-assisted selection (MAS), and multi-omics approaches,
significantly enhance plants' phytoremediation capacity. When integrated with environmental
technologies such as adsorption, membrane bioreactors (MBRs), biological reactors, and constructed
wetlands, these approaches provide more efficient and sustainable pollution control systems. Evidence
synthesized from the reviewed studies indicates that integrated treatment systems can achieve pollutant
removal efficiencies exceeding **80-95%7** in various industrial wastewater applications, outperforming
single-treatment approaches while improving ecosystem sustainability and resource efficiency. Despite
these advantages, large-scale implementation remains constrained by high investment costs, system
complexity, regulatory challenges, and limited long-term field validation. This review provides a scientific
basis for developing integrated industrial wastewater management systems, supports evidence-based
environmental policy, and identifies future research priorities involving nanotechnology, artificial

intelligence (Al), the Internet of Things (IoT), and advanced genome-editing technologies
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INTRODUCTION

In recent decades, rapid industrialization and
urbanization have intensified environmental pollution,
creating complex challenges for ecosystems and human
health. Industrial waste contains hazardous contaminants,
including heavy metals, persistent organic pollutants, and
other toxic substances that are difficult to degrade naturally.
These pollutants can spread through soil and water,
accumulate in food chains, and threaten environmental
stability and public health (Ali et al., 2019; Ding et al., 2022).

Various physicochemical technologies, including

adsorption, coagulation-flocculation, precipitation, and
membrane filtration, have been widely applied to remove
pollutants effectively. However, these methods often involve
high operational costs, intensive energy consumption, and the
generation of secondary waste requiring further treatment
(Crini & [Lichtfouse, 2019b; Nidheesh et al., 2021).

Consequently, greater attention has been directed toward

more sustainable remediation technologies.
Phytoremediation has emerged as a promising
alternative by utilizing plants to absorb, stabilize, or degrade
environmental pollutants through mechanisms such as
phytoextraction, phytostabilization, phytodegradation, and
rhizofiltration (Ali et al., 2020). Compared with conventional
methods, phytoremediation is more  cost-effective,
environmentally friendly, and capable of improving soil
quality. However, its application remains constrained by
relatively slow remediation rates and limited pollutant

accumulation capacity (Rezania et al., 2022).

Modern plant breeding and biotechnology offer
important opportunities to overcome these limitations.
Through genetic selection, marker-assisted selection, genetic
engineering, CRISPR-Cas genome editing, and multi-omics
technologies, superior genotypes with enhanced tolerance
and pollutant accumulation capacity can be developed (Raza
et al., 2022; Yan et al.. 2020). These advances increase the
potential of hyperaccumulator plants, particularly in heavily

contaminated environments.

Environmental engineering has also advanced
industrial wastewater treatment through technologies such as
constructed wetlands, microorganism-based bioreactors, and
nanotechnology. Constructed wetlands exploit interactions
among plants, microorganisms, and substrates to naturally
reduce pollutant loads (Zeng et al., 2020), while nanomaterials
significantly improve pollutant adsorption and degradation
2018). these

technologies remain constrained by high investment costs,

efficiency (Guerra et al., Nevertheless,

operational complexity, and long-term sustainability
concerns.

Previous review studies have separately examined
phytoremediation, plant breeding, and environmental
engineering technologies, including hyperaccumulator plants,
genome editing, membrane bioreactors, constructed
wetlands, and nanotechnology. However, they have rarely
explored how advances in plant breeding can be
systematically integrated with environmental technologies
into a comprehensive industrial pollution control framework.
As a result, current knowledge remains fragmented, limiting
understanding of the complementary mechanisms, synergistic
performance, implementation challenges, and future
development of integrated remediation systems.

Several issues also remain unresolved. Plant-based
remediation is environmentally friendly and economically
attractive but is often limited by slow pollutant uptake, low
biomass production, and environmental variability. In
contrast, engineering technologies provide rapid and efficient
pollutant removal but require substantial investment, high
energy consumption, and complex operation. Although
recent studies have proposed integrating biological and
engineering approaches, evidence regarding long-term
effectiveness, scalability, economic feasibility, and industrial
implementation remains inconsistent, highlighting the need
for a systematic synthesis of current evidence.

Recent developments indicate a shift toward
integrated remediation strategies that combine plant breeding
with environmental technologies, including genetically
improved plants in constructed wetlands, phytoremediation
coupled  with  microbial  bioaugmentation,  and
nanotechnology-assisted plant remediation systems (Cao &
Zhang, 2024; Shourie et al., 2024). Such integration has the

potential to improve remediation efficiency while enhancing

environmental sustainability and resource utilization.
Accordingly, this review addresses four research
(1) How does

phytoremediation performance for industrial pollution

questions: plant breeding improve
control? (2) Which environmental technologies are most
effective for industrial wastewater treatment? (3) How can
plant breeding and environmental technologies be integrated
to enhance remediation efficiency and sustainability? (4) What
are the major challenges, limitations, and future research
priorities for implementing integrated pollution control
systems at an industrial scale?

This systematic literature review therefore aims to
critically synthesize current evidence on integrating plant

breeding and environmental technologies for industrial
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pollution prevention. Unlike previous reviews focusing on
individual remediation methods, this review applies an
integrated framework covering: (1) advances in plant breeding
for phytoremediation; (2) recent environmental technologies
for industrial wastewater treatment; (3) strategies integrating
biological and engineering approaches; and (4) evaluation of
effectiveness, implementation challenges, and future
technological directions. This framework is intended to
identify knowledge gaps, assess the current evidence, and
recommendations for future

provide interdisciplinary

research and sustainable industrial wastewater management.

METHODS

This study employed a stematic Literature Review
(SLR) as the primary research method to comprehensively
examine the integration of plant breeding and environmental
technologies for industrial pollution prevention. The SLR
approach was selected because it enables the systematic
identification, critical evaluation, and synthesis of scientific
evidence from previous studies, thereby providing a
comprehensive and reliable understanding of current

knowledge and future research directions (Page et al., 2021;
Snyder, 2019 ).

The review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA 2020) guidelines, which provide a
standardized framework consisting of four sequential stages:
identification, screening, eligibility assessment, and inclusion
of relevant studies. The PRISMA protocol was adopted to
ensure transparency,  methodological  rigor,  and
reproducibility throughout the review process. The complete
study selection process is illustrated in the PRISMA flow

diagram (Figure 1).
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Figure 1 PRISMA flow diagram

A comprehensive literature search was performed
using five internationally recognized scientific databases:
Scopus, Web of Science, ScienceDirect, SpringerLink, and
MDPI. The search covered publications published between
2019 and 2026, representing recent developments in
phytoremediation, plant breeding, and environmental
technologies. The final database search was conducted in
March 2026. Database-specific search syntax was adapted
according to the indexing system of each database while
maintaining equivalent search concepts. The primary Boolean
search strategy included combinations of the following terms:

("plant OR phytoremediation OR

"hyperaccumulator plant" OR "genome editing" OR CRISPR

breeding”

OR "marker-assisted selection") AND ("industrial pollution"
OR "industtial "heavy metal" OR
contaminant) AND ("environmental

wastewatet” OR
technology" OR
"constructed wetland" OR bioreactor OR adsorption OR
nanotechnology OR "wastewater treatment").

Studies were selected using predefined inclusion and
exclusion criteria. Eligible studies were peer-reviewed journal
articles published in English between 2019 and 2026 that
investigated industrial pollution, phytoremediation, plant
breeding, or environmental technologies and provided
sufficient methodological information for evaluation.
Experimental studies, field studies, and review articles directly

relevant to the research objectives were included. Conference
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proceedings, editorials, book chapters, duplicate publications,
non-English articles, inaccessible full texts, and studies
unrelated to industrial pollution or plant-based remediation

were excluded from the analysis (Paul & Criado, 2020; Snyder,
2019)

All retrieved records were screened through a multi-
stage selection process. Duplicate records were removed prior
to title and abstract screening. Subsequently, potentially
relevant studies underwent full-text eligibility assessment
according to the predefined criteria. To minimize selection
bias, article screening and eligibility assessment were
independently conducted by two reviewers. Any
disagreements regarding study inclusion were resolved
through discussion until consensus was achieved.

The selected studies were subsequently synthesized
using qualitative thematic content analysis combined with
narrative synthesis. Initially, relevant information was

extracted from each article, including publication
characteristics, pollutant type, plant species, remediation
approach, environmental technology, principal findings, and
reported limitations. The extracted information was then
coded and grouped into four major analytical themes: (1)
plant breeding strategies for enhancing phytoremediation
capacity; (2) environmental technologies for industrial
wastewater treatment; (3) integration strategies between
biological and engineering approaches; and (4) effectiveness,
implementation challenges, and future research opportunities.
This analytical framework enabled the identification of
recurring patterns, technological trends, knowledge gaps, and
future research priorities (Snvder, 2019).

To enhance the credibility of the review, only
literature published in reputable indexed journals was
included. Methodological rigor was maintained through the
consistent application of the PRISMA 2020 protocol,
predefined eligibility criteria, independent article screening,
and cross-comparison of findings from multiple studies
during the synthesis process. Furthermore, the
methodological quality of the included studies was critically
considered during data interpretation to reduce potential bias
and improve the reliability of the synthesized evidence (Page
et al., 2021).

As this study was based exclusively on published

literature, ethical approval involving human participants was
not required. Nevertheless, the principles of academic
integrity were strictly maintained through appropriate citation
practices, accurate representation of previous findings, and
adherence to established standards of scientific publication
ethics. Through this methodological framework, the study

aims to provide a transparent, systematic, and evidence-based
synthesis that supports the development of more effective
and sustainable industrial pollution prevention strategies.

RESULT AND DISCUSSION

The literature synthesis indicates that industrial
pollution control has shifted from single-method approaches
toward integrated strategies combining plant biotechnology
and environmental engineering. Plants developed through
breeding and genetic engineering exhibit enhanced capacities
to absorb, accumulate, and stabilize pollutants, while
environmental technologies provide greater treatment
efficiency, faster processing, and improved operational
control (Guerra et al., 2018; Raza et al., 2022; Yan et al., 2020).

adsorption,

Technologies such as membrane
bioreactors (MBR), bioreactors, and constructed wetlands
effectively remove both organic and inorganic pollutants.
MBR systems produce high-quality effluent but remain
limited by membrane fouling and operational costs, whereas
constructed wetlands are environmentally friendly but require
larger land areas and longer treatment times (Ombadi &
Varadharajan, 2022; Zeng et al., 2020).

Evidence further shows that integrated systems

consistently  outperform  single-method  approaches.
Combining plants, microorganisms, and environmental
technologies can increase pollutant removal efficiency to
more than 80% in complex wastewater while also improving

ecosystem quality and energy efficiency (Shourie et al., 2024).

Despite these advantages, significant challenges
remain, including system design complexity, environmental
variability, and limited long-term field-scale validation.
Further research is therefore required to enhance the stability,
scalability, and industrial applicability of integrated pollution

control systems.

The Role of Plant Breeding in Controlling Industrial
Pollution

Plant breeding plays a strategic role in enhancing
phytoremediation as a sustainable approach to industrial
pollution control. Phytoremediation utilizes plants to absorb,
stabilize, translocate, and degrade pollutants from
contaminated soil, water, and sediments. Compared with
physical and chemical methods, it is more environmentally
friendly, cost-effective, and produces less secondary waste.
Through conventional breeding and genetic engineering,
plants can be developed with greater tolerance to heavy

metals and higher bioaccumulation capacity for contaminants
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such as Pb, Cd, Cr, As, Hg, and toxic organic compounds
(Raza et al., 2022; Yan et al., 2020).
Phytoremediation operates through four principal

mechanisms: phytoextraction, phytostabilization,

phytodegradation, and rhizofiltration. These processes
involve metal transporter proteins such as ZIP and NRAMP,
pollutant immobilization in the rhizosphere, enzymatic
degradation of toxic compounds, and pollutant uptake by

plant roots in aquatic environments (Guerra et al., 2018).

Advances in biotechnology have substantially
improved phytoremediation efficiency. Genetic engineering
enhances the expression of metal transporter genes,
detoxification enzymes, phytochelatins, and metallothioneins,
enabling plants to tolerate and accumulate higher levels of
heavy metals (Jassal et al., 2023; Yan et al., 2020). CRISPR-

Cas9 further enables precise modification of genes associated

with metal transport, antioxidant systems, and stress
responses, increasing pollutant accumulation and tolerance to
adverse environmental conditions (Hyun, 2020). Marker-
assisted selection (MAS) accelerates the identification of
superior hyperaccumulator genotypes, while genomics,
transcriptomics, proteomics, and metabolomics facilitate the
discovery of genes and metabolic pathways governing
pollutant tolerance and accumulation (Hyun, 2020; Jassal et
al., 2023; Raza et al., 2022).

Several

hyperaccumulator ~ species,  including
Cannabis sativa, Linum usitatissimum, Solanum nigrum,
Brassica juncea, Vetiveria zizanioides, and FEichhornia
crassipes, have demonstrated strong phytoremediation
potential. Their effectiveness is influenced not only by species
but also by genetic variation, as observed in Ipomoea batatas
and Medicago sativa, where different genotypes exhibit
distinct heavy metal accumulation and tolerance capacities
(Adesina et al., 2020; Garcfa-Carrillo et al., 2024; Luo et al.,
2021; Saleem et al., 2020; Yan et al., 2020).

Phytoremediation performance is also affected by

environmental factors such as soil pH, temperature, organic
matter, and nutrient availability, which regulate heavy metal
bioavailability and rhizosphere activity. Interactions with
plant growth-promoting rhizobacteria (PGPR), endophytic
bacteria, and mycorrhizal fungi enhance plant growth,
stress  tolerance. Likewise,

pollutant  uptake, and

bioaugmentation using heavy-metal-resistant microbial
consortia and nanotechnology can significantly improve
remediation efficiency by increasing pollutant bioavailability
and strengthening plant antioxidant systems (Guerra et al.

2018; Shourie et al., 2024; Yan et al., 2020).

Despite its considerable potential, large-scale

implementation remains constrained by limited field
validation, slower remediation rates than physicochemical
methods, restricted biomass production, potential food-chain
contamination, and regulatory issues concerning transgenic
plants (Almeida-Naranjo et al., 2021; Yan et al, 2020).

Overall, advances in molecular breeding, genome editing,

MAS, and omics technologies have greatly expanded
opportunities to develop highly efficient hyperaccumulator
plants. Nevertheless, optimization of environmental
conditions, integration with rhizosphere microorganisms,
field-scale validation, and supportive regulatory frameworks
remain essential for the sustainable industrial application of

plant-breeding-based phytoremediation.

Environmental Technologies in Industrial Waste
Treatment

Advances in environmental technology have
substantially improved industrial wastewater treatment in
response to increasing industrial pollution. Modern treatment
systems employ physical, chemical, and biological approaches
to remove heavy metals, organic compounds, nutrients, and
microbial contaminants while emphasizing energy efficiency,
environmental sustainability, and resource recovery (Crini &
Lichtfouse, 2019a; Guerra et al., 2018).

Adsorption remains one of the most widely used

technologies because of its high effectiveness in removing
heavy metals, dyes, and organic pollutants. Common
adsorbents include activated carbon, zeolite, biochar, silica,
modified clay, and nanomaterials. Activated carbon provides
high adsorption capacity through its porous structure,
whereas zeolites effectively remove heavy metals by ion
exchange (Tan et al., 2020). Nanomaterials such as graphene

oxide, carbon nanotubes, and metal oxide nanoparticles

further improve adsorption efficiency through their large

active surface area (Guerra et al., 2018). However, adsorption
is limited by adsorbent regeneration, secondary waste
generation, and relatively high operational costs (Crini &
Lichtfouse, 2019b).

Membrane bioreactors (MBRs) integrate biological

degradation with membrane filtration to produce high-quality
effluent by removing BOD, COD, suspended solids,
microorganisms, and complex organic compounds, while
enabling industrial water reuse (Ombadi & Varadharajan,
2022). Despite these advantages, membrane fouling, high
energy demand, and expensive membrane replacement
remain major obstacles to large-scale implementation

(Ombadi & Varadharajan, 2022).
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Biological treatment technologies, including moving
bed biofilm reactors (MBBRs) and anaerobic bioreactors,
effectively degrade complex organic pollutants. MBBRs
enhance degradation efficiency through biofilm-attached
moving media (Mohammed et al., 2020), whereas anaerobic

bioreactors generate renewable methane with lower energy
2018). their
performance depends on operational conditions such as

(Guerra et al., However,

requirements

temperature, pH, retention time, and nutrient availability
(Carrasco-correa et al., 2023).

Constructed wetlands provide a sustainable nature-
based solution by integrating plants, microorganisms, and
substrate media to remove heavy metals, nutrients, organic
matter, and suspended solids with low energy demand (Zeng
etal., 2020). Plant species such as Typha, Phragmites australis,
and Cyperus enhance oxygen transfer and microbial activity,
while substrates support pollutant adsorption and filtration

(Kumar & Chattopadhyay, 2025). their

application is limited by extensive land requirements, longer

Nevertheless,

treatment times, and sensitivity to climate and wastewater
characteristics, making hybrid systems preferable for heavily

contaminated wastewater (Dada et al., 2024).

Recent developments increasingly focus on hybrid

treatment systems integrating adsorption, membrane

bioreactors, biological reactors, and constructed wetlands to
maximize pollutant removal while overcoming the limitations
of individual technologies (Yang & Malijan, 2026). Emerging

applications of nanomaterials, bioelectrochemical systems,
and artificial intelligence (Al) further improve operational
efficiency and enable real-time monitoring, reflecting the
transition toward more adaptive, energy-efficient, and
sustainable industrial wastewater treatment systems.

Integration of Plant Breeding and Environmental
Technology

The integration of plant breeding and environmental
technology has emerged as an innovative strategy for
industrial pollution control by combining the sustainability of
biological processes with the efficiency of engineering
systems. This paradigm shift addresses the limitations of
single-method approaches: phytoremediation is
environmentally friendly and economical but relatively slow
and sensitive to environmental conditions, whereas
technologies such as membrane systems, adsorption, and
bioreactors provide high removal efficiency but require
substantial operational costs and may generate secondary
waste (ljoma et al., 2024; Liu et al., 2024; P. Sharma et al.,
2021).

The integrated concept utilizes plants developed
through breeding or genetic engineering as biological agents
to absorb, accumulate, stabilize, and degrade pollutants, while
environmental technologies optimize operational conditions
to accelerate and stabilize remediation. This synergy enhances
pollutant removal, reduces chemical and energy inputs, and
supports  circular economy principles by enabling
phytoremediation biomass to be reused for bioenergy or
industrial applications (Bhat et al., 2021; Guerra et al., 2018;
Liu et al., 2024).

Constructed wetlands represent one of the most

developed  integrated  systems, combining  plants,
microorganisms, substrate media, and hydraulic processes to
remove pollutants through physical, chemical, and biological
mechanisms. Hyperaccumulator species or improved plant
varieties enhance phytoextraction, phytostabilization, and
phytodegradation, while vegetation stimulates rhizosphere
microbial activity and oxygen transfer, increasing the removal

of heavy metals, nutrients, and organic pollutants (ljoma et

al., 2024; Singh et al., 2024; Thakur et al., 2023; Wang et al.,
2022). Similatly, floating wetlands integrate aquatic plants
with floating structures, promoting microbial colonization
and improving the removal of heavy metals, nutrients, and
organic contaminants while providing ecological benefits (Li
et al., 2021; Pang et al., 2023; Sonu et al., 2000).

The effectiveness of phytoremediation is further

enhanced through microbial bioaugmentation, in which
microorganisms such as Pseudomonas, Bacillus, mycorrhizal
fungi, and plant growth-promoting rhizobacteria (PGPR)
accelerate contaminant transformation, improve nutrient
availability, and increase plant tolerance and heavy metal
uptake (Kumar & Chattopadhvay, 2025; Sahoo et al., 2024).
Integration with membrane bioreactors (MBRs) also
improves effluent quality by combining biological pollutant

reduction with membrane polishing, thereby enhancing
treatment efficiency while reducing membrane fouling (ljoma
et al., 2024; Kurniawan et al., 2022).

Recent

innovations  include bioelectrochemical
systems such as constructed wetland—microbial fuel cells
(CW-MFCs) and plant microbial fuel cells (PMFCs), which
simultaneously treat wastewater and generate renewable

electricity through microbial activity (Arlivani et al., 2024;

Mogsud, 2024; Singh et al., 2024; Sonu et al., 2000). Advances
in CRISPR-Cas9 and omics technologies further strengthen
integrated systems by developing hyperaccumulator plants
with greater pollutant uptake capacity and providing
molecular insights to optimize plant—microbe interactions

(Kaur et al., 2021).
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Integrated wastewater treatment has also evolved

into multi-stage systems that sequentially combine
adsorption, constructed wetlands, and biological reactors to
treat wastewater containing mixed heavy metals and
These

demonstrated pollutant removal efficiencies exceeding 80—

persistent  organic  pollutants. systems  have

95% while improving process stability (Giwa et al., 2021;
Islam, 2025). Overall,

substantial ecological and economic benefits by reducing

integrated approaches provide

chemical use and energy demand through natural processes

such as  photosynthesis, microbial activity, and
biogeochemical cycling (Jassal et al., 2023). However,
challenges  remain  regarding  system  complexity,

environmental variability, and investment costs. Future
developments should focus on data-driven optimization,
integration of IoT and Al technologies, and the development
of pollutant-specific genetically improved plants to support

sustainable industrial wastewater management.
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Figure 2. Conceptual Framework for the Integration of
Plant Breeding and Environmental Technologies in
Industrial Pollution Control

Figure 2 presents a conceptual framework illustrating
the integration of plant breeding and environmental
technologies for sustainable industrial pollution control. The
framework begins with pollutant characterization, which

guides the selection of appropriate remediation strategies
according to contaminant type and environmental conditions.
Plant breeding advances, including genetic improvement,
marker-assisted selection (MAS), CRISPR genome editing,
and multi-omics technologies, enhance pollutant tolerance,
uptake capacity, and biomass production, thereby improving
phytoremediation efficiency.

To address the
phytoremediation,

limitations of  stand-alone
improved plants are integrated with
environmental technologies such as constructed wetlands,
bioreactors, and nanotechnology-assisted treatment systems.
These complementary technologies operate synergistically to
increase pollutant removal efficiency, improve treatment
stability, and overcome the limitations of individual
remediation methods.

The resulting Integrated Pollution Control System
has been reported to achieve pollutant removal efficiencies of
approximately 80-95% while reducing environmental risks
and promoting resource recovery. Overall, the framework
demonstrates  that

integrating  plant  breeding with

environmental technologies provides a comprehensive
strategy for enhancing industrial wastewater treatment,
improving resource efficiency, and supporting long-term

environmental sustainability.

Effectiveness, Challenges, and Future Perspectives

Although most studies consistently reported
improved remediation performance through integrated
approaches, substantial differences were observed regarding
pollutant removal efficiency. These variations are largely
influenced by contaminant characteristics, plant genotype,
environmental conditions, reactor configuration, and
operational scale. Compared with stand-alone remediation
methods, integrated systems combine the biological
advantages of phytoremediation with engineered treatment
technologies, resulting in more stable and efficient pollutant
removal across diverse industrial wastewater conditions (P.
Sharma et al., 2021; R. Sharma & Malaviya, 2022). The
synergistic  interaction among  plants, rhizosphere
microorganisms, and environmental technologies enhances
pollutant contaminant

uptake, biodegradation, and

transformation, thereby improving overall remediation

performance (ljoma et al., 2024; Zhang et al., 2024).

Table 1. Comparative Analysis of Industrial Pollution
Remediation Technologies

Technology Pollut Econo Environm Major
ant mic ental Limitat
Remo Cost ions
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Table 1 demonstrates that no single remediation
technology is universally effective under all environmental
conditions. Conventional engineering technologies generally
provide higher pollutant removal efficiencies but require

greater financial investment and operational inputs. In
contrast, phytoremediation offers greater environmental
sustainability but is limited by slower remediation rates.
Integrating plant breeding with environmental technologies
combines the strengths of both approaches, improving
treatment efficiency while maintaining sustainability.
However, successful implementation depends on pollutant
characteristics, plant genotype, climatic conditions, and
operational scale, requiring site-specific system design.
Pollutant removal efficiencies of integrated systems generally
range from 80-95%, particularly for industrial wastewater
containing heavy metals and persistent organic pollutants,
although performance varies with wastewater composition,
plant species, microbial communities, and environmental
conditions. Laboratory and pilot-scale studies typically report
higher efficiencies than field applications because of greater
environmental variability and operational complexity (Yan et
al., 2020; Singh et al., 2024). Integration with membrane

(MBRs), constructed wetlands, adsorption,

bioreactors
bioelectrochemical systems, and microbial bioaugmentation
further enhances treatment stability and enables simultaneous
removal of heavy metals, organic pollutants, nutrients, and
emerging contaminants (Borgulat et al., 2022; Castellano-
Hinojosa et al., 2024).

Despite these promising outcomes, several studies

reported only limited improvements over conventional

technologies under conditions of high pollutant
concentrations, unsuitable plant species, or unstable hydraulic
loading, indicating that remediation performance depends on
appropriate system design and site-specific environmental
conditions rather than integration alone. Integrated systems
also provide important ecological and economic benefits by
reducing chemical consumption and energy demand while
supporting natural processes such as photosynthesis, nutrient
cycling, and microbial degradation. In addition,
phytoremediation biomass can be utilized for bioenergy,
organic fertilizers, or industrial raw materials, supporting
resource recovery and circular economy principles (Koul et
al., 2022; Kushwaha & Kashvap, 2021). Although initial

investment is generally higher, long-term operational costs

may decrease because of lower chemical use, reduced sludge

production, and biomass utilization. Nevertheless,

comprehensive  techno-economic  evaluations  remain
essential before large-scale implementation.

Several technical and regulatory constraints continue
to limit industrial adoption. System performance is strongly
influenced by temperature, pH, nutrient availability, and

wastewater characteristics, making field performance less
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predictable than laboratory results (Fatima et al., 2025).

Moreover, membrane bioreactors and bioelectrochemical
systems require substantial capital and maintenance costs,
while demands
extensive breeding and field validation (Du et al., 2020; Yan

et al., 2020). The deployment of genetically modified or

hyperaccumulator plant development

genome-edited plants is further constrained by biosafety
regulations, ecological risk assessment, and public acceptance,
particularly regarding gene flow, ecological impacts, and long-
term environmental safety.

Future research should emphasize interdisciplinary
integration of nanotechnology, artificial intelligence (Al), the
Internet of Things (IoT), advanced genome editing, and real-
time environmental monitoring. Nanomaterials can improve
contaminant adsorption and bioavailability, whereas Al- and
IoT-based systems enable adaptive process control through
continuous environmental monitoring (Badamasi et al., 2025;
Dada et al., 2024; Umair et al., 2023). Advances in CRISPR-

based genome editing and multi-omics technologies also

support the development of plant genotypes with greater

pollutant  tolerance, uptake capacity, and beneficial

interactions with rhizosphere microorganisms (Chen et al.

2024). As illustrated in Figure 2, integrating biological
innovations with environmental engineering provides a
comprehensive framework for developing adaptive, efficient,
and sustainable industrial pollution control systems. Future

work should therefore prioritize large-scale validation,

techno-economic  analysis, biosafety assessment, and
interdisciplinary  collaboration to accelerate practical
implementation.
CONCLUSION

Based on this systematic literature review, the
integration of plant breeding and environmental technologies
offers a promising strategy for sustainable industrial pollution
control. Advances in plant breeding, including conventional
breeding, marker-assisted selection (MAS), CRISPR-based
genome editing, and multi-omics approaches, enhance
phytoremediation by improving plant tolerance, pollutant
uptake, and biomass production. When integrated with
environmental technologies such as adsorption, membrane
(MBRs),

reactors, and

bioreactors constructed wetlands, biological

nanotechnology-assisted  systems, these
approaches improve pollutant removal efficiency, reduce
environmental risks, and support resource recovery. The
reviewed studies indicate that integrated systems can achieve
pollutant removal efficiencies of approximately 80-95%,

although performance depends on pollutant characteristics,

plant species, environmental conditions, and operational
scale. Despite their potential, large-scale implementation
limited by

considerations, field validation, and biosafety regulations

remains system  complexity, economic

related to genetically modified plants. This review provides a

conceptual framework for integrating biological and
engineering approaches and highlights the need for future
research focusing on large-scale implementation, techno-
economic evaluation, biosafety assessment, and the
integration of emerging technologies such as artificial
intelligence  (AI), the of Things (IoT),

nanotechnology, and advanced genome-editing techniques.
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