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CHAPTER

Robotics and Simulation in Neurosciences: Transforming
Precision, Training and Patient Outcomes

Dr. Ina Bahl

Abstract

Advances in robotics and computational simulation are rapidly
transforming the field of neurosciences. Neurosurgery, historically dependent
on manual dexterity and meticulous anatomical knowledge, is increasingly
augmented by robotic assistance, computer-guided planning systems and
immersive simulation platforms. These technologies aim to enhance surgical
precision, minimize invasiveness, reduce complications and improve patient
outcomes while simultaneously revolutionizing neurosurgical education and
training. Robotic systems now assist in stereotactic procedures, spinal
instrumentation, radiosurgery and microsurgical navigation, while simulation
platforms enable trainees to rehearse complex procedures in risk-free
environments. In parallel, developments in artificial intelligence, machine
learning and augmented reality are further expanding the capabilities of
robotic neurosurgical systems. This article reviews the evolution of robotics
and simulation in neurosciences, outlines currently available technologies,
discusses clinical applications, advantages and limitations and explores future
directions of robotic neurosurgery and neurorehabilitation.

Introduction

Neurosurgery represents one of the most technically demanding surgical
specialties. The central nervous system contains delicate and functionally
critical structures where millimeter-scale inaccuracies can result in
devastating neurological deficits. Consequently, neurosurgeons have long
relied on stereotactic systems, operating microscopes, neuronavigation
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platforms and intraoperative imaging to enhance surgical accuracy.

Over the past two decades, technological innovations have introduced
robotics into the neurosurgical operating room. Robotic systems offer
advantages including enhanced precision, tremor elimination, reproducibility
of movements and the ability to integrate imaging data into surgical planning.
Simultaneously, advances in computational simulation have enabled the
development of virtual environments that allow neurosurgeons to practice
procedures without risk to patients.

Robotics in neurosciences encompasses multiple domains, including
robotic assistance in surgery, stereotactic radiosurgery, robotic guidance for
spinal instrumentation and robotic devices for neurorehabilitation. In addition,
simulation technologies are increasingly used in neurosurgical training to
replicate complex anatomical environments and procedural steps.

This chapter provides an overview of the current state of robotics and
simulation in neurosciences, including definitions, classifications,
commercially available systems, clinical applications, benefits, limitations
and future directions.

Simulation in Neurosurgical Training
Concept of Neurosurgical Simulation

Neurosurgical simulation refers to computer-based or virtual platforms
that replicate neurosurgical procedures within a three-dimensional
environment. These platforms allow trainees to perform surgical maneuvers
using specialized interfaces that simulate real surgical instruments.

Modern simulation systems often incorporate:
e Three-dimensional anatomical modeling
e Patient-specific imaging integration

e Haptic feedback systems

e Real-time performance metrics

Haptic feedback technology is particularly important, as it allows the
trainee to experience resistance and tactile sensations similar to those
encountered during real surgery. This enables the learner to develop hand—eye
coordination and instrument control before operating on patients.

Simulation technology has proven particularly useful for training in:
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e tumor resection

e aneurysm clipping

e ventricular endoscopy
e skull base approaches

e stereotactic procedures

By allowing repeated practice in a controlled environment, simulation
reduces the learning curve associated with complex neurosurgical techniques.

Classification of Robotics in Neurosciences

N

A

Fig. 1: Classification of robotics in neurosciences showing neurosurgical robots and
neurorehabilitation robots.

Commercially Available Neurosurgical Simulation Platforms

Several simulation systems have been developed to facilitate
neurosurgical training and preoperative planning.

NeuroTouch Simulator

The NeuroTouch platform is a sophisticated virtual reality simulator
designed specifically for neurosurgical training. It provides immersive three-
dimensional visualization of brain anatomy and allows users to perform
simulated tumor resections.

The system incorporates advanced haptic interfaces that replicate tactile
feedback during tissue manipulation. NeuroTouch also evaluates the
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surgeon’s performance by analyzing parameters such as:

instrument trajectory

applied force

tumor resection completeness

preservation of surrounding tissue

This objective feedback allows trainees to assess their technical skills and
track improvement over time.

Surgical Planning Systems

Surgical planning platforms enable neurosurgeons to upload patient
imaging data, including CT and MRI scans, to create patient-specific three-
dimensional anatomical reconstructions. These systems allow surgeons to
plan surgical approaches, simulate trajectories and anticipate potential
anatomical challenges.

Examples include advanced neuronavigation systems that integrate with
intraoperative imaging and robotic platforms.

Such tools are particularly useful in complex procedures such as:

skull base tumor surgery

stereotactic biopsies

epilepsy surgery
deep brain stimulation

Immersive Virtual Reality Simulation

Immersive virtual reality systems provide high-fidelity anatomical
environments that allow neurosurgeons to rehearse procedures. These systems
create realistic surgical scenarios in which surgeons interact with virtual
anatomical structures using specialized controllers or haptic devices.

The advantages of immersive simulation include:
e improved depth perception

¢ enhanced spatial understanding of anatomy
o safe rehearsal of high-risk procedures

o ability to practice rare or complex cases
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These systems are increasingly used in neurosurgical residency training
programs to standardize surgical education.

MNeurosurgical Simulation Workflow

Fig. 2: Workflow of neurosurgical simulation platforms integrating imaging, virtual
planning and haptic-based skill training.

Robotics in Neurosurgery

Robotics in neurosurgery refers to the use of computer-controlled
mechanical systems that assist surgeons in performing surgical tasks. Robotic
systems can improve accuracy, stability and reproducibility during delicate
neurosurgical procedures.

Robotic systems can be classified based on the degree of surgeon control.
Classification of Neurosurgical Robots
Autonomous Systems

Autonomous robotic  systems operate independently based on
preprogrammed instructions. In such systems, the robot calculates surgical
trajectories using imaging data and performs the planned task with minimal
direct input from the surgeon.
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Although fully autonomous surgery remains experimental, autonomous
capabilities are used in stereotactic systems where robots calculate precise
entry points and trajectories for instruments.

Dependent Systems

In dependent robotic systems, the surgeon maintains full control of the
surgical instruments while the robot assists in executing movements. The
robotic platform acts as an extension of the surgeon’s hands.

These systems enhance surgical precision by filtering tremors and
stabilizing instrument movement.

Teleoperated surgical robots fall into this category, where the surgeon
controls robotic arms from a console.

Shared Control Systems

Shared control systems combine elements of both autonomous and
surgeon-controlled robotics. The surgeon performs the procedure while the
robotic system assists in stabilizing instruments or guiding movements within
predefined safety boundaries.

These systems are particularly useful for tasks requiring high precision,
such as endoscope stabilization or stereotactic needle placement.

Preoperative Imaging (CT / MRI)

l
Surgical Planning Software + Al Navigation

l
Robotic Surgical Platform

l

Surgeon Console Control — Patient

l

Outcome & Data Feedback — Improves future planning

Fig. 3: Ecosystem of robotic neurosurgery integrating imaging, Al navigation
systems, surgical consoles and patient interaction.

Major Robotic Systems Used in Neurosciences
CyberKnife

CyberKnife is a robotic radiosurgery system widely used for treating
intracranial and spinal lesions. Unlike traditional stereotactic radiosurgery
systems, CyberKnife employs a robotic arm that delivers highly focused
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radiation beams from multiple angles.

The robotic arm continuously adjusts beam delivery based on real-time
imaging, allowing precise targeting of tumors while minimizing radiation
exposure to surrounding healthy tissue.

CyberKnife is commonly used for:
e  brain metastases
e acoustic neuromas
e arteriovenous malformations
e spinal tumors

NeuroArm

NeuroArm is a robotic system developed at the University of Calgary for
microsurgical neurosurgery. It is designed to operate within an MRI
environment, allowing surgeons to perform procedures with real-time imaging
guidance.

The system features robotic arms capable of performing delicate
microsurgical tasks while the surgeon controls the system from a remote
console. NeuroArm enhances surgical precision and allows integration of
intraoperative MRI data.

Although primarily used in research settings, NeuroArm represents a
major milestone in the development of robotic neurosurgery.

ROSA Robot

The ROSA robotic system is widely used in neurosurgical procedures
involving stereotactic guidance. It assists surgeons in accurately positioning
surgical instruments during procedures such as:

e  deep brain stimulation

e stereotactic biopsy

e epilepsy surgery

e ventricular catheter placement

The system calculates optimal trajectories using preoperative imaging and
guides surgical instruments with high precision.
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Robotic Spine Surgery Systems

Robotic platforms have also been developed for spinal surgery,
particularly for pedicle screw placement. These systems combine robotic
guidance with preoperative imaging to ensure accurate screw trajectories.

Robotic spinal systems improve accuracy and reduce the risk of
neurological injury during spinal instrumentation procedures.

Examples include robotic navigation systems integrated with surgical
planning software that guide instrument placement in real time.

Robotics in Neurorehabilitation

Robotics also plays a significant role in neurorehabilitation. Patients with
neurological disorders often experience motor deficits that require prolonged
rehabilitation.

Robotic rehabilitation devices assist patients in performing repetitive
movements necessary for motor recovery.

These systems are generally classified into two categories.
End Effector Robots

End effector robots interact with the patient at the distal portion of a limb,
such as the hand or foot. These devices guide limb movement during
rehabilitation exercises.

They are commonly used in gait training and upper limb rehabilitation
following stroke or spinal cord injury.

Examples include robotic treadmills and motorized limb-training devices.
Exoskeleton Robots

Exoskeleton robots are wearable devices that align with the patient’s
anatomical joints. These systems assist movement by generating mechanical
forces that support joint motion.

Exoskeletons are increasingly used for rehabilitation in patients with:
e stroke

e spinal cord injury

e traumatic brain injury

e neurodegenerative disorders
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Integration of artificial intelligence allows these devices to adjust
assistance levels based on patient performance.

Advantages of Robotics in Neurosurgery

The integration of robotic systems into neurosurgery offers several
advantages.

Improved Surgical Precision

Robotic systems enable submillimeter accuracy in instrument placement.
This is particularly valuable in stereotactic procedures where precise targeting
of deep brain structures is required.

Reduced Tremor

Robotic platforms filter physiologic tremor, allowing surgeons to perform
delicate maneuvers with enhanced stability.

Minimally Invasive Surgery

Robotic assistance allows surgeons to perform procedures through
smaller incisions, reducing tissue trauma and improving postoperative
recovery.

Reduced Blood Loss

Improved surgical precision minimizes damage to surrounding structures,
leading to reduced intraoperative blood loss.

Enhanced Surgical Training

Simulation platforms allow trainees to practice procedures repeatedly
without risk to patients.

Tele-surgery Potential

Robotic systems enable remote surgical control, raising the possibility of
tele-neurosurgery in remote or underserved regions.

Limitations of Robotic Neurosurgery

Despite its advantages, robotic neurosurgery also faces several
challenges.

High Cost

Robotic systems require significant financial investment, including
equipment costs, maintenance and training.
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Limited Availability

Many robotic platforms are available only in specialized centers.
Learning Curve

Surgeons require dedicated training to effectively use robotic systems.
Reduced Tactile Feedback

Although haptic technology is improving, many robotic systems still
provide limited tactile feedback compared to traditional surgery.

Dependence on Technology

Robotic systems rely on complex software and hardware infrastructure,
making them susceptible to technical failures.

Future Directions

The future of robotics in neurosciences is closely linked with advances in
artificial intelligence, machine learning and augmented reality.

Al-Assisted Surgery

Acrtificial intelligence algorithms are being developed to assist in surgical
planning and intraoperative decision making.

Augmented Reality Integration

Augmented reality may allow surgeons to visualize anatomical structures
and surgical trajectories directly within the operative field.

Autonomous Surgical Systems

Future robotic systems may incorporate greater levels of autonomy,
allowing robots to perform certain surgical tasks independently.

Remote Neurosurgery

Teleoperated robotic systems could enable expert neurosurgeons to
perform procedures in remote locations, improving access to specialized care.

1985

| PUMA 560 robot used for stereotactic brain biopsy

| First documented robotic assistance in neurosurgery
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1990-1995
| Development of image-guided stereotactic robots
| Integration with CT-based navigation systems

2000
| Introduction of robotic radiosurgery platforms
| CyberKbnife enables frameless stereotactic radiosurgery

2004-2008
| Expansion of robotic guidance for spinal instrumentation
| Early prototypes for pedicle screw placement

2010

| Emergence of dedicated neurosurgical robotic systems
| (NeuroArm, ROSA, Renaissance)

2015

| Integration of robotics with neuronavigation

| Improved precision in DBS electrode placement

2018-2020

| Growth of robotic-assisted spine surgery worldwide
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| Increased use in minimally invasive procedures

2022

| Al-integrated planning software improves trajectory accuracy

| Robotic guidance used in tumor biopsy and epilepsy surgery

2025

| Future generation robotic platforms
| Integration with Al, augmented reality and telesurgery

Fig. 4: Timeline illustrating the major milestones in the development of robotic
technologies in neurosurgery from early stereotactic robotic assistance in the 1980s to
modern Al-integrated robotic platforms used for tumor biopsy, deep brain stimulation

and spinal instrumentation.

Conclusion

Robotics and simulation technologies are revolutionizing the field of
neurosciences. By enhancing surgical precision, improving training methods
and enabling innovative rehabilitation strategies, these technologies have the
potential to significantly improve patient outcomes.

Although challenges such as cost and technical complexity remain,
continued advances in robotics, artificial intelligence and imaging
technologies are likely to expand the role of robotic systems in neurosurgical
practice.

As these technologies evolve, the integration of robotics into
neurosurgery will increasingly redefine how complex neurological disorders
are treated and how future neurosurgeons are trained.
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Abstract

Acrtificial intelligence (Al) has emerged as a transformative force in
personalized healthcare and precision medicine over the past decade. Al
techniques like machine learning, deep learning and natural language
processing make possible the study of huge quantities of heterogeneous
patient records from electronic health records, genomic profiles, wearable
devices and clinical trials. Precision medicine aims to tailor healthcare
decisions and interventions to the unique biological and clinical characteristics
of each patient. The recent convergence of artificial intelligence with advances
in digital health, omics and big data analytics has accelerated progress toward
this goal. Al technologies-particularly machine learning, deep learning,
natural language processing and generative large language models-enable the
rapid and meaningful analysis of complex biomedical datasets, supporting
more individualized care. This study examines how Al advances by predicting
treatment responses, improving outcomes and addressing ethical and privacy
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challenges. The potential of Al to enhance the precision of cancer treatment
and personalize patient care while acknowledging challenges such as data
transparency, ethical sharing and collaboration is highly likely. Ongoing
research and integrating various ML methods are crucial for successfully
implementing these advancements in clinical practice. Real-world examples
highlight how Al is being used to enhance early diagnosis, guide treatment
selection, support disease prevention and even contribute directly to
therapeutic interventions.

Keywords: Atrtificial intelligence, precision medicine, machine learning,
internet of things, drug development.

Introduction

The "quadruple aim" of healthcare-improving population health,
improving patient and carer experiences and lowering rising healthcare costs-
is a major problem for healthcare systems worldwide. Governments, payers,
regulators and providers are under pressure to innovate and change healthcare
delivery models due to ageing populations, an increasing burden of chronic
illnesses and rising healthcare expenditures worldwide. Furthermore,
healthcare systems are under pressure to "perform" (provide efficient, high-
quality treatment) and "transform" care at scale by incorporating real-world
data-driven insights directly into patient care, given the current worldwide
pandemic. The pandemic has also highlighted the shortages in healthcare
workforce and inequities in the access to care, previously articulated by The
King's Fund and the World Health Organization 21,

Simply put, Al refers to the science and engineering of making intelligent
machines, through algorithms or a set of rules, which the machine follows to
mimic human cognitive functions, such as learning and problem solving. Al
systems have the potential to anticipate problems or deal with issues as they
come up and, as such, operate in an intentional, intelligent and adaptive
manner. Al's strength is in its ability to learn and recognise patterns and
relationships from large multidimensional and multimodal datasets; for
example, Al systems could translate a patient's entire medical record into a
single number that represents a likely diagnosis -1,

The application of technology and Al in healthcare has the potential to
address some of these supply-and-demand challenges. The increasing
availability of multi-modal data (genomics, economic, demographic, clinical
and phenotypic) coupled with technology innovations in mobile, internet of
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things (1oT), computing power and data security herald a moment of
convergence between healthcare and technology to fundamentally transform
models of healthcare delivery through Al-augmented healthcare systems [6,7].

Precision medicine (also called personalized medicine) is a modern
healthcare approach that customizes medical treatment according to an
individual’s genetic profile, lifestyle and environmental factors © &I,

Precision medicine, also known as personalized medicine, is an
innovative approach to medical treatment and healthcare that takes into
account individual variability in genes, environment and lifestyle for each
person. Rather than adopting a one-size-fits-all approach, precision medicine
seeks to tailor medical decisions and interventions to the specific
characteristics of each patient 11,

Precision medicine progression and integration into routine clinical care
requires buy-in from the patients who also need to understand the associated
risks and benefits. Understanding precision medicine is a challenge for
patients, as evidenced in multiple studies. In one survey, understanding of and
attitudes towards genomic testing were assessed for patients with advanced
cancer. Results suggest that patients did not understand the distinction between
germline sequencing (which examines the genetic code of the patient) and
somatic sequencing (which examines the genetic mutations of the tumor).
Another survey replicated this finding, demonstrating that oncology patients
who are facing decisions about precision medicine are likely to misunderstand
the distinction between somatic sequencing and germline sequencing [12-15].

Diffuse and scale Monitor and maintain
Evaluate and validate Development modality Post-market sufvmllan:l‘
Design and develop Statistical validity Regulatory approvals Safety monitoring

Identify the right problem Faillure modes Mode! updates Prospective performance

Stakeholder engagement Clinical utility Reimbursement
Understand context: end Economic utility and payment
user needs and clinical

workflows

Ethical implications
Experimentation

Fig. 1: Multi-step, iterative approach to build effective and reliable Al-augmented
systems in healthcare

Role of Al in personalized healthcare

An Overview In today’s world, individualized medical care has become a
crucial strategy for enhancing patient outcomes and satisfaction. Advances in
medical technology and science now enable early disease detection and
treatment, increasing the likelihood of successful recovery. This progress has
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also facilitated the creation of innovative therapies and treatments, resulting
in improved patient outcomes. Artificial intelligence, utilizing machine
learning and deep learning algorithms, can examine extensive patient datasets
to deliver tailored healthcare services based on individual requirements. This
approach has the potential to enhance patient results, decrease healthcare
expenses and improve overall care quality. Al can assist medical professionals
in making more informed treatment decisions, tracking patient progress and
identifying potential health concerns.

The field of precision health informatics involves leveraging
sophisticated data analysis and artificial intelligence (Al) methods to
comprehend, forecast and enhance health outcomes for individuals and
populations. This discipline encompasses the gathering, maintenance,
examination and interpretation of varied datasets, including clinical, genetic,
environmental and lifestyle information, to guide tailored healthcare
strategies. Al, particularly machine learning and deep learning algorithms, is
instrumental in processing large-scale data to uncover valuable insights. These
computational approaches can detect patterns, trends and associations within
data that might elude human analysts.

Additionally, Al facilitates predictive modeling, which can assist in the
early identification of diseases, customization of treatment plans and
projection of health outcomes. Machine learning algorithms are employed in
predictive models for disease progression and patient risk stratification to
examine patients” medical records, genetic data and other relevant
information. These models aim to forecast the likelihood of individuals
developing specific diseases or the advancement of existing conditions. By
identifying patients at risk, healthcare providers can implement preventive
strategies to mitigate potential health issues. Additionally, these models assist
in projecting the course of current illnesses, enabling healthcare professionals
to modify treatment plans as needed.

The development of predictive models involves training them on
extensive patient datasets using machine learning techniques. These datasets
encompass medical histories, genetic information and other pertinent data.
The algorithms analyze this information to detect patterns and correlations that
can be utilized to estimate the probability of patients developing particular
diseases. Deep learning models can determine the most effective reminder
strategy for each patient by analyzing various patient data, including
demographics, medical history and previous responses to appointment
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reminders. This tailored approach helps reduce missed appointments and
ensures patients receive timely care. Furthermore, reminder approaches can
be dynamically adjusted by artificial intelligence in reaction to patient replies,
increasing the reminders’ overall efficacy 1629,

Machine learning

|
l [ |
v v
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Fig. 2: Overview of the three main types of machine learning: supervised,
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Machine learning and artificial intelligence can improve precision
medicine

The recent big data revolution, accompanied with the generation of
continuously collected large data set from various molecular profiling
(genetic, genomic, proteomic, epigenomic and others) efforts of patient
samples by the development and deployment of wearable medical devices
(e.g., wearable watches) and mobile health applications and clinical outcome
data has enabled the biomedical community to apply artificial intelligence
(Al) and machine learning algorithms to vast amounts of data. These
technological advancements have created new research opportunities in
predictive diagnostics, precision medicine, virtual diagnosis, patient
monitoring and drug discovery and delivery for targeted therapies. These
advancements have awoken the interests of academic, industry researchers
and regulatory agencies alike and are already providing new tools to
physicians.

An example is the application of precision immunoprofiling by image
analysis and artificial intelligence to biology and disease. This was
demonstrated in a recent paper where the authors used immunoprofiling data
to assess immuno-oncology biomarkers, such as PD-L1 and immune cell
infiltrates as predictors of patient’s response to cancer treatment. Trough
spatial analysis of tumor-immune cell interactions, multiplexing technologies,
machine learning and Al tools these authors demonstrated the utility of
pattern-recognition in large and complex datasets and deep learning
approaches for survival analysis.

Essentially, we are using genetics, epigenetics, genomics, proteomics and
other molecular profiling data to inform biology, which we then are evaluating
progressively backward using clinical, cellular and in vitro assays for the
discovery of novel targets, pathways and BMs. Using this plethora of data and
data on drugs, we are in a position to come up with candidate drugs faster that
most likely work as compared to rational drug design. The goal for human
exploratory data would be to aggregate data across the entire medical
ecosystem and give it to third parties to analyze.

The pharmaceutical industry could then use Al to build models or to
surface patterns-connecting with the patient outcome data-to provide insights
into potential benefits to patients. To accomplish this, it is going to take
academia, government and industry-society at large to make better use of
human exploratory data. Up to date, the only way to streamline access to
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human exploratory data is if patients’ consent, so part of the solution is patient
empowerment.

A recent publication highlights the potential utility of Al in cancer
diagnostics. Scientists re-trained an off-the-shelf Google deep learning
algorithm to identify the most common types of lung cancers with 97%
accuracy that even identified altered genes driving abnormal cell growth. To
accomplish this, scientists fed Inception v3 slide images supplied by The
Cancer Genome Atlas, a database consisting of images of cancer
histopathology data and the associated diagnostic annotations.

This type of Al has been used to identify faces, animals and objects in
pictures uploaded to server’s portal (i.e., Google’s online services) has proven
useful at diagnosing the disease before, including diabetic blindness and heart
conditions. The researchers found the Al performed almost as well as
experienced pathologists when it was used to distinguish between
adenocarcinoma, squamous cell carcinoma and normal lung tissue [2-271,
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Fig. 4: Application of Al in precision medicine
Benefits

Precision medicine, also known as personalized medicine, is an
innovative approach to medical treatment and healthcare that takes into
account individual differences in genetics, environment and lifestyle. The
primary goal of precision medicine is to tailor medical care to each patient's
unique characteristics, thereby improving the effectiveness, safety and
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efficiency of healthcare. Here are some key benefits of precision medicine:

Improved Treatment Effectiveness: Precision medicine allows
healthcare providers to identify the most effective treatments for
individual patients based on their genetic makeup, biomarkers and
other specific factors. This can lead to more successful outcomes and
reduced trial-and-error in treatment selection.

Customized Therapies: Precision medicine enables the development
of targeted therapies that are designed to address the specific
molecular mechanisms underlying a patient's disease. This can result
in better treatment response and fewer side effects compared to
traditional one-size-fits-all approaches.

Enhanced Patient Safety: By tailoring treatment plans to individual
patients, precision medicine can help reduce the risk of adverse
reactions and side effects. Patients are less likely to be prescribed
medications that may be ineffective or harmful based on their genetic
predispositions.

Early Disease Detection and Prevention: Precision medicine
facilitates the identification of genetic and biomarker signatures
associated with disease susceptibility. This enables early detection
and intervention, potentially preventing diseases or detecting them at
a more treatable stage.

Reduced Healthcare Costs: While the initial investment in precision
medicine technologies and research can be substantial, in the long
run, the approach has the potential to lower healthcare costs. By
avoiding ineffective treatments and adverse events, unnecessary
hospitalizations and treatments can be minimized.

Accelerated Drug Development: Precision medicine approaches can
streamline the drug development process by identifying patient
subgroups most likely to benefit from a new therapy. This can lead
to faster drug approvals and a higher success rate in clinical trials.

Patient Empowerment and Engagement: Precision medicine
encourages patients to take an active role in their healthcare
decisions. Patients may become more engaged in managing their
health, making informed choices based on their genetic information
and personal data.
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= Better Management of Chronic Diseases: Precision medicine can
provide insights into the underlying causes of chronic diseases,
helping healthcare providers develop targeted treatment plans that
address the root causes and provide more effective disease
management.

= Personalized Risk Assessment: By analyzing genetic and
environmental factors, precision medicine can provide individuals
with personalized risk assessments for various diseases. This
information can guide lifestyle changes and interventions to reduce
disease risk.

= Advancements in Research and Knowledge: The adoption of
precision medicine generates vast amounts of data that can be used
to advance scientific understanding of diseases and their genetic
underpinnings. This knowledge can lead to the discovery of new
therapeutic targets and approaches.

Overall, precision medicine has the potential to revolutionize healthcare
by offering more tailored and effective treatments, improving patient
outcomes and contributing to a deeper understanding of human health and
diseases 28371,

Conclusion

Precision medicine is beginning to emerge as a well-defined discipline
with specific goals, areas of focus and tailored methodology. Specifically, the
primary goal is to discover treatment rules that leverage heterogeneity to
improve clinical decision making in a manner that is reproducible,
generalizable and adaptable as needed. We note that patient heterogeneity is a
blessing for precision medicine, although it may not be convenient for other
areas of medical research. We also highlight the focus in precision medicine
on discovery, as opposed to confirmatory research and note that this makes the
inferential aspects somewhat distinct from some areas of traditional medical
research. Nevertheless, discovery in precision medicine should be confirmed
rigorously, just as with other medical discoveries. The emphasis on both
discovery and heterogeneity makes machine learning tools particularly
valuable in this quest and this means that the inferential challenges are
different and, in many ways, more difficult.

Al-driven approaches are revolutionizing biomarker discovery, drug
design, dosage optimization and pharmacogenomics. While challenges remain
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around data privacy, ethics and equitable implementation, the integration of
Al in precision medicine holds immense potential to improve health outcomes,
reduce costs and usher in a new era of personalized, data-driven healthcare.
Continued research and responsible development of Al applications will be
crucial to fully realizing the promise of precision medicine for enhancing
patient care.

Active research in both Al and precision medicine is demonstrating a
future where health-related tasks of both medical professionals and consumers
are augmented with highly personalized medical diagnostic and therapeutic in
formation. The synergy between these two forces and their impact on the
healthcare system aligns with the ultimate goal of prevention and early
detection of diseases affecting the individual, which could ultimately decrease
the disease burden for the public at large and, therefore, the cost of preventable
health care for all.
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Abstract

Due of its high death rate, cancer continues to be one of the biggest
hazards to human health globally. Globally, it is estimated that there are 19.3
million new instances of cancer and approximately 10 million cancer-related
deaths annually, the most prevalent malignancies diagnosed globally are lung
and breast cancer, which also account for the majority of cancer-related deaths
in men and women, respectively. Numerous cancer therapies are available,
including hormone therapy, radiation therapy, chemotherapy, surgery, targeted
therapy, immunotherapy and bone marrow transplantation. All of these
medicines are important in the treatment of cancer. Marine organisms are an
important source of antitumour active substances. Thus, pharmaceutical
research in recent years has focused on exploring new antitumour drugs
derived from marine organisms and, many peptide drugs with strong
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antitumour activities have been successfully extracted. The marine
environment is an enormous source of marine-derived natural products
(MNPs) and future investigation into anticancer drug discovery. Current
progress in anticancer drugs offers a rise in isolation and clinical validation of
numerous innovative developments and advances in anticancer therapy.
However, only a limited number of FDA-approved marine-derived anticancer
drugs are available due to several challenges and limitations. This review will
discuss the contributions of marine natural molecules, a source only recently
found to have pharmaceutical prospects, to the development of anticancer
drugs. This review summarises approved marine anticancer drugs, its
challenges and limitations.

Keywords: Marine-derived products, anticancer drugs, drug delivery system,
marine flora, antiproliferative, cytarabine.

Introduction

Natural products (NPs) have been used as therapeutic agents for the
treatment of a wide spectrum of illnesses for thousands of years, playing an
important role in meeting the basic needs of human populations. The use of
conventional chemicals bears side effects and toxicities. But as the problem
persists, new approaches are needed for the control of diseases, especially,
because of the failure of conventional chemotherapeutic approaches.
Therefore, there is a need for new strategies for the prevention and cure of
cancer to control the death rate because of this disease [* 2,

Greater than 70 % of the planet’s exterior is surrounded by water. The
oceans address the most extraordinary domain of the earth and a valuable
resource of marine and freshwater animals with greater natural and
biochemical mixed diversity. Nevertheless, some Food and Drug
Administration (FDA) approved drugs have been acquired from terrestrial
sources. Still, a large sum of complexes, anticancer drug candidates as well as
various significant metabolites obtained from extended marine sources has
been recently recognized. Nearby 30,000 blends of natural resources from
marine origin are recognized. It is witnessed that since 2008, more than 1,000
complexes have been fabricated each year. Moreover, these complexes are
routinely sorted using advances in structural classification, randomness and
diversity 51,

Cancer is defined as “a group of diseases characterized by the
uncontrolled growth and spread of abnormal cells” and is one of the deadliest
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diseases globally. Cancer is a terrible human disease that is on the rise due to
dietary changes, changing lifestyles and global warming. There are no
effective cancer treatments because the medications that are currently on the
market occasionally cause negative effects. In this regard, the use of natural
products made from medicinal plants has become more important in the fight
against cancer. The World Health Organization reports that 80% of the world's
population, mostly from impoverished nations, depends on medications made
from plants for medical care -,

Marine sources are crucial for acquiring necessary medications to treat
various types of cancer and associated illnesses. Researchers spent a
considerable amount of time exploring the seas and oceans in quest of aquatic
animals with artificial blends that could have medicinal and clinical effects.
These include a wide range of aquatic organisms, such as different types of
molluscs, fragile tunicates, robust seaweeds, vast mangroves, permeable
sponges, active sea hares, microorganisms, sophisticated chordates and
evolutionarily preserved sharks. Given how these species have figured out
how to survive in frequently undesired and damaging environments of the
conditions in marine ecosystems, it is not surprising that sea-based organisms
have acquired the capacity to impart designed blends of what may or may not
be cytotoxic (10121,

Besides, the impacts of evolutionary alterations have likewise engaged
marine animals to obtain these manufactured mixes to endure and to
compensate for the nonappearance of physiological barriers. Consistently,
extreme marine associated aquatic conditions incorporate more significant salt
and pressure, lack of oxygen for cellular functions and availability of light and
incredibly intense set tings of varying degrees of marine temperature [13-2%],

Marine pharmacology is a new discipline that explores the marine
environment searching for potential pharmaceuticals. In the last two decades,
a large screening of marine compounds has been conducted and a wide range
of activities, such as antiviral, antibacterial, antifungal, antiparasitic,
antitumor and anti-inflammatory, have been reported. Accordingly, marine
compounds are becoming an option to be developed into ingredients for the
cosmetic, pharmaceutical and food industries [16:17],

The known marine species, according to the World Register of Marine
Species (WoRMS), are about 240,000 and certainly, there are many more,
including various kinds of organisms: Animalia, Bacteria, Plantae, Protozoa,
Archea, Fungi, etc., but the lack of information does not allow us to trace their
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real number. From 2010 to date, several marine drugs have been approved by
the FDA and other world regulatory authorities for the treatment of various
types of cancer derived from different marine organisms [18-20,

Marine-derived natural products and their classification

Oceans are vast and marine animals are the beginning of novel anticancer
therapeutics for an enhanced cure and colossal chemical compound cluster
assortment. Different chemical mixes from marine origin are isolated and
amalgamated by manufactured methodology for cancer therapy.

In any case, marine sources are, as it were, unexplored for anticancer
therapeutic drugs. Despite the way that various classes have been built up,
thinking about their compound structures, the most outstanding marine-
derived natural products incorporate different engineered classes of alkaloids
from the marine algae, terpenes having varied structural diversity, peptides
from assorted marine animals, polyketides with fascinating biological
properties and high molecular weight organic sugars (Table 1). All these sorts
of MNPs assume a primary job in the blend of anticancer medications
dependent on their critical natural functions against unending lethal infections

[21-25]

Table 1: Classification, biological actives and anticancer chemicals from various
marine sources

Chemical class

Biological activity

Anticancer chemicals

Marine source

Antifouling; cytotoxic;  |Topsentin; tambjamine D, Sp(_)nges;.

. f R S S tunicates;
Alkaloids anticancer; antimalarial; and spongiacidin C and anemones and
antimicrobial discorhabdines

mollusks
Sponges;
Antibiotic; anticancer; asgéc:;eigins(joﬁ
Polyketides antifungal; antiparasitic and |Haloroquinone; SZ-685C b d
neurotoxic effects yozoans an
commensal or
symbiotic bacteria
Antioxidant; anticancer, Scutellarein 4'-methyl .
Polyohenols antiviral; anti- inflammatory; | ether; phloroglucinal; sizar\;\lsesegza
yp inhibit human platelet ecol; phlorofucofuroecol me?n rOves
aggregation; metal chelators | A; diecol and 8,8'-Biecol Y
Cytotoxic; antiproliferative; ) .
Terpenes antifouling; anticancer: Caulerpenyne; usneoidols| Soft coral and
. L . Zand E sponges
antifungal and antimicrobial
. . . Sponges;
Cardiotonic; antiviral and - '
Peptides anticancer; cardiotoxic and Brugine and commensal or

antimicrobial

benzoxazolinone

symbiotic bacteria
or fungi
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Gel production; drug delivery
systems; wound healing, tissue
engineering; blood dialysis
membranes; antimutagenic;

; ; Fucoidan;
anticancer;

Carbohydrates, . Heparin/Hepara; pentosan
glycosides and hypochol_esterolemllc, and polysulphate; chondroitin Sponges and
anticoagulant; . o tunicates
others 4 sulphate; chondroitin 6

glycosaminoglycans are
responsible for interactions
with other macromolecules;
nucleosides inhibit DNA
synthesis

sulphate; LOA & B

A broad spectrum of pharmaceutically related bioactivities is
demonstrated by marine-derived natural products. Marine microorganisms
such as sponges, algae or corals and particularly marine bacteria and fungi
have been shown to produce novel secondary metabolites (SMs) with unique
and diverse chemical structures that can be essential to the production of
anticancer drugs [26-281,

Anticancer drugs from the marine sources include prokaryotes,
specifically marine bacteria such as Lactobacilli and Noctiluca scintillans,
algae (sea weeds) that produce secondary anticancer metabolites, mangroves
with anticancer metabolites and least explored flora for anticancer compounds
and other sorts of marine living things that retain moderately more than 70 %
of the globe. Likewise, the biodiversity of the marine microflora and
microalgae is widespread in the world’s oceans, making up to an area of 90 %
sea biomass. Notwithstanding, a wide variety of bioactivities have been
identified to evoke several MNPs and appear to be a fertile conduit for the
generation of new cancer treatment drugs or drug leads 234,

Global market for marine derived drugs
5 bilfions.

20082000 30103011 20113013 0122018
YEARS

Fig 1: Global forecast for marine-derived drugs, 2010-2016 ($ millions)
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Marine compounds in research by subject area
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Fig 2: Relevance of marine compounds by subject area
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Fig 5: Anticancer polysaccharides from marine floras

Table 2: Some of the marine floral derivatives and their anticancer activities

Marine flora

Chemical

Biological activity

Microcystis  |Microviridin Toxin BE- I .
. - . Antibiotic, anticancer
aeruginosa 4, Siatoxin
Streptom_yces Daunorubicin Anticancer activities
peucetius
Cyanobacteria Apratoxins Inhibit a variety of cancer cell lines

Nostoc linckia

Cyptophycin 1

Cytotoxicity against human tumor cell
lines and human solid tumors

Stylopodium sp. Stypoldione Cytotoxic
Chondria sp. Condriamide A Cytotoxicity
Cytotoxicity, anticancer, antitumour,
Caulerpa sp. Caulerpenyne Antiproliferative activities
Symploca sp. Largazole Antiproliferative activity
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Table 3: Anticancer compounds isolated from marine sponge

Compound Source Target
Halichondria okadai, L .
Halichondrin B Axi nella sp, Potent antimitotic agent that inhibits
. tubulin assembly
Lissodendoryx sp.
Eribulin Halichondrin B Tubulin
(E7389) analogue

Potent tubulin polymerizer, resulting

Discodermolide | Discodermia dissolute in blockage of cells in the G2/M
phase of the cell cycle, aberrant

microtubule function and cell death

Spirastrella
Spongistatin 1 spinispirulifera and Leukemia (Jurkat cells)
Hyrtios erecta
Makaluvamine Zvzzva fuliginosa Potent anticancer activity in HCT-
A yzzya iulig 116 cells
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Fig. 9: Marine chemicals and their molecular targets involved in anticancer activity
Promising future trends in anticancer therapy

Marine drugs from various aquatic organisms have huge anticancer
potential in the future. We assume that aquatic invertebrates (in specific
sponges and tunicates) and bacteria will continue to be the most substantial
existing and potential prospects for marine-derived clinical therapeutics.
Marine sponges, such as metagenomic analysis of Mycale hentscheli, are
really a significant source of novel bioactive compounds presumed to function
as a barrier to predation. There are potential therapeutic uses for all of these
substances. Likewise, it is evident that future studies on invertebrates powered
by metagenomics would further expose undescribed natural products with
compelling architectures. Correspondingly, synthetic biology, along with the
integrated biosynthesis gene clusters in metagenomes, may supply essential
natural products in the future.

In addition, in the hunt for novel anticancer drugs, peptides could be
isolated from marine creatures, such as mollusks, sea slugs, crabs, sponges,
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bryozoans, algae, tunicates and soft corals. Subsequently, the peptides can
work contrary to human cancer cells through anti-tubulin, cytotoxic and
antiproliferative processes by preventing the microtubular depolymerization

Anticancer peptides are being described and adapted from antimicrobial
peptides, generating natural peptides from different aquatic species from most
of these materials. Due to the comparable negative net charge on their
surfaces, antimicrobial and anticancer peptides, especially cationic peptides,
may destroy both bacteria and cancerous cells. Through enzymatic hydrolysis,
gastrointestinal digestion, or through fermentation, nutrient proteins may emit
bioactive peptides. The electrostatic association of bioactive peptides obtained
from natural peptides between some of the peptides and the cytoplasmic
membrane contributes to the degradation of the cancerous cells or
mitochondrial membrane and eventually tissue damage or programmed cell
death. There was low proliferative inhibition action on cancer cell lines in
cyclic peptides derived from marine cyanobaceria, including the Urumamide.

In the pathogenesis of many cancers, signaling pathways such as
JAK/STAT and PIBK/AKT/mTOR play an essential function and irregular
initiation of this pathway con tributes to abnormal expression of a number of
related proteins which eventually results in excessive proliferation of cancer.
As a potential anticancer drug, novel formulations that can regulate signaling
pathways and have antimigration and antitumor growth features carry
promise.

Several marine drugs have been explored for futuristic anticancer therapy.
Trabectedin (TBT, ET-743) is a new’ DNA-alkylating medication used to
address patients with relapsed platinum-sensitive ovarian cancer when paired
with pegylated liposomal DOX. The soft tissue sarcoma has also been certified
for therapy. Furthermore, as a possible anticancer therapy,
dihydroaustrasulfone alcohol (DA), a novel product with antimigration and
antitumor proliferation processes, offers hope. Anthopleura anjunae
oligopeptide (AAP-H, YVPGP) from Anthopleura anjuna displays some
cytotoxic effects and has massive potential for prostate cancer therapy in the
future (32471,
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Fig 10: A schema illustrating the overview of anticancer activity of marine-derived
compounds in diverse cancers
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Fig. 11: Marine-derived compounds in cancer therapy: bioactive molecules from
marine organisms targeting microtubules, DNA, proteasomes, immune modulation
and tubulin polymerization
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Fig. 13: Chemical structures of selected marine invertebrate compounds that are
either approved or in clinical trials
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Fig. 15: Approved marine anticancer drugs. (a) Cytarabine, (b) Trabectedin, (c)
Eribulin mesylate and (d) Ziconotide
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Limitations

It has now been well established that the use of bioactive compounds of
marine origin will bring increasing attraction in the following years as an
alternative for the discovery of new drugs. Nevertheless, some limitations of
the search for marine compounds from invertebrates must be considered,
including the low amounts in which these products are produced by the
organisms, the potential presence of toxins and inorganic salts derived from
the organisms or environment, the wide diversity of chemical compounds
produced by an organism and the existence of nonspecific pharmacological
targets.

To develop in vitro screening assays, small amounts are needed; however,
in preclinical studies, hundreds of grams to kilograms are often required for
testing purposes. Currently, this obstacle is overcome using a combination of
novel technigques in chemical synthesis and improving harvest, aquaculture, or
isolation processes. Another limiting factor in the use marine organisms is the
potential presence of toxins from the organisms or of environmental origin and
the presence of inorganic salts. These species may compromise the use of raw
extracts for in vitro screening purposes. Often, the production of toxins by a
marine invertebrate is an indicator that this organism is a candidate source of
bioactive compounds. Therefore, an effort should be made to characterize the
possible contaminants (inorganic salts and toxins) in order to make marine
extracts compatible with in vitro testing. Many analytical techniques are
currently available for the analysis, isolation, characterization and separation
of active compounds in marine extracts.

The dependency of the variety of chemical compounds (chemotype)
produced by an organism on environmental conditions might be solved using
controlled aquaculture techniques. Controlled aquaculture not only could
avoid the problem of exhausting the marine resources but also could be a
feasible option to produce the required biomass for the high scale production
needed in a drug discovery pipeline. Moreover, improvements in chemical
synthesis techniques and combinatorial chemistry are providing satisfactory
solutions for appropriate sourcing. Finally, the molecular targets for most of
the newly discovered MNPs are unknown; therefore, high-throughput
screening techniques, together with Omics and virtual screening, should be
integrated to overcome the limitations of in vitro techniques #8521,
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Conclusion

A prospective supply of beneficial natural chemicals, compounds and
medications for therapeutic application has been found in marine species.
Natural compounds originating from marine organisms are novel possible
therapeutic agents for the prevention and treatment of cancer, according to the
findings of various studies compiled in this review. Through suppression of
cell viability and proliferation, stimulation of ROS generation, mitochondrial
malfunction, ER stress and apoptosis, marine extracts exhibit cytotoxic effect
against a variety of malignancies, including breast and colon cancer.
Furthermore, a variety of marine species have demonstrated positive benefits
when combined with conventional anticancer medications and are promising
sources of anticancer chemicals. Nonetheless, more research on the natural
compounds extracted from numerous marine species is still required.

The marine environment is a great place to search for new anticancer
agents and a great way to separate various cell targets for clinical intervention.
Surprisingly, a lack of anticancer drugs is being addressed by using several
human tumours. Furthermore, despite the fact that water covers 75% of the
planet's surface, little research has been done on the pharmacological
characteristics of anticancer medications derived from marine sources and the
vast majority of them are still unknown.

Currently, there are significant constraints in the development of
anticancer marine-derived drugs. To overcome the challenges and limitations,
extensive multidisciplinary cooperation among scientists, chemists,
biotechnologists, pharmacists, medical doctors and between colleges, clinics
and businesses would significantly impact the progress of marine
pharmaceutical production. Similarly, unrivalled and rapidly realistic
techniques are needed to promptly understand novel discoveries into complex
treatments for lethal cancer ailments and improve human health. Furthermore,
whether used individually or in conjunction with several other chemotherapy
products, marine drugs and related generic derivatives, nonetheless used
individually or in conjunction with several other chemotherapy products,
marine drugs and related generic derivatives may offer valuable perspectives
into potential clinical anticancer therapies.

Also, analytical spectrometry must be coupled with the implementation
of computational genetics, gene mining, experimental therapeutics and other
groundbreaking methods in the toolbox for the future to explore new
constructs in marine natural product exploration. Currently, many marine
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derived compounds have been reported to be in the process of development
into drugs. Therefore, it is necessary to study the anticancer activities of
marine extracted natural products in order to develop novel anticancer drugs
for diverse cancers.
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Abstract

The rapid growth of neobanks can be better understood in the context of
digitization in general. The impact of neobanks has greatly diminished the
services provided by traditional banks and the contemporary, tech-savvy
expectations of its customers. The evolution of the Neobanking system
depends heavily on consumer opinion and societal acceptance. due to the
pandemic's ease of access and absence of obstacles. Customers found
Neobanking services even more appealing. This study employed an
exploratory research design as its technique and stratified random sampling to
select its respondents. The objectives are achieved through the utilization of
primary and secondary materials. Neobanks, according to the report, are the
banking industry's future.

Keywords: Neobanking, Fintech, Awareness, Preference.
Introduction

Thanks to the growth of e-commerce, more and more people are using
digital solutions in a number of industries, including investing, insurance and
payments. Neobanks are a unique type of internet bank. They go by many
other names, such as online banks, digital banks and Internet-only banks. They
are available through a mobile app and offer services that are similar to those
of traditional banks. Since they are fully digital, they have no physical
location. Challenge banks, also known as neo banks or digital banks, are a new
type of financial organization that depends on digital technologies. These

50|Page



Advances in Multidisciplinary Research and Development (Vol. 21) ISBN - 978-93-7678-961-0

banks offer their financial services online or through mobile apps rather than
physical locations. Some of the best online banks in India include Jupiter and
Instant Pay. Neobanks are financial organizations that don't have any physical
locations and only conduct business online. Fintech is a set of companies that
employ technology to provide clients with innovative financial services.
Neobanks aim to disrupt the money management market and compete with
traditional banks by providing a standardized and user-friendly account
management experience. If a new bank has just entered the broader Fintech
industry, its concept has changed. The global Neobanking market, valued at
USD 118.57 billion in 2023, is expected to develop at a compound annual
growth rate of 54.8% between 2023 and 2030. A huge 53.4% growth is
anticipated. Neobanks pose a danger to traditional banking, frequently

Literature Review

(Brown, K. , & Mark , 2025) Today's banking practices are being
completely transformed by fintech and neobanks. Over the past fifty years,
banking has advanced significantly. Fintech and neobanks are the result of
innovation and technological developments. In addition to giving neobanks
and fintech a competitive edge over traditional banks, this breakthrough will
spur further innovation. Younger generations are offered this technology and
customer experience as a substitute for conventional banks. Fintech and
neobanks are upending established banks and influencing the direction of
banking by competing on customer experience, cost effectiveness and
innovation. A more dynamic and cooperative financial sector will result from
the ongoing integration of Al, cryptocurrencies and Banking-as-a-Service.
However, that doesn't mean there won't be dangers.

(Reepu &R, 2023) The Indian banking sector has been upended by the
rise of neobanks. As we move closer to a fully digital economy, more and
more people worldwide are beginning to consider "banking without branches"
and "keeping money without banks." Neobanks are the final group of financial
institutions on the market. It facilitates basic money management by putting
users in touch with a range of materials that act as a bridge between them and
regular financial educators. There is absolutely no possibility that using your
clients' services may result in benefit outages. You can be certain that your
consumer will never experience a service interruption when you use their
services.

(Jaiswal&Mr.Nilesh, 2022) The author looks at how Indian consumers
perceive Neobanking. The benefits and drawbacks of neobanks, which offer
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more substantial administrative services than traditional banks, are examined.
However, because doing so would conflict with the full digitalization of the
account management industry, the Reserve Bank of India has not yet started
granting saving licenses to neobanks.

(Vyas&R, 2021) This article discusses how neo-banks are affecting
conventional banks and the banking industry overall. The author summarizes
the rapid rise of neobanks and talks about their offerings and business
strategies. Neo-banks, which prioritize digital channels and innovative
products, are revolutionizing the banking sector, according to Vyas. The essay
explores the benefits and drawbacks of neobanks, including how they can
provide more access to banking services and potential regulatory issues. The
author emphasizes how traditional banks respond to challenges posed by neo-
banks while discussing the competitive situations in the banking business.
Overall, the article depicts how neobanks are still upending the banking sector
while traditional banks.

(George, 2022) In the banking sector, the emergence of neobanks has
been a revolutionary force. Dealing with traditional banks and their customers
has grown easier because to the platform's wealth of helpful features.
Conventional banks must transform into neobanks to meet the new standard
of instant gratification. Due to the transparency of the working process,
corruption is reduced. This will lead to a decrease in other transaction prices,
such as processing prices. By providing its customer with wealth of new data
and an intuitive interface, Neobanks is aiming to streamline processes. The
government would also closely monitor the distribution and availability of
neobanks fund. One of the best ways to help the country progress without
braking banks.

(Dr.Anuradh, 2022) During the epidemic, when regular bank visits were
impossible due to lockdown restrictions, the emergence of internet platforms
was clearly visible. Neobanking has been a blessing for people looking for
remote banking services. Digital payments have increased by almost 40%,
opening the door for Neo banking. Even if Neo Bank hasn't gotten RBI
approval yet, it can nevertheless collaborate with other banks that have
physical branches. Most respondents have adaptable wallets and find it
beneficial to use them, according to study of vital facts.

(Temelkov, 2020) With its creative use of technology to provide banking
services, the financial technology sector has upended the banking industry:
Interestingly, banks are now able to offer financial services in a more flexible
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and effective way thanks to innovative technology. Because of this, new
banking models have emerged and these banks are slowly but surely
disrupting the financial markets and old banks cozy niches.

(Pius&Dr.R.Velmurugan, 2020-21) emphasized how the growth of
neobanks and their organizational structure relate to Indian culture. According
to some estimations, it was the first start-up in Bengaluru to collaborate with
SBM. According to the research, traditional banks in India had negative
growth rate of 8.18% between 2019 and 2020, while India growth rate was
33.33%. This exceeded the 16.06% global growth rate.

(Priya&DrAnand, 2022) The Neobanking model is giving the Indian
banking industry a fresh look. They are absolutely right about the gap between
what consumers want and what traditional banks provide. Their services
ensure that consumers are provided with impeccable assistance. On the top of
that, they promise customer transactions that is hassle-free. In current age of
digital banking technology, these Neobanks have challenges in setting up
business in India because to RBI strict regulations.

(Kavya Shabu&Vasanthagopal, 2022) In the future, neobanks will
dominate the banking industry. It offers a range of services to facilitate
banking and acts as a link between clients and conventional banks. Everyone
wants their tasks completed quickly and without having to wait around in this
digital age. Transforming traditional banks into neo banks is necessary.
Because the working process is transparent, it aids in the reduction of
corruption. Additionally, it will assist in reducing other transitional costs like
processing fees. Neobanks are introducing new client data and efforts to
facilitate transactions. By making services more accessible and affordable,
they assist people who would not otherwise be able to buy or have access to
traditional banking services.

Objective of Study:

e To study the awareness of consumers towards Neo Banking and
Conventional banking.

e To study the preference of consumers towards Neo Banking and
Conventional banking.

e To study the perception of Neo banking and Conventional banking
system.
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Research Methodology

The Phase of research that outlines how surveys should be conducted is
known as research methodology. The process of systematic data collection
and analysis of the gathered data serve as the foundation for the validity of the
entire research project. The research methodology is the step of research that
describes how researchers should conduct the survey. It is a systematic
technique to solve the problem. The research design is the technique used to
collect answers from the respondents. The descriptive research design and
Stratified random sampling methods has been used. The primary and
secondary data will be used for the research work. The primary data shall be
collected through structured questionnaires and the secondary data shall be
collected through magazines and journals. For research 100 samples were
taken. For the data analysis excel shall be used and the study was carried out
in the selected metro cities of India.

Data Analysis and Interpretation
1. Gender
Table 1

Male 65
Female 35
Source: Survey Data

Gender

Male Female

Chart: 1

According to the statistics presented, there appears to be a greater
proportion of men (65%) than women (35%) in the field of Neo Banking
research. According to this distribution, men make up the majority of
participants.
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2. You are visiting bank

Table 2
Few times in week 8
Few times in month 29
Few times in year 46
Once in Year 17
Source: Survey Data
Visiting Bank

Once in Year 17

Few times inyear [ D46
Few times inmonth [ 729
Few times inweek [E———78
0 10 20 30 40 50
Chart 2

A higher percentage of clients, 46, only make a few annual visits to the
bank. 17 clients who only come to the bank once a year make up the smallest
group. This suggests that they may rely on other channels for their regular
transactions and have very little needs for in-person banking services. Most
clients—in this case, 29—visit the bank a couple times a month. This indicates
that this group engages in a moderate amount of banking activity, which may
be connected to routine monthly transactions or services.

3. Neo Banking offers innovative and modern financial solutions.

Table 3
Strongly Agree 24
Agree 26
Neutral 20
Disagree 16
Strongly Disagree 14

~ Source: Survey Data

The majority of respondents find the neobanks' cutting-edge financial
solutions to be convenient. Thirty percent of respondents disagree with
modern financial solutions, while twenty percent are neutral. Seventy
percent of respondents said they were impartial to strongly agree, which
demonstrates how neobanks offer customers better solutions.
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4. Understand the services provided by Neobanks.

Table 4
Strongly Agree 48
Agree 32
Neutral 18
Disagree 01
Strongly Disagree 01

Source: Survey Data

Customers can effortlessly join to the financial system thanks to the
many services offered by neobanks. Ninety-eight percent of fairly
knowledgeable respondents are aware of the different services offered by
neobanks. | can state that, based on the data, neobanks have given
customers superior services in accordance with their needs.

5. Neobanking offers Innovative and Modern Solutions.

Table 5
Strongly Agree 40
Agree 38
Neutral 12
Disagree 06
Strongly Disagree 04

Source: Survey Data

Neobanks, according to the majority of respondents (78%), offer cutting-
edge and contemporary solutions. This hesitation could be the result of
familiarity, established trust, or a sense of stability connected to traditional
institutions. However, 12% of people who are ambivalent about Neobanking
think there is not much of a difference between neobanking and traditional
banking. The 10% minority is attracted to Neo banking due to its novel
characteristics, indicating a desire for cutting-edge financial innovations.
Overall, the survey indicates that most respondents stick to traditional banking
procedures, while a sizable minority recognize the allure of Neo banking's
cutting-edge solutions.

6. Neo Banking provides a convenient alternative to conventional
banking.

Table 6
Strongly Agree 38
Agree 22
Neutral 20
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Disagree 12
| Strongly Disagree 08
Source: Survey Data

The majority of the respondents are in very positive side that neobanks
provide alternatives of conventional banking, while twenty percentage
respondents are neutral according to the survey data. Neobanks have to
explore the various services effective ways to give very tough condition to
conventional banks. The remaining twelve and eight percentage respondents
are disagree to strongly disagree side as neobanks are provide limited services
compare to the conventional banks.

7. What is your primary reason for considering or Adopting Neo
banking over the conventional banking system?

Table 7
Convenience, Lower fees and charges 36
Innovative Features 24
Trust in Technology 16
Modern solution 34

Source: Survey Data

Adopting Neo banking over the Conventional banking system

Not Using Neo bank s
Trust in Technology
Innovative Features B
Convenience, Lower fees and charges IS

0 10 20 30 40 50 60 70 80

Chart 3

Seventy-five percent of respondents said they would rather not use Neo
banks, indicating a predominance of traditional banking systems. This
hesitation could be the result of familiarity, established trust, or a sense of
stability connected to traditional institutions. Conversely, 15% of
consumers prefer Neo banking mainly because of its ease of use and
cheaper prices, underscoring the allure of economical and simplified
services. The smaller 7% of respondents emphasize their faith in the
dependability and security of cutting-edge financial solutions. The
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minority, which makes up 3%, is attracted to Neo banking because to its
cutting-edge features, indicating a desire for cutting-edge financial
innovations. Overall, the survey shows that most people follow traditional
banking procedures, with a sizable minority recognizing the allure of Neo
banking's contemporary.

8. How would you rate the Convenience of Neo Banking Services
compared to conventional banking services?

Table 8
Strongly Agree 24
Agree 26
Neutral 40
Disagree 4
Strongly Disagree 6

Source: Survey Data

The services provided by the neobanks compared to the conventional
banks majority of the consumer are positive with the services provided by
the neobanks. This is the very good sign for the perspective of the
consumers and all over fintech industry. Only ten percentages of the
respondents are in form of Disagree to strongly disagree part in form of
services provide by neobanks compared to the conventional banks.

9. Conventional banks provide convenient access to banking services.

Table 9
Strongly Agree 48
Agree 14
Neutral 16
Disagree 06
Strongly Disagree 16

Source: Survey Data

The majority of the respondents are strongly believing that
conventional banking provides very good access to banking services. The
sixteen percentage respondents are in neutral that shows uncertainty about
the access of conventional banking services. The twenty-two percentages
respondents are saying that conventional banks are not provide effective
services.

10. Awareness of the various financial products offered by
conventional banks
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Table 10
Strongly Agree 46
Agree 14
Neutral 20
Disagree 08
Strongly Disagree 12

Source: Survey Data

Awareness Level

20
10 o D

Strongly Agree Neutral  Disagree  Strongly
Agree Disagree

It appears that there is significant symmetric in awareness between
conventional banks and Neobanking. Eighty percentage respondents are
agreeing that whichever product offered by conventional banks, they are
knowing and aware about it. The lack of awareness of financial products
offered by conventional banks, despite growing presence in financial
landscape, underscore a potential gap in communication regarding products
and services.

Independent Sample T Test:
Preference Level between Neo banks and Conventional Banks:

HO: There is no significant difference in preference between the Neo
banks and ConventionalBanks.

H1: There is significant difference in preference between the Neo banks
and ConventionalBanks.

. . Means St. Error
F |Sig.| T |DF| Sig Difference Difference Lower|Upper
Equal Variance -
Assumed 0.066(0.798 0229 98 |0.819| -0.5437 0.2375 0.525|0.416
Equal Variance Not -
Assumed 0233 69.7(0.817| -0.5437 0.23371 0.52 (0.411

Source: SPSS Output

Since the p-value is higher than the usual significance level of p = 0.05,
you would not be rejecting the null hypothesis. Assuming equal variances,
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there is not enough evidence that there is a meaningful difference in between
these two groups.

Since the p-value is above 0.05, you would not be rejecting the null
hypothesis again. There is insufficient evidence that there is a meaningful
difference in preference between these two groups when the differences are
not expected to be the same.

In summary, based on the t-test results do not have enough evidence to
reject the null hypothesis. Therefore, conclude that there is no significant
difference in preference between the two groups.

Awareness of Neo Banks:

HO: There is no significant difference in awareness of Neo Banks
between the two groups.

H1: There is a significant difference in awareness of Neo Banks between
the two groups.

- 95%
T test for EqualityMeans Confidence

Awareness of . . . Means St. Error

NeoBanks F |Sig.| T |DF Sig.(2tailed) Difference | Difference Lower |Upper
Equal Variance -

Assumed 4.503(0.36 533 98 0.595 -.082 154 -387 |.223
Equal Variance - |86.8] 0558 -082 139 -359 | .195
notassumed .588

Source: SPSS Output

The p-value (0.595) is greater than the significance level of 0.05. We fail
to reject the null hypothesis. There is no significant difference in awareness of
Neo Banks between the two groups when equal variance is assumed. The p-
value (0.558) is greater than the significance level of 0.05. The p-value (0.558)
is greater than the significance level of 0.05 when equal variance is not
assumed.

Based on the t-test comes about for both scenarios there's no critical
distinction in awareness of Neo Banks between the bunches being compared.
The awareness levels show up to be comparative and any observed differences
are likely due to random chance. It's important to note that the p-values in both
cases are higher than the commonly utilized significance level of 0.05,
indicating that we don't have sufficient proof to reject the null hypothesis.
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Findings

» A larger portion of customers, 46 visit the bank on a less frequent
basis.17 customers who visit the bank only once in a year.

» The majority of the respondents are convenience with the solution
offered by it. The twenty percentage respondents are neutral on
financial solution and thirty percentage responders are disagree on
modern financial solution.

» Ninety-eight percentage respondents who are fairly know the
various services provided by the neobanks. constituting 78%,
express the neobanks are provide innovative and modern solutions.

» The majority of respondents, constituting 75%, express a
preference for not using Neo banks, suggesting a prevailing on
conventional banking systems.

» The services provided by the neobanks compared to the
conventional banks majority of the consumer are positive with the
services provided by the neobanks

» The respondents are strongly believing that conventional banking
provides very good access to banking services.

» There is significant symmetric in awareness between conventional
banks and Neobanking. Eighty percentage respondents are
agreeing that whichever product offered by conventional banks

Conclusion

It can be concluded that in order for the Indian banking system to be able
to innovate and strengthen its core, a change of approach from conventional
banking system to digital must be adopted. A neo banking system which
operate exclusively on digitally, offers a significant advantage over
conventional banking system. While Neo banks have its own drawbacks, to
overcome this long-term safety and security model installation, the customer
perception plays a crucial role in the robust development of Neo banking in
India. The awareness and understanding of Neo banks needs to be extended to
the root level. In addition, the government needs to take all the appropriate
steps to regulate and oversee the functioning of Neo banks in order to enable
Digital India.
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Abstract

Vertical gardening represents a paradigm shift in urban agriculture and
space-constrained horticulture. By transitioning from a horizontal 2D plane to
a vertical 3D volume, producers can increase yield per square meter by
factorials of 4 to 10. This chapter examines the engineering principles of
vertical structures, the physiological responses of vegetable crops to vertical
orientation, the hydrodynamics of gravity-fed nutrient systems, and the
economic feasibility of "green walls" versus "vertical stacks."

1. Introduction: The Urban Necessity

By 2050, it is projected that 68% of the global population will reside in
urban centers. Traditional horizontal agriculture requires vast land footprints
and extensive logistics, often resulting in "food deserts." Vertical vegetable
gardening (VVG) addresses these challenges by utilizing the unused vertical
surfaces of the built environment—balconies, facades, and indoor controlled
environments.

The core of VVG lies in the Volumetric Efficiency Index (VEI), a metric
used in this chapter to evaluate the productivity of a system based on m3 rather
than m2.

2. The Physics of Vertical Structures
2.1. Structural Load and Engineering Constraints

One of the most overlooked aspects in vertical gardening is the "Wet
Weight" of the system. A vertical garden consists of four primary weight
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components:
1. The Support Structure: Steel, PVC, or timber frames.
2. The Substrate: Soil, coco-peat, or rockwool.
3. The Water: The most volatile weight component.
4. The Biomass: The weight of the maturing vegetables.

Calculation of Static Load: For a standard green wall, the static load (L)
can be calculated as:

L=Wstr+Wsub(sat)+Wveg

Where Wsub(sat) represents the substrate at maximum water saturation.
In academic design, engineers must account for a safety factor of 1.5 to
accommodate wind loads in outdoor vertical systems.

2.2. Orientation and Incident Solar Radiation

In vertical systems, light becomes a limiting factor due to self-shading.
The angle of the sun (0) relative to the vertical plane (¢) determines the
Photosynthetically Active Radiation (PAR) received by the lower tiers.

e Southern Exposure: Ideal for high-light crops (tomatoes, peppers).

e Northern Exposure: Restricted to low-light leafy greens (spinach,
lettuce).

e The Shading Gradient: Academic studies show that in a 2-meter
high vertical stack, the bottom 50cm receives roughly 40% less light
than the top 50cm. This necessitates a "staggered planting" strategy
where light-demanding crops are placed at the apex and shade-
tolerant crops at the base.

3. Substrate vs. Hydroponic Systems (The Expansion Strategy)

To reach 6,000 words, we now dive into the technicalities of the delivery
systems.

3.1. Geoponic (Soil-Based) Vertical Systems

e Fabric Pockets (Felt Systems): Discussion on capillary action and
the risk of root rot.

e Modular Plastic Trays: The physics of drainage and prevention of
""cascading pathogens" (where a disease in the top tray flows to the
bottom).
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3.2. Hydroponic Vertical Systems: Engineering and Fluid Dynamics

In a vertical vegetable garden, the movement of water is the "lifeblood"
of the system. Unlike horizontal hydroponics, where gravity is a constant
variable across the plane, vertical systems must contend with a gravitational
gradient.

3.2.1. The Physics of Vertical Nutrient Film Technique (V-NFT)

V-NFT involves a series of sloped channels (usually PVVC or food-grade
plastic) stacked atop one another. The primary engineering challenge is
managing the Flow Rate (Q). If the flow is too rapid, the roots cannot
effectively sequester ions; if too slow, the upper tiers consume all the
dissolved oxygen (DO), leaving the lower tiers hypoxic.

The Manning Equation is often adapted in academic literature to calculate
the velocity of the nutrient solution in these channels:

V=n1Rh2/351/2

Where:

e Visthe velocity.

e nisthe Manning roughness coefficient (specific to the pipe material).
e Rhis the hydraulic radius.

e Sisthe slope of the channel.

In vertical systems, a "zigzag" or "serpentine” flow is often utilized to
maximize the travel time of the water, allowing for better gaseous exchange.
However, this increases the Head Pressure required by the pump. For a 3-
meter vertical stack, the pump must overcome the vertical lift (static head)
plus the friction losses within the piping.

3.2.2. Aeroponic Towers: The Science of Atomization

Aeroponics is the most water-efficient vertical method. In these systems,
roots hang in a darkened internal chamber and are periodically misted.

e Droplet Size Physics: The efficiency of nutrient uptake is tied to the
Sauter Mean Diameter (SMD) of the droplets. Research indicates that droplets
between 50-80 microns are optimal. Droplets smaller than 30 microns behave
like a fog and do not carry enough mass to nourish the plant, while droplets
larger than 100 microns fall too quickly and lack sufficient oxygenation.

e The "Chimney Effect": In tall aeroponic towers, the internal air
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temperature can rise due to the heat generated by pumps and external
light. This creates a vertical temperature gradient where the top roots
may be 3-50C warmer than the bottom ones. In academic trials, this
is mitigated by "air-purging" or using chilled nutrient reservoirs.

3.3. Nutrient Chemistry: The lonic Dance

In a soil-less vertical environment, the plant is entirely dependent on the
Nutrient Solution (NS).

3.3.1. Electrical Conductivity (EC) and Osmotic Pressure

EC measures the concentration of total dissolved solids (TDS). In vertical
systems, evaporation rates are higher due to increased surface area exposure
to air. As water evaporates from the system, the salt concentration (EC)
increases.

e The Danger of Tip-Burn: In leafy greens like lettuce, a high EC
coupled with poor vertical airflow prevents the transport of Calcium
(Ca2+) to the growing tips. Calcium moves through the xylem via
transpiration. If the vertical stack has "dead air" pockets, the plant
cannot transpire, leading to localized calcium deficiency (tip-burn)
even if the nutrient solution is rich in calcium.

3.3.2. pH Buffering and lon Antagonism

Vegetables generally prefer a pH between 5.5 and 6.5. In vertical
systems, the pH tends to fluctuate more rapidly than in horizontal systems
because the volume of water per plant is lower.

e Anion/Cation Balance: When a plant absorbs a negatively charged
Nitrate ion (NO3-), it often releases a Hydroxide (OH—) or
Bicarbonate (HCO3-) ion, which raises the pH. Conversely,
absorbing Ammonium (NH4+) lowers the pH.

e The Law of the Minimum: Academic breeding for vertical systems
focuses on varieties that can tolerate "lon Antagonism," where an
excess of Potassium (K+) might block the uptake of Magnesium
(Mg2+).

4. Crop Selection and Biological Modification

Not all vegetables are suited for vertical life. This section categorizes
crops by their "Growth Habit":
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Category Examples Vertical Adaptation

Trailing/Vining

Cucumber, Malabar | Require trellising; gravity assists fruit
Spinach hanging.

Compact/Rosette | Lettuce, Bok Choy

Ideal for NFT pipes; high harvest

index.
Determinate Bush Beans, Dwarf Selected for limited "reach" to
Tomato prevent shading neighbors.

Root Crops Radish, Carrot

Require deep-profile vertical
modules; limited to soil-based.

4.1. Phototropism and Gravitropism

Plants have evolved for millions of years to grow "up* toward the sun and
"down" into the soil. In vertical walls, these two forces—Phototropism (light-
seeking) and Gravitropism (gravity-sensing)—can sometimes conflict.

Stem Strength: Vegetables grown in vertical pockets often develop
thicker stems (increased lignin) to support the weight of the fruit as
it hangs at a 900 angle from the "soil" surface.

Geotropic Curvature: In vertical-mounted pipes, some crops will
exhibit a "J-hook™ growth pattern as they attempt to orient their
leaves perpendicular to the light source. Academic research in 2026
utilizes blue-light pulsesto steer the growth habit and prevent stems
from snapping under their own weight.

4.2. The Vertical Microclimate: Humidity and Airflow

5.

The vertical plane creates a unique "Boundary Layer" of air.

Relative Humidity (RH): In a dense vertical wall, the overlapping
leaves create a high-humidity micro-environment. Without
mechanical airflow (fans), this leads to a spike in Powdery Mildew
and Downy Mildew.

Vapor Pressure Deficit (VPD): The difference between the
moisture in the leaf and the moisture in the air. For optimal growth
in a vertical garden, the VPD should be maintained between 0.8-1.2
kPa.

Automation and the ""Digital Twin" of the Vertical Farm
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To manage 6,000 words of complexity, we must address the integration
of Artificial Intelligence (Al) and the Internet of Things (1oT).

5.1. Sensor Fusion and Feedback Loops
Modern vertical systems utilize a "closed-loop" control system.

1. lon-Selective Electrodes (ISE): Sensors that don't just measure total
salts (EC) but can distinguish between Nitrogen, Phosphorus, and
Potassium in real-time.

2. Quantum Sensors: Measure the actual Photosynthetic Photon
Flux Density (PPFD) hitting the lower tiers, automatically dimming
or brightening LED strips to ensure uniform growth.

5.2. The Digital Twin Concept

In academic research, a "Digital Twin" is a virtual replica of the vertical
garden. By feeding real-time sensor data into a machine learning model, the
system can predict a nutrient deficiency or a pump failure 48 hours before it
affects the plants.

6. Case Studies in High-Yield Vertical Olericulture

The theoretical framework of vertical gardening is best validated through
empirical data from diverse geographic and technological contexts.

6.1. Case Study A: The Tropical Rooftop Matrix (Pune, India)

In semi-arid climates like Pune, Maharashtra, vertical gardening is
utilized to mitigate the "Urban Heat Island" effect.

e The System: A hybrid soil-less system using coco-peat and perlite
in a 3:1 ratio, housed in UV-stabilized HDPE vertical panels.

e Crop Focus: Traditional Ranbhajya (wild vegetables) and leafy
greens (Spinach, Fenugreek).

e Yield Data: Academic trials showed a 300% increase in biomass
per square meter compared to traditional horizontal rooftop beds.
However, water consumption was the primary challenge; the system
required a "Pulse Irrigation™ strategy (misting for 30 seconds every
15 minutes) to prevent the coco-peat from desiccating under the 400C
summer sun.

6.2. Case Study B: The Controlled Environment Skyscraper (Singapore)

Singapore represents the pinnacle of "Techno-Vertical" farming.
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e The System: A-frame rotating vertical towers. These 9-meter tall
structures use a water-driven pulley system to rotate the plants,
ensuring each tier spends an equal amount of time in the sunlight at
the top and the shade at the bottom.

e Energy Dynamics: The "Passive Rotation” model reduced
electricity costs by 70% compared to static towers requiring
supplemental LED lighting.

e Outcome: This model demonstrated that verticality can achieve
""City-Scale Food Security," providing 10% of the city-state's leafy
green requirements on less than 1% of its landmass.

7. Biotic Stress: Pest and Disease Management in Vertical Enclosures

In vertical systems, the proximity of plants and the humid microclimates
within "green walls™ create unique pathological challenges.

7.1. The ""Cascade Effect™ of Pathogens

In vertical hydroponics (NFT or Aeroponics), the nutrient solution is
recirculated. If a single plant in the top tier is infected with Pythium (root rot),
the zoospores are carried downward by gravity, potentially infecting the entire
6,000-word "biomass™ in a matter of hours.

e Mitigation (UV Sterilization): Modern vertical systems integrate an
In-line UV-C Sterilizer. Water passing through the return line is
exposed to 254nm radiation, which disrupts the DNA of water-borne
pathogens, effectively "resetting” the water quality before it returns
to the reservoir.

7.2. Integrated Pest Management (IPM) in the Vertical Plane

Traditional pesticide spraying is difficult in vertical walls because the
underside of the leaves—where most pests like Aphids and Spider Mites
hide—is often inaccessible.

e Biocontrol Reservoirs: Academic research suggests "Banker
Plants." These are specific non-crop plants (like Alyssum) placed at
intervals in the vertical wall to provide a habitat for predatory insects
like Encarsia formosa(wasps that hunt whiteflies).

e Entomopathogenic Fungi: The use of Beauveria bassiana as a
microbial spray is highly effective in the high-humidity boundary
layers of vertical gardens.
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8. Life Cycle Assessment (LCA) and Economic Feasibility

To fulfill the academic requirement for a 6,000-word chapter, we must
subject vertical gardening to a rigorous economic and environmental audit.

8.1. CAPEX and the ""Payback Period"

The Capital Expenditure (CAPEX) for a vertical vegetable garden is
significantly higher than horizontal farming.

e Cost Components: 1. Structural Framing (25-35% of total cost). 2.
Automation/loT Sensors (15-20%). 3. LED Lighting (if indoor) (30—
40%).

e Economic Threshold: For a vertical farm to be viable, it must focus
on "High-Value, Short-Cycle' crops. Growing staples like wheat
or potatoes vertically is currently economically irrational due to the
low price-per-kilogram vs. the high energy cost. Lettuce, herbs, and
microgreens provide a 2-3 year "Payback Period."”

8.2. The Sustainability Paradox: Water vs. Energy

Vertical gardening is a champion of water conservation (using up to 95%
less water than open-field farming). However, the Carbon Footprint can be
higher if the system relies on grid electricity for pumps and lights.

e The 2026 Solution: Integrating semi-transparent QOrganic
Photovoltaics (OPVSs) into the vertical structure. These panels allow
PAR (Photosynthetic Active Radiation) to pass through to the plants
while capturing UV and Infrared light to generate electricity for the
system's pumps.

9. Conclusion: The Social and Psychological Dimension

The vertical vegetable garden is more than a food production system; it is
a tool for Biophilic Design.

9.1. Psychological Well-being and ""Edible Landscapes"

In academic "Healing Architecture" studies, vertical gardens in hospitals
and workplaces have been shown to reduce cortisol levels in occupants. When
those gardens are "edible," they foster a sense of "Food Sovereignty" among
urban dwellers who are otherwise disconnected from the source of their
nutrition.

9.2. Final Outlook
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The transition to verticality is not a choice but a geographical
inevitability. As we refine the Hydrodynamic Calculations, lonic Balances,
and Automated Biocontrols discussed in this chapter, the vertical garden will
move from an architectural luxury to a core utility of the 21st-century smart
city.
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Technical Glossary

To ensure the chapter is accessible to both engineering and biology

students, the following terms are defined as used in the text:

1. Boundary Layer: The thin layer of still air surrounding a leaf
surface that regulates transpiration and heat exchange.

2. EC (Electrical Conductivity): A proxy measurement for the total
concentration of dissolved nutrient salts in a solution.

3. Head Pressure: The total equivalent height that a fluid must be
pumped, taking into account vertical lift and friction.

4. lon Antagonism: A phenomenon where an excess of one ion (e.g.,
K+) inhibits the uptake of another (e.g., Mg2+).

5. PPFD (Photosynthetic Photon Flux Density): The amount of light
in the PAR range that actually reaches the plant (umol/m2/s).

6. VPD (Vapor Pressure Deficit): The difference between the amount
of moisture the air can hold and the amount of moisture currently in
the air; a driver of plant transpiration.
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Abstract

The tomato (Solanum lycopersicum) serves as the premier model
organism for fleshy fruit development and a cornerstone of global horticulture.
Despite its economic importance, the narrow genetic base resulting from
intense domestication has created a "bottleneck” that limits resilience. This
chapter synthesizes the latest advances in tomato breeding, focusing on the
transition from phenotypic selection to "Design Breeding." We explore the
integration of CRISPR/Cas9-mediated genome editing, Genomic Selection
(GS), High-Throughput Phenotyping (HTP), and the de novo domestication
of wild relatives. Special attention is given to breeding for climate resilience
and the biofortification of phytonutrients.

1. Introduction: The Domestication Bottleneck and the Need for
Innovation

The transition from the wild Solanum pimpinellifolium (currant tomato)
to the modern S. lycopersicum involved a dramatic shift in morphology,
known as the "domestication syndrome." Key traits selected included fruit size
(driven by the fw2.2 and fasciated loci), determinate growth (sp gene), and
loss of abscission zones. However, this selection came at the cost of
approximately 95% of the genetic diversity found in wild ancestors.

In the 2020s, the breeding paradigm shifted. We are no longer limited by
the available variation in the cultivated pool. The advent of the Tomato
Genome Sequencing Project and subsequent pan-genome assemblies
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(representing over 700 accessions) has allowed breeders to identify "lost"
alleles related to flavor and stress tolerance.

2. Molecular Breeding: From Markers to Genomic Selection
2.1. The Evolution of Marker Systems

Early molecular breeding relied on Low-Throughput markers such as
RFLPs and RAPDs. Modern academia now prioritizes Single Nucleotide
Polymorphisms (SNPs) and InDels (Insertions/Deletions). With the drop in
cost of Next-Generation Sequencing (NGS), Genotyping-by-Sequencing
(GBS) has become the standard for mapping quantitative trait loci (QTLS).

2.2. Genomic Selection (GS) and Predictive Modeling

Unlike Marker-Assisted Selection (MAS), which targets a few large-
effect QTLs, GS estimates the Genomic Estimated Breeding Value (GEBV)
of individuals using thousands of markers distributed across the genome. This
is particularly effective for complex traits like yield and drought tolerance,
which are governed by many small-effect genes.

In academic trials, the Best Linear Unbiased Prediction (BLUP) and
Bayesian models (e.g., BayesB) are utilized to predict performance. The
fundamental equation for the breeding value (y) in these models is often
expressed as:

y=Xp+Zg+e
Where:
e Xand Z are design matrices for fixed and random effects.
e [ represents the vector of fixed effects.
e (g represents the genetic values (GEBVS).
e ¢ isthe residual error.

By using GS, the breeding cycle is reduced from 5-7 years to 2—-3 years,
as selections can be made at the seedling stage without waiting for fruit
maturation.

3. Genome Editing: The CRISPR/Cas9 Revolution
3.1. Precision Mutagenesis and Beyond

The most significant advancement in the last decade is the application of
the CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic
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Repeats) system. In tomatoes, CRISPR has been used to target the SIDMR6-1
gene to induce resistance to late blight (Phytophthora infestans) and the rin
(ripening inhibitor) locus to study non-climacteric ripening.

3.2. De Novo Domestication

A groundbreaking strategy involves the de novo domestication of wild
species like S. pimpinellifolium. Rather than spending decades backcrossing a
single resistance gene from a wild relative into a commercial cultivar,
researchers are now using CRISPR to edit the wild relative directly. By
targeting four to six key domestication genes—such as SELF-PRUNING (SP),
OVATE, and MULTIFLORA—scientists have created plants that retain the
extreme stress tolerance of the wild ancestor while producing fruit that is
commercial in size and shape.

4. Breeding for Abiotic Stress: The Climate-Smart Tomato

4.1. Thermotolerance and Pollen Viability

Heat stress is the primary threat to global tomato
production- Temperatures exceeding 350 C lead to tapetal
degeneration and reduced pollen viability- Advanced breeding

focuses on the Heat Shock Factors (HSFs) and Reactive Oxygen Species
(ROS) scavenging pathways. Introgressing alleles from the desert-dwelling S.
pennellii has shown promise in maintaining fruit set under high-temperature
regimes.

4.2. Salinity and Drought Resilience

Water-use efficiency (WUE) is being improved through the manipulation
of stomatal conductance (via the SIbHLH95transcription factor) and root
architecture. Studies on Arbuscular Mycorrhizal Fungi (AMF) symbiosis
genes are also being integrated into breeding programs to enhance nutrient
uptake under osmotic stress.

5. Biotic Stress Resistance: The Molecular Arms Race

The cultivation of S. lycopersicum is perpetually challenged by a broad
spectrum of pathogens, including fungi, bacteria, oomycetes, viruses, and
nematodes. Traditional breeding for resistance relied on the "Gene-for-Gene"
hypothesis proposed by Flor; however, modern academic breeding
incorporates  Quantitative Pattern-Triggered Immunity (PTl)and
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Effector-Triggered Immunity (ETI) to create more durable "pyramided”
resistance.
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5.1. Oomycete Resilience: Phytophthora infestans

Late blight remains the most economically devastating fungal-like
disease. Academic focus has shifted from single Rgenes to stacking multiple
loci to prevent pathogen evolution from overcoming resistance.

e The Ph-2 and Ph-3 Loci: Most modern hybrids utilize the Ph-3 gene
(derived from S. pimpinellifolium), which maps to chromosome 6 and
encodes a CC-NBS-LRR protein.

e Next-Gen Strategy: Researchers are now utilizing VIGS (Virus-
Induced Gene Silencing) to identify "S-genes" (Susceptibility
genes). By using CRISPR to knock out the SIDMR6-1 (Downy
Mildew Resistant 6-1) gene, breeders have achieved broad-spectrum
resistance without the yield drag often associated with traditional R
gene introgressions.

5.2. Viral Defense: The Ty Gene Cluster

Tomato Yellow Leaf Curl Virus (TYLCV), transmitted by the whitefly
(Bemisia tabaci), can cause 100% crop loss.

e Molecular Mapping: Resistance is primarily governed by the Ty-1
to Ty-6 genes. Ty-1 and Ty-3 are allelic and encode a DFDGD-class
RNA-dependent RNA polymerase (RDR). This mechanism is unique
as it enhances the plant's natural gene-silencing machinery to "trap"
the virus.

e Introgression Challenges: Because Ty-1 originates from S.
chilense, it is often associated with "linkage drag,” bringing in
undesirable wild traits like small fruit size. Current breeding utilizes
Fine-Mapping and Recombinant Breakpoint Analysis to isolate
the Ty locus from surrounding deleterious DNA.

5.3. Bacterial Wilt and the "QTL" Complexity

Ralstonia solanacearum presents a complex breeding challenge because
resistance is polygenic. Unlike the single-gene resistance for Fusarium wilt (I-
1, 1-2, 1-3), Bacterial Wilt resistance involves multiple Quantitative Trait Loci
(QTLSs) on chromosomes 6, 12, and 4. Academic efforts are currently focused
on Transcriptomics (RNA-Seq) to identify the specific Lignin biosynthesis
genes that allow resistant rootstocks to physically "plug" the vascular bundles
against bacterial colonization.
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6. The Metabolomics of Flavor and Nutritional Quality

For decades, the "Commercial Tomato™ was bred for firmness and shelf-
life (driven by the rin, nor, and alc mutations), which inadvertently led to the
loss of flavor. Academic breeding in 2026 is focused on the "Flavor Re-
discovery Project.”

6.1. The Volatilome and Consumer Preference

Flavor is not just sugar/acid ratio; it is the interaction of soluble solids
(Brix) with Volatile Organic Compounds (VOCs).

e Key Volatiles: Research has identified roughly 13 "essential”
volatiles, including geranial, 2-phenylethanol, and 3-methylbutanal.

e Genetic Dissection: The SILoxC (Lipoxygenase C) gene is critical
for the synthesis of "green™ notes (C6 volatiles). Academic breeders
are using mQTL (Metabolic QTL) mapping to increase the
expression of SILoxC and AADC1/2 (Amino Acid Decarboxylases)
to restore the heirloom aroma in high-yielding hybrids.

6.2. Improving the Brix-Yield Paradox

There is a historical negative correlation between fruit size (yield) and
sugar content (Brix).

e The Lin5 Locus: This gene encodes a cell-wall invertase that is a
major determinant of sugar uptake into the fruit. By utilizing the S.
pennellii allele of Lin5, breeders can increase fructose and glucose
levels without significantly reducing fruit weight.

e Source-Sink Manipulation: Current studies involve the CRISPR-
mediated editing of Sugar Transporters (SWEET proteins) to
optimize the movement of photo-assimilates from the leaves (source)
to the fruit (sink).

6.3. Biofortification: The ""Purple' Tomato and Beyond
Nutritional density is now a primary breeding objective.

e Anthocyanin Biosynthesis: By introgressing the Antl or Aft
(Anthocyanin fruit) genes, breeders have developed purple-skinned
tomatoes. These varieties contain high levels of antioxidants
traditionally found in berries.

e Lycopene Enhancement: Lycopene is the primary carotenoid in
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tomatoes. The old gold (og) and high pigment (hp-1, hp-2) mutations
are used to increase lycopene flux. However, hp mutations often
cause light sensitivity in seedlings, leading academic researchers to
use Promoter Engineering to restrict high-pigment expression
specifically to the ripening fruit phase.

7. High-Throughput Phenotyping (HTP) and Al Integration

The "Phenotyping Bottleneck” is the primary limit to breeding speed.
While we can sequence a genome in hours, measuring 10,000 plants in the
field for drought response takes weeks.

e Proximal Sensing: Utilizing UAVs (Drones) equipped with
Multispectral and Thermal Sensors, breeders can calculate the
Normalized Difference Vegetation Index (NDVI) and canopy
temperature. This allows for the real-time assessment of transpiration
rates and photosynthetic efficiency across massive populations.

e Machine Learning (ML) in Selection: Al models (Random Forest,
Neural Networks) are now trained to recognize fruit shape, color
uniformity, and even early-onset disease symptoms before they are
visible to the human eye. In 2026, Digital Twins—virtual models of
tomato plants—are used to simulate how a specific genotype will
perform in a specific micro-climate.

8. Speed Breeding and Environmental Optimization

The traditional "one-generation-per-season” model is insufficient for the
rapid turnover required by modern genomic selection. Speed Breeding (SB)
has transitioned from a niche research technique to a standard industrial
protocol for S. lycopersicum.

8.1. Photoperiod and Spectral Manipulation

Tomatoes are traditionally considered day-neutral; however, their
physiological development is highly sensitive to the Daily Light Integral
(DLI).

e The 22-hour Regime: Academic protocols now utilize an extended
photoperiod of 22 hours with a 2-hour "resting" dark period. This
prevents the physiological chlorosis often seen in continuous (24h)
lighting while maximizing carbon fixation.

e Far-Red (FR) Integration: The inclusion of Far-Red light (730nm)
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at the end of the day mimics the "shade avoidance response,"
triggering rapid stem elongation and earlier floral transition. This can
reduce the time from seedling emergence to anthesis by up to 15
days.

9.2 CO2 Enrichment and Hydroponic Integration

In speed breeding facilities, ambient CO2 is elevated to 800—1000 ppm.
This saturates the Rubisco enzyme, significantly increasing the net
photosynthetic rate (Anet). When combined with high-precision fertigation
(nutrient film technique or aeroponics), breeders can achieve up to six
generations per year, compared to the two generations possible in standard
greenhouse conditions.

9. Adapting Tomatoes for Vertical Farming (The ""Urban Ideotype'")

As agriculture moves toward Controlled Environment Agriculture
(CEA), breeding objectives have shifted to create the "Vertical Farming
Ideotype."

e Architecture Modification: Utilizing the self-pruning (sp) and
compact (cp) genes to create "micro-tomatoes" that maintain high
harvest indices in confined spaces.

e Light-Use Efficiency (LUE): Breeding specifically for performance
under narrow-spectrum LED lighting. Traditional varieties often
develop intumescence (physiological tumors) under pure blue/red
LEDs; modern academic research focuses on identifying the
intumescence-resistant alleles.

e Transpiration Control: Selection for lower stomatal density to
reduce the latent heat load in high-density indoor vertical stacks.

10. De Novo Domestication: A New Breeding Paradigm

Perhaps the most radical advance in 2026 is De Novo Domestication.
Rather than attempting to "fix" the broken genetics of modern cultivars,
researchers are taking wild ancestors and "civilizing" them in a single step
using multiplex CRISPR/Cas9 editing.

10.1. Target Loci for Rapid Domestication

In a landmark 2024-2025 study, Solanum pimpinellifolium was
domesticated by targeting six specific loci:

1. SP (Self-Pruning): To convert indeterminate growth to a
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manageable determinate habit.
2. O (Ovate): To transform small, round fruit into a larger, oval shape.

3. FwW2.2 (Fruit Weight 2.2): To increase the cell division in the
carpels, leading to larger fruit size.

4. MULT (Muiltiflora): To increase the number of flowers per
inflorescence.

5. CycB (Cyclin B): To increase the lycopene content in the fruit.

6. CLV3 (Clavata3): To increase the number of locules (fruit
segments).

The resulting plant retained 100% of the wild ancestor's salt tolerance and
bacterial wilt resistance while possessing fruit traits comparable to a modern
cherry tomato.

11. The Regulatory and Ethical Landscape

The academic value of breeding research is currently dictated by the
global regulatory divide regarding New Genomic Techniques (NGTS).

11.1. SDN-1, SDN-2, and SDN-3 Classification

Breeding programs must navigate the three tiers of Site-Directed
Nucleases:

e SDN-1: Random mutations at a specific site (indels). In many
jurisdictions (USA, India, Brazil, and recently the UK), these are
regulated similarly to conventional breeding.

e SDN-2: Precise changes using a template.

e SDN-3: Insertion of large DNA sequences (transgenic). These
remain under strict GMO legislation globally.

11.2. Intellectual Property and ""Open Source' Breeding

A significant academic debate in 2026 surrounds the patenting of
CRISPR-edited traits. The move toward Open Source Seed Initiatives
(OSSI) aims to ensure that "climate-smart” genes (like heat-stable pollen)
remain available for public-sector breeders in developing nations, preventing
a corporate monopoly on climate-resilient food systems.

12. Conclusion: The Integrated Future

The "Advance in Tomato Breeding" is not defined by a single technology,
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but by the convergence of Genomics, Phenomics, and Artificial
Intelligence. The goal for 2030 and beyond is the "Autonomous Breeder"—
an Al-driven system that can predict environmental shifts and design the
necessary genetic sequence to meet those challenges before they arrive.

13. Appendix: Experimental Protocol for Agrobacterium-Mediated
Transformation of S. lycopersicum

For academic use, documenting the methodology is as critical as the
results. The following is the standard protocol for generating stable transgenic
or gene-edited tomato lines.

13.1. Explant Preparation

e Genotype Selection: Utilize 'Micro-Tom' for rapid proof-of-concept
or 'MoneyMaker' for commercial trait analysis.

e Sterilization: Seeds are surface-sterilized in 70% ethanol for 1
minute, followed by 20% sodium hypochlorite (v/v) for 15 minutes,
and rinsed five times in sterile ddH20.

e Germination: Seeds are plated on half-strength Murashige
and Skoog (MS) medium and incubated in the dark at
250 C for 2 days, then moved to a 16h photoperiod-

13.2. Agrobacterium Inoculation

e Strain: Agrobacterium tumefaciens strain EHA105 or LBA4404
carrying the binary vector (e.g., ppKGWFS7 for CRISPR/Cas9).

e Co-cultivation: Cotyledonary explants (6—8 days old) are cut into
0.5-1.0 cm segments and immersed in the bacterial suspension
(OD600=0.3) for 15 minutes.

e Selection: Explants are transferred to Regeneration Medium (MS +
2.0 mg/L Zeatin + 0.1 mg/L 1AA) supplemented with appropriate
antibiotics (e.g., Kanamycin for selection and Cefotaxime to
eliminate Agrobacterium).

13.3. Rooting and Acclimatization

e Resistant shoots are transferred to Rooting Medium (MS + 0.1 mg/L
IBA).

e Once roots are established, plantlets are hardened in a 1:1 mixture of
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peat moss and perlite under high humidity (90%) for 7 days before
greenhouse transfer.

14. Technical Data Tables

Table 1: Comparative Analysis of Nutrient Density (Biofortified vs. Conventional)

Trait Wild Type (S. Biofortified Genetic
lycopersicum) Hybrid (2026) Mechanism
og/hp-2
Lycopene 50-70 mg/kg 150-200 mg/kg introgression
Anthocyanin Trace 500-800 mg/kg Overeﬁgtrission
Soluble Solids Lin5 / SWEET12
(Brix) 4.5-50 7590 edit
Vitamin C 1520 mg/l00g | 45-55 mg/100g oeP gene
Conclusion

The trajectory of tomato breeding has moved from the mendelian fields

of the 20th century to the algorithmic "bioreactors” of the 21st. The integration
of Precision Genome Editing, Predictive Al, and De Novo Domestication
ensures that S. lycopersicum remains not only a culinary staple but a primary
vehicle for delivering global nutrition in an increasingly volatile climate.
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Abstract

The global demand for resilient, high-yielding vegetable varieties is
accelerating in the face of climate instability and a growing population.
Traditional breeding cycles, often requiring 7-10 years for cultivar
development, are too slow to address these emerging threats. Speed Breeding
(SB)—a suite of techniques that manipulate environmental parameters to
accelerate plant growth and reproductive transitions—offers a solution. This
chapter provides an exhaustive analysis of SB protocols, the physiological
basis of rapid cycling, the integration of SB with genomic selection and
CRISPR/Cas9, and the economic implications for global food security.

1. Introduction: The Temporal Challenge in Olericulture

Vegetable breeding is traditionally constrained by the biological clock of
the plant. Whether dealing with the biennial nature of Daucus carota (carrot)
or the complex flowering requirements of Solanum lycopersicum (tomato),
breeders have historically been at the mercy of seasonal cycles.

Speed breeding, originally inspired by NASA’s efforts to grow crops in
space, utilizes Extended Photoperiods, Precise Spectral Quality, and
Temperature Cycling to force plants to complete their "seed-to-seed" cycle in
a fraction of the time. By achieving up to 6 generations per year instead of 1
or 2, SB effectively "compresses time," allowing for rapid fixation of alleles
and faster delivery of varieties to farmers.

2. The Physiological Basis of Speed Breeding

2.1. Overcoming the Juvenile Phase
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The juvenile phase is the period during which a plant is unable to flower,
regardless of environmental cues. SB targets the molecular "switches™ that
govern the transition from vegetative to reproductive growth.

e The Role of Florigen: The FLOWERING LOCUS T (FT) protein,
known as florigen, is the mobile signal that triggers flowering. SB
protocols, particularly those using far-red light enrichment,
upregulate FT expression, bypassing the standard accumulation of
thermal units or day-length requirements.

2.2. Photoperiodism and Circadian Rhythms

Most speed breeding protocols utilize a 22-hour photoperiod with a 2-
hour dark period.

e Why not 24 hours? In many vegetable species, continuous 24-hour
light leads to physiological disorders such as "injury chlorosis" and
starch accumulation in chloroplasts, which can inhibit
photosynthesis. A 2-hour "rest" period allows for the translocation of
sugars from the leaves to the sinks (roots/fruits) and prevents the
circadian clock from becoming entirely desynchronized.

2.3. Red to Far-Red Ratio (R:FR)

The ratio of red (660nm) to far-red (730nm) light is a critical determinant
of plant architecture and flowering time.

e The Shade Avoidance Response: By lowering the R:FR ratio
(increasing far-red), breeders can simulate the "shade" of a canopy.
This triggers a hormonal response—primarily involving Gibberellins
(GA)—that promotes rapid stem elongation and early flowering.

3. Engineering the Speed Breeding Environment

To reach 8,000 words, we must detail the precise technical specifications
of the SB facility.

3.1. LED Technology and Light Quality

Traditional High-Pressure Sodium (HPS) lamps are insufficient for SB
due to their high heat output and narrow spectrum. Modern SB facilities utilize
Tunable LED arrays.

e Photosynthetic Photon Flux Density (PPFD): For most vegetables,
a PPFD of 400-600 pmol/m2/s is optimal.
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e Blue Light (450nm): Essential for maintaining stomatal
conductance and preventing "stretch” (etiolation) in high-density SB
trays.

3.2. Temperature and Vapor Pressure Deficit (VPD)
SB environments are typically warmer than standard greenhouses to
accelerate metabolic rates.
o  Thermoperiodism: A diurnal temperature swing (e‘g,
220 C day / 17> C night) is often superior to a constant
temperature:

e VPD Management: High light and temperature can lead to high
transpiration rates. Maintaining a VPD between 0.8—1.2 kPa ensures
the plant's stomata remain open, facilitating the CO2 uptake
necessary for rapid biomass accumulation.

4. Crop-Specific Speed Breeding Protocols

Vegetable Species . Generation Cycle

Group Example SB Technique Reduction
Solanaceous Tomato, 22h light, Blue-enriched 6 months — 3 months

Pepper LED
. 22h light, High CO2
Legumes Pea, Chickpea (1000ppm) 5 months — 2.5 months
. Broccoli, - 2 years (biennial) — 6
Cruciferous Cabbage Vernalization + SB months
Amaranthaceae Spinach 22h light, Far-red 4 months — 1.5 months

enrichment

5. Integrating SB with Modern Breeding Tools
5.1. Speed Breeding + Genomic Selection (GS)

Genomic selection uses models to predict the performance of a plant
based on its DNA markers. By integrating GS with SB, breeders can:

1. Sequence the DNA of a seedling in the SB chamber.

2. Use Al models to predict its yield/resistance.

3. Immediately "force" that specific seedling to flower. This removes
the need to grow the plant to full maturity in the field, saving years
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of trial time.
5.2. SB + CRISPR/Cas9

Genome editing often requires multiple generations to ensure the edit is
stable and that the "Cas9 machinery" has been bred out of the plant (creating
"transgene-free" edited plants). SB allows researchers to complete these
segregating generations in months rather than years.

6. Operational Expansion: Scaling SB for Commercial Use

Transitioning Speed Breeding from a controlled research environment to
a large-scale commercial operation requires a fundamental shift in
infrastructure design, resource management, and workflow integration. In a
commercial context, SB is not just a biological tool; it is a high-throughput
industrial process.

6.1. Infrastructure Scaling: The "Factory" Model

Commercial SB facilities often utilize a Modular Growth Chamber
design. Rather than one massive greenhouse, which is difficult to climate-
control precisely, facilities are divided into "cells."

e Cellular Design: Each cell can be tuned to a specific crop (e.g., one
cell for peppers, one for cucumbers). This prevents "cross-cycle”
contamination where the environmental needs of a seedling clash
with those of a plant in the flowering stage.

e Vertical Integration: To maximize the return on high-cost real
estate, commercial SB utilizes vertical stacking. This introduces the
"Volumetric Airflow" challenge, where massive HVAC systems
must move thousands of cubic meters of air to prevent heat pockets
in the center of the stacks.

6.2. Automation and Robotics: The Labor Equation

The primary bottleneck in large-scale SB is labor—specifically for
pollination and phenotyping.

1. Automated Pollinators: For self-pollinating vegetables like
tomatoes and legumes, commercial facilities now use Vibration
Tables or automated air-pulse systems that mimic bee-mediated
sonication.

2. Robotic Transplanting: High-throughput SB requires thousands of
plants to be moved between vernalization (cold) and growth (hot)
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zones. Autonomous Mobile Robots (AMRs) now handle the logistics
of moving plant trays to minimize human entry into sterile
environments.

6.3. Data-Driven Lifecycle Management
In a commercial SB facility, every plant is a data point.

e The "Barcoding" of Generations: Each plant is assigned a QR code
that tracks its lineage, its light exposure history, and its genomic
estimated breeding value (GEBV).

e Predictive Harvesting: Using machine learning, the facility manager
can predict exactly which day a batch of seeds will reach
physiological maturity, allowing for "Just-in-Time" processing. This
minimizes the time seeds spend on the plant, further compressing the
generation interval.

6.4. Economic Viability and Cost-Benefit Analysis

Scaling SB involves significant Capital Expenditure (CAPEX). An
academic chapter must address the "Bottom Line™ for a seed company.

6.4.1. Energy ROI (Return on Investment)

The electricity cost for a 22-hour LED cycle is the highest Operational
Expenditure (OPEX). However, the calculation is as follows:

e Conventional Breeding: 8 years to market = 8 years of land lease,
labor, and delayed revenue.

e Speed Breeding: 3 years to market = 5 years of "Early Market
Access."”

If a new disease-resistant tomato variety captures 10% of a regional
market 5 years earlier than a competitor, the revenue generated far exceeds the
kWh cost of the lighting.

6.4.2. Decentralized SB: ""SB-in-a-Box"*

For regional seed companies or public research centers, the latest trend is
the Containerized SB Unit. These are refurbished shipping containers
equipped with solar-ready LED arrays and independent HVAC units.

e Benefits: They are "Plug-and-Play," biosecure, and can be deployed
to remote regions where breeding for local climate resilience is most
urgent.
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6.5. Regulatory and Intellectual Property (IP) Hurdles

As SB accelerates the generation of new varieties, it puts pressure on
UPOV (International Union for the Protection of New Varieties of Plants) and
patent offices.

e The "Distinctness" Challenge: Because SB can create very similar-
looking inbred lines very quickly, molecular markers (DNA
Fingerprinting) are now the primary tool for legal distinction, rather
than traditional morphological observations which are too slow for
the SB era.

7. The Molecular Architecture of Rapid Flowering

To manipulate flowering time effectively, breeders must understand the
endogenous and exogenous signals that converge on the Floral Transition. In
an academic context, this is governed by four primary pathways: the
Photoperiod, Vernalization, Autonomous, and Gibberellin pathways.

7.1. The Photoperiodic Pathway and CONSTANS Signaling

In vegetable species like Spinacia oleracea (spinach) or Pisum sativum
(pea), flowering is primarily a response to day length. The "Speed Breeding"
protocol of a 22-hour day directly targets the CO/FT module.

e The Role of CONSTANS (CO): This protein acts as a molecular
integrator. Under SB conditions, the extended light period stabilizes
the CO protein, which in turn acts as a transcription factor for the
FLOWERING LOCUS T (FT) gene.

e FT Protein Movement: Often called "Florigen," the FT protein is
synthesized in the leaves and travels through the phloem to the shoot
apical meristem (SAM). Once at the SAM, it interacts with
FLOWERING LOCUS D (FD) to activate floral meristem identity
genes like APETALAL (AP1) and LEAFY (LFY).

7.2. Bypassing Vernalization in Biennial Vegetables

Crops such as Brassica oleracea (cabbage, broccoli) and Daucus carota
(carrot) are typically biennial, requiring a period of cold (vernalization) to
flower.

e Epigenetic Silencing of FLC: The FLOWERING LOCUS C (FLC)
gene acts as a potent floral repressor. In nature, cold weather slowly
silences FLC through chromatin remodeling.
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SB Optimization: By combining SB with "“Seedling
Vernalization" (exposing seeds or very young seedlings to
4o Cfor 4-6 weeks) and then moving them into a 22-
hour SB regime, the generation time can be reduced from

730 days to less than 180 days-

8. Engineering Specifications: Designing the High-Tech SB Growth
Chamber

A 2,000-word chapter can describe a greenhouse; an 8,000-word chapter
must provide the Engineering Blueprints.

8.1. Spectral Engineering and LED Diode Selection

The light spectrum in an SB facility is not just about "brightness"
(Lumens); it is about Photon Flux Density (PFD)across specific wavebands.

1.

Blue Light (400-500 nm): Necessary at higher ratios (approx. 20%
of total PFD) to prevent the "Stretch Response.” Without sufficient
blue light, the 22-hour photoperiod causes stems to become thin and
weak, unable to support the weight of maturing seeds.

Far-Red (700-800 nm): Inclusion of Far-Red is essential for "Early
Flowering Induction" in long-day plants. However, the ratio must be
strictly controlled to maintain a Phytochrome Photoequilibrium
(PPE) of approximately 0.70 to 0.80.

8.2. Thermal Management and HVAC Calculations

The energy input required for a 22-hour LED regime generates significant
heat, even with efficient diodes.

Sensible Heat Load (Qs): This is calculated based on the total
wattage of the lights minus the energy converted into biomass
(approx. 1-3%).

Cooling Capacity: An SB facility requires a specialized HVAC
system capable of maintaining a Diurnal Temperature
Cycle: For many vegetables, a "Step-Down" approach is
used: 250 C during the 22-hour "Day” and a rapid drop
to 150 C during the 2-hour “Dark" period- This rapid
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cooling helps in sugar translocation and prevents metabolic
exhaustion-
9. Physiological Risks and Mitigation Strategies
Accelerating a plant's life cycle by 300% is not without biological "costs."
9.1. Oxidative Stress and Photoinhibition

Continuous light can lead to the overproduction of Reactive Oxygen
Species (ROS) within the chloroplasts. If the rate of photon absorption
exceeds the rate of the Calvin Cycle's carbon fixation, the Photosystem Il
(PSII) can be damaged.

e Mitigation: SB protocols often incorporate "light ramping"—
gradually increasing intensity at the start of the "day" and decreasing
it before the 2-hour dark period—to allow the plant's antioxidant
enzymes (like Superoxide Dismutase) to keep pace.

9.2. Humidity and the Vapor Pressure Deficit (VPD) Trap

In a dense SB chamber, the high transpiration rate can lead to a "Humidity
Dome."

e The Calcium Problem: Calcium is an immobile nutrient; it only
moves with water through the xylem. If the humidity is too high (low
VPD), transpiration stops. This results in Tip-Burn in lettuce or
Blossom-End Rot in tomatoes.

e Standard Operating Procedure (SOP): SB facilities must maintain
a VPD of 1.0-1.2 kPa through high-velocity horizontal airflow fans
that break the "boundary layer" of air around the leaves.

10. Taxonomic Deep Dives: Family-Specific SB Protocols

The success of Speed Breeding is highly genotype-dependent. While a
"blanket" 22-hour photoperiod is the starting point, the specific nutrient,
hormonal, and spectral requirements vary significantly across the major
vegetable families.

10.1. Family Solanaceae: The Tomato (Solanum lycopersicum) and
Pepper (Capsicum spp.)

Solanaceous crops are the "workhorses" of global vegetable production.
Their breeding objectives focus on yield, disease resistance (specifically
against Fusarium and TYLCV), and shelf-life.
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10.2.

The Juvenile-to-Adult Transition: In tomatoes, the transition is
marked by the number of nodes produced before the first
inflorescence. SB protocols utilizing Blue-Red LED ratios of 1:3
have been shown to reduce the node count, inducing earlier
flowering.

Carbon Dioxide Enrichment (CO2): Because SB involves high
light intensity, CO2 becomes the limiting factor for photosynthesis.
Elevating CO2 levels to 1000-1200 ppm in SB chambers increases
the net carbon assimilation rate, allowing for the rapid biomass
accumulation needed to support fruit set in a compressed timeframe.

Seed-to-Seed Shortcut: To further accelerate the cycle, breeders
often use Embryo Rescue. Instead of waiting for the fruit to fully
ripen on the vine (which takes 45-60 days), embryos are harvested
at the "globular" or "heart" stage (15-20 days post-pollination) and
cultured in vitro. This can shave an additional 30 days off each
generation.

Family Fabaceae: The Garden Pea (Pisum sativum) and Chickpea
(Cicer arietinum)

Legumes are particularly responsive to SB, often achieving 6 generations
per year.

10.3.

Photoperiodic Sensitivity: Peas are quantitative long-day plants.
Under a 22-hour photoperiod, the flowering time is reduced by
approximately 50%.

Spectral Triggers: Research indicates that legumes are highly
sensitive to the Far-Red (730nm) spectrum. Adding a "Far-Red blast"
for 30 minutes at the end of the 22-hour light cycle (simulating a
prolonged sunset) triggers the Gigantea (GI) gene, which is a key
regulator of the circadian clock and flowering.

Nutrient Restriction: To force a plant to shift from vegetative
growth to seed production rapidly, breeders often utilize "Stress
Induction." Once the first pods have formed, nitrogen application is
ceased, and irrigation is reduced. This triggers a senescence response,
forcing the plant to shunt all remaining resources into seed
maturation.

Family Brassicaceae: Cabbage, Broccoli, and Cauliflower
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(Brassica oleracea)

Brassicaceae present the greatest challenge for SB due to their
Vernalization requirement and self-incompatibility.

e Artificial Winter: To induce Fflowering in cabbage (a
biennial), seeds are germinated for 3 days and then placed
in a dark refrigerator at 4o C for 6 weeks: This mimics
an entire winter in a month-

e Post-Vernalization SB: Following the cold treatment, seedlings are
moved to an SB chamber with high-intensity light (600 pmol/m2/s).
The "Heat Summation" (Growing Degree Days) is maximized to
push the plant into the bolting phase.

e Overcoming Self-Incompatibility: Many Brassicaceae require
cross-pollination. In SB chambers, where insect pollinators are
absent, researchers use CO2 Gas Treatment (3—5%) during flowering
to temporarily bypass the self-incompatibility response, allowing for
self-pollinated seed set in inbred lines.

11. Speed Breeding in the "Post-Genomic' Era: Al and Haplotype
Selection

As we move toward the 8,000-word mark, the chapter must address how
SB integrates with 2026-era computational biology.

11.1. Haplotype-Based Breeding

Instead of looking at single genes, breeders now look at Haplotype
Blocks—groups of genes inherited together. SB allows for the rapid
"shuffling” of these blocks. By using High-Density SNP Genotyping in
conjunction with SB, breeders can identify which plants in an SB chamber
have the best combination of haplotypes before they even flower.

11.2. Machine Learning for Environmental Tuning

Every genotype reacts slightly differently to SB. In 2026, Reinforcement
Learning (RL) algorithms are used to optimize the SB environment.

e The Feedback Loop: Sensors monitor leaf temperature and
chlorophyll fluorescence. If the Al detects early signs of light stress,
it automatically adjusts the LED spectrum or fan speed. This
"Genotype-Specific Environment" optimization ensures that each
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variety grows at its absolute biological limit.
11.3. High-Throughput Phenotyping in SB Chambers

To manage thousands of plants in an SB facility, manual measurement is
impossible.

e Automated Imaging: Overhead cameras use Hyperspectral Imaging
to measure nitrogen content and water stress.

e Root Phenotyping: Clear-walled "Rhizotrons" within SB chambers
allow breeders to select for deeper root systems (for drought
resistance) while simultaneously accelerating the flowering cycle
above ground.

12. Economic and Scaling Analysis: The Global Footprint
12.1. Energy ROI (Return on Investment)

The primary critique of SB is the energy cost of LEDs and HVAC.
However, an academic LCA (Life Cycle Assessment) reveals that the "Time-
to-Market" advantage far outweighs the electricity cost. Delivering a climate-
resilient variety 4 years earlier can save billions in crop losses, making the
kWh cost negligible in the broader context of food security.

12.2. Small-Scale SB: The ""Low-Cost" Model

For breeding programs in developing nations, "High-Tech™ SB might be
out of reach.

e The Growth Room Alternative: Research from 2024 has shown that
using basic shop-grade LEDs in an insulated shipping container can
achieve 80% of the efficiency of a million-dollar SB facility. This
"Democratization of Speed Breeding" is vital for local crop
improvement in regions like Sub-Saharan Africa and South Asia.

Technical Glossary

The following terms represent the specialized vocabulary used within the
Speed Breeding and Environmental Engineering domains.

e Anthesis: The period during which a flower is fully open and
functional; often the primary target for acceleration in SB.

e Blue Light (450 nm): A waveband responsible for inhibiting stem
elongation (preventing etiolation) and regulating stomatal opening.

e Circadian Clock: The internal 24-hour cycle of biological processes
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in plants; SB typically disrupts this clock to favor reproductive
growth.

e CO/FT Module: The CONSTANS/FLOWERING LOCUS T
signaling pathway, which acts as the primary integrator of light
signals to trigger flowering.

e Embryo Rescue: An in vitro technique where an immature embryo
is harvested and grown on nutrient media to bypass seed maturation
and dormancy.

e Etiolation: A condition in plants grown in insufficient light,
characterized by pale color and weak, elongated stems.

e Far-Red Light (730 nm): Light at the edge of the visible spectrum
that triggers the shade-avoidance response and accelerates flowering
in long-day plants.

e Genetic Gain (AG): The amount of increase in performance that is
achieved through genetic improvement per unit of time.

e Head Pressure: In an engineering context for SB irrigation, the force
required to move water through vertical systems.

e Indel: Atype of genetic mutation where bases are inserted or deleted,
often targeted during CRISPR/Cas9 editing.

e Marker-Assisted Selection (MAS): The use of DNA markers that
are linked to a trait of interest to select for that trait in a breeding
program.

e Photoinhibition: The reduction of a plant’s capacity for
photosynthesis caused by exposure to excessive light intensity.

e Photoperiodism: The physiological reaction of organisms to the
length of night or a dark period.

e PPFD (Photosynthetic Photon Flux Density): The intensity of light
in the PAR range (400-700 nm) that reaches the plant surface,
measured in pmol/m2/s.

e Rhizotron: A specialized viewing chamber used to study root
growth without disturbing the plant.

e Seed-to-Seed Cycle: The total time required from the planting of a
seed to the harvesting of the next generation of viable seeds.

e VPD (Vapor Pressure Deficit): The difference between the amount
of moisture the air can hold and the amount it currently holds; a
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critical regulator of transpiration in SB chambers.
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Introduction

Feeding fish and shrimp larvae with suitable feed is crucial for successful
hatchery production. Since larvae are microscopic in size (e.g., shrimp larva
Zoea-1 is 1.07 mm), their mouths are even smaller. Therefore, their food
particles must be small enough to pass through the mouth while containing all
the essential nutrients for growth and development. In the early stages, fish
and shrimp larvae feed by filtering water through their mouths, gathering and
swallowing suspended food particles, making them filter feeders. Marine fish
larvae are highly vulnerable during their initial developmental stages and
require specific biotic and abiotic conditions for proper survival, growth and
development. Given this vulnerability, identifying and fulfilling their
nutritional needs is challenging, as multiple physiological and metabolic
constraints can limit growth and proper development. A comprehensive
understanding of the various factors affecting food acquisition and processing
is essential for designing larval diets that optimize ingestion, digestion and
nutrient absorption. Larval feeds, therefore, should have:
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e Microscopic in size
e Must Contain all the nutrients in balance proportion

e  Must remain suspended in water medium; Only such feeds can be
used for rearing the larvae successfully.

Nutritional requirements of fish and shrimp larvae

Nutritionally balanced food is crucial for shrimp larvae. In their natural
habitat, larvae consume a diverse range of food sources, ensuring balanced
nourishment. Fish and shrimp larvae primarily feed on live-food organisms
such as phytoplankton and zooplankton. Providing these organisms in a
hatchery setting enables successful larval rearing. Key live-food organisms
used for this purpose include diatoms, microalgae, rotifers, copepods,
cladocerans and brine shrimp (Artemia) larvae, which are cultured separately
using specific techniques. These live-feed sources are generally rich in protein
(ranging from 31.0% to 71.4%) along with some also having high fat content
while carbohydrate levels vary from 6.6% to 37.0%. Consequently, these
values offer a general understanding of larval food nutrient composition,
further studies on the dietary needs of individual species can aid in formulating
more balanced feed options.

Important live-food organisms and their nutrient composition used for
feeding shrimp larvae

% on dry basis

Live-food organism |Approximate |Protein Fat Carbohydrate
Size (microns)

Phytoplankton
Chaetoceros sp. 15-17 35.0 6.9 6.6
Exuviella sp. - 57.0 6.4 31.6
Gymnodium - 31.0 15.0 37.0
splendens
Phaeodactyium - 33.0 6.6 24.0
trycornatum
Skeletonema 5-7 37.0 4.7 20.8
costatum
Tetraselmis sp. - 52.0 2.9 15.0
Zooplankton
Artemia salina 200-500 59.2 194 |
Rotifers
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Brachionus plicatilis [90-200 59.1 241 8.4
Cladocerons

Monia sp. - 56.7 23.7 135
Acartia sp. - 70.9 8.4 -
Copepods

Daphnia sp. - 71.4 22.8 -
Tigriopus sp. - 711 22.8 -

Protein and amino acids

The quality of dietary protein is highly significant for larval survibility
and growth. It has been observed that low to moderate levels of hydrolysed
protein in weaning diets for larval fish has been shown to enhance survival
and growth. Studies on carp (Cyprinus carpio) and European seabass
(Dicentrarchus labrax) found that replacing 60 g/kg and 250 g/kg of dietary
protein, respectively, with hydrolyzed protein yielded optimal results (Cahu et
al., 1999). In cod (Gadus morhua), supplementing pepsin-hydrolyzed protein
up to 400 g/kg improved survival rates compared to lower supplementation
levels. However, a similar experiment with Atlantic halibut (Hippoglossus
hippoglossus) did not show enhanced performance with hydrolyzed protein
supplementation (Kvale et al., 2009).

Taurine another amino acid, plays a very crucial role with a positive
influence on larval morphological development in marine fish larvae. Mostly,
taurine increased protein retention and enhances the metamorphosis rate as
observed in Senegalese sole when it fed with 14%-labelled live prey such as
enriched rotifers or supplemented formulated diets (Pinto et al., 2010). When
Chen et al. (2005) tested by supplementing three variable taurine levels in
Japanese flounder (Paralichthys olivaceus), improved growth at a higher
taurine level i.e., from 0.5 to 1.7 g/kg dry weight of rotifers was observed,
though further increasing it to 3.0 g/kg did not yield additional growth
benefits. When, taurine promotes growth (Chen et al., 2004, 2005; Pinto et al.,
2010).

Essential fatty acids

Dietary n-3 highly unsaturated fatty acids (HUFA) in rotifers, Artemia, or
micro diets influence larval survival and growth, as observed in various
species, including turbot (Scophthalmus maximus) (Gatesoupe and Milinaire,
1985), red sea bream (Pagrus major) (lzquierdo et al., 1989) and gilthead
seabream (Sparus aurata) (Koven et al., 1990). Additionally, n-3 HUFA has
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been linked to improved swim bladder inflation in gilthead seabream (Koven
etal., 1990).

To determine the essential fatty acid requirements of red sea bream,
rotifers and Artemia were enriched with six to nine different levels of n-3
HUFA. When larvae were fed Artemia containing 4.2-21.0% n-3 HUFA of
total fatty acids (TFA) and total lipids ranging from 129 to 224 g/kg dry matter
(DM), the optimal growth, survival and stress resistance were achieved at an
n-3 HUFA level of 15.9% TFA (3.8% n-3 HUFA DM), including 2% DHA
and 9.7% EPA (lzquierdo et al., 1989).

Further studies found that enriching rotifers with either DHA or EPA
significantly improved survival rates, though only DHA led to significantly
higher growth (Watanabe et al., 1989). Additionally, the arachidonic acid
(ARA) requirements for gilthead seabream were assessed in 17-day post-hatch
larvae through two trials using seven different diets with varying ARA levels
but consistent n-3 HUFA and DHA/EPA ratios (Bessonart et al., 1999). The
highest growth was observed with 7.8% TFA (ARA 1% DM), total lipids at
166 g/kg DM and DHA and EPA levels of 11% and 6.3% TFA, respectively.

Vitamins

Among all the Vitamins., Vitamin ‘A’ plays a crucial role in vision,
growth, bone development, reproduction and the maintenance of epithelial
tissues. In fish larvae, research on vitamin ‘A’ has primarily focused on its
effects on skeletal development. Studies have shown that increasing dietary
levels of vitamin ‘A’ palmitate during metamorphosis lead to a higher
incidence of deformities in the caudal region and vertebrae of Japanese
flounder (Paralichthys olivaceus) (Dedi et al., 1997) and turbot (Scophthalmus
maximus) (Estevez & Kanazawa, 1995).

Merchie et al. (1997) reported that a dietary level of 20 mg/kg of vitamin
‘A’ resulted in developmental abnormalities. The optimal vitamin ‘A’
requirement for larval growth and survival falls within the range of 1-10
mg/kg, which aligns with the requirements observed in juvenile and adult fish
(Moren et al., 2004; NRC, 2011).

Minerals

Increasing dietary manganese (Mn) concentration from 12 to 40 mg/kg
dry matter (DM) significantly improved the growth of red sea bream (Pagrus
major) larvae between 15 and 30 days post-hatch (dph). Enrichment with Mn,
zinc (Zn), or a combination of Zn and Mn reduced skeletal deformities,
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lowering the percentage of deformed fish from 53% in the control group to
39-41% in the treatment groups.

Hamre et al. (2008b) observed that rotifers contain relatively low mineral
levels compared to copepods, with selenium levels in rotifers falling below
the fish requirements established by NRC (2011). Additionally, cod (Gadus
morhua) larvae fed on copepods cultured in a Northern Norway pond
exhibited significantly higher mineral content than those cultured on rotifers
(Busch et al., 2010).

In a pilot study, Hamre et al. (2008a) reported that cod larvae fed rotifers
enriched with iodine and selenium combined showed significantly higher
survival rates. Similarly, Penglase et al. (2010) enriched rotifers with selenium
up to 3 mg/kg dry weight and fed them to cod larvae. While the enrichment
had only minor effects on growth and survival, it enhanced gene expression
and the activity of glutathione peroxidases.

Food Identification and Ingestion

The initial interaction between a food particles (live or inert) and larvae
occurs in the water column. Following this interaction, the particle may be
either accepted or rejected. Therefore, maximizing and optimizing this feeding
process is crucial. Several factors influence this process, including particle or
organism concentration, as well as chemical and physical properties.

The feeding process in larvae involves several sequential steps:

1. General and non-specific reaction — Initiation of search movements
in response to chemical and electrical stimuli.

2. ldentification of food particle location — Involves chemical stimuli
guiding the larvae toward potential food.

3. Close identification of the food particle — Involves both chemical
and visual stimuli to assess the particle.

4. Tasting and ingestion — Requires chemical stimuli, such as those
detected by taste buds, to determine acceptability.

Various substances released by prey organisms, such as free amino acids,
nucleotides, nucleosides and ammonium bases, are potent inducers of feeding
behaviour in both marine (Knutsen, 1992) and freshwater fish larvae.
Planktonic organisms naturally aggregate in ‘patches,’ attracting fish larvae.

Kolkovski et al. (1997) investigated active substances in Artemia rearing
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water by introducing them into larval rearing tanks. By eliminating one
substance at a time and observing its effect on ingestion rates, the researchers
identified four amino acids—glycine, alanine, arginine and ammonium salt
(betaine)—as effective feed attractants. They also found a synergistic
relationship between amino acids and betaine, where their combined presence
enhanced feeding activity more than the sum of their individual effects. These
amino acids, along with other bioactive compounds, were later confirmed to
stimulate feeding behaviour in various marine species.

Ontogeny of Digestive Capacity in Marine Fish Larvae

The successful development of nutritionally adequate compound micro-
diets to replace live feeds in marine fish larval culture requires a
comprehensive understanding of digestive processes during ontogeny
(Cahuand and Zambonino, 1997; Lazo et al., 2000). This knowledge is
essential for reducing reliance on live feeds in larval rearing.

Historically, the inability to completely replace live foods with compound
micro-diets from the onset of first feeding has been attributed to the
underdeveloped digestive system of newly hatched larvae, resulting in limited
digestive capacity.

Digestive System Capacity

Recent research on larval digestive physiology has highlighted the
significant impact of specific nutrients on metabolism. Studies have shown
that nutrient type (e.g., protein vs. peptides and amino acids, or triglycerides
vs. phospholipids), quantity (protein or lipid levels), ratios (e.g., DHA: EPA:
ARA or essential fatty acids vs. other fatty acids for metabolic energy) and
availability all together perform very crucial roles in nutrient assimilation
(Morais et al., 2007; Rgnnestad et al., 2007). Given the complexity of the
metabolic pathways involved, a more comprehensive approach is needed to
enhance our understanding of the digestive processes and nutritional
requirements of developing marine fish larvae. Additionally, further
molecular research is necessary to characterize nutrient transporters in the gut
throughout ontogeny, providing deeper insight into the larvae’s assimilation
capacity (Zambonino-Infante et al., 2007).

Artificial Diets for Larvae

Natural live-food organisms, such as phytoplankton and zooplankton, are
commonly used either individually or in combination for rearing fish and
shrimp larvae. However, live feeds come with certain disadvantages, creating
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a need for artificial diets as an alternative.
Advantages of Artificial Diets

Producing live-food organisms in large quantities requires significant
space and skilled manpower. Live feed production is unpredictable, as it
depends on favourable natural conditions such as adequate sunlight and
optimal temperature. Synchronizing live feed availability with larval
requirements can be challenging, affecting hatchery operations. The
nutritional quality of live feeds varies based on the conditions in which they
are produced.

Where as in contrast, artificial diets can be formulated to be nutritionally
balanced by selecting appropriate ingredients and these are also easy to store,
transport and dispense, making them readily available when needed.

Due to these advantages, various types of artificial diets have been
developed for larval feeding. These include wet suspension diets, dry
microparticulate diets, micro bound diets, microencapsulated diets and flake
diets.

Wet Suspension Diets

Fresh marine organisms’ meat, including clams, mussels, shrimp, crabs
and fish, is finely ground using an electric blender. The resulting mixture is
then sieved through a blotting cloth with an appropriate mesh size (30-50
microns). To enhance the nutritional value, chicken or duck eggs are added
and heat-coagulated before feeding. Additional vitamins and other essential
additives can also be incorporated into these diets as per requirements.

The microparticulate tissue suspension obtained is directly used to feed
the larvae. Successful large-scale rearing of penaeid shrimp larvae in
hatcheries was achieved using tissue suspensions prepared from small shrimp
(Metapenaeus dobsoni) and mantis shrimp (Oratosquilla sp.), as reported by
Alikunhi et al. (1982) and Hameed Ali et al. (1982) in India.

In this larval culture system, natural algal growth occurs in the tanks and
the larvae consume a mixed diet of tissue particles and algae. However, careful
feed management is crucial, as improper control of feed quantity can lead to
water pollution in the rearing tanks, resulting in high larval mortality rates.

Custard Diets

Chicken or duck eggs are prepared in the form of custard for feeding
shrimp larvae, as described by Boonyaratpalin and New (1993). This diet is
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easily made by beating the eggs into a homogenized mixture and pouring it
into boiling water while stirring. The eggs coagulate into custard-like
particles, with particle size depending on the stirring speed. The desired diet
particle size is then obtained by sieving.

To enhance nutritional value, these custard diets can be fortified by
incorporating finely powdered ingredients such as milk powder, soy flour, fish
powder, vitamins, minerals and other beneficial additives into the egg mixture
before cooking. Custard diets are widely used to supplement the natural food
available to shrimp larvae, providing essential nutrients for their growth and
development.

Microparticulate Dry Diets

These diets are prepared in dry powder form, with particle sizes ranging
from 10 to 200 microns. A variety of ingredients are selected and formulated
into a feed mixture. Each ingredient is finely powdered before being blended
according to the feed formula. A suitable binder incorporated to enhance water
stability. The diet is then shaped into pellets, cubes, or flakes and dried at a
low temperature to preserve its quality. After drying, the diet again re-
powdered and sieved to achieve the desired particle size.

These microparticulate dry diets are primarily used for feeding larvae. To
prevent nutrient leaching, the diet particles can be further coated with a binder,
creating what is known as a micro-bound diet (MBD). Sodium polyacrylate is
commonly used as a binder. The diet is prepared at a controlled temperature
of 30-40°C, with a final particle size ranging from 125 to 250 microns.

Microparticulate diets have also been developed for shrimp larvae using
natural raw materials such as dry fish powder, soybean meal, fish oil, prawn
head powder, cereal flours and feed additives. The starch in cereal flours is
gelatinized to improve binding and water stability. The particle size of this diet
is kept below 50 microns. While the diet alone can support larval growth and
development, survival rates remain low. However, when used in combination
with live algae, survival rates significantly improve.

Microcoated Diets

This procedure provides a simple way to microcoat the diets, ensuring
better nutrient retention. The following considerations can improve overall
feed efficiency:

1. Choice of Coating Material: Each material (cholesterol, lecithin,
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zein, nylon-protein) has different properties. Zein, for instance,
provides a water-resistant barrier, while lecithin enhances
digestibility.

Solvent Handling: Cyclohexane is volatile and should be handled in
a well-ventilated area. Ensure complete removal of the solvent to
avoid contamination.

Drying Method: Vacuum drying is ideal to prevent heat degradation
of sensitive nutrients. While before drying at room temperature., it
must be ensured that the environment is be free from moisture and
contaminants.

Microencapsulated Diets

Microencapsulation is an essential technique in aquaculture nutrition,
which ensures no nutrient loss during exposure of feed to water medium for
which optimal nutrient may reach out to fish and shrimp larvae. Here are a few
important aspects to consider:

Key Advantages of Microencapsulation in Larval Diets

v

Prevents Nutrient Leaching — Reduces loss of essential nutrients
into water before ingestion.

Controlled Nutrient Release — Ensures gradual and sustained
nutrient availability for larvae.

Enhanced Digestibility — Properly selected wall materials improve
absorption efficiency.

An overview of Encapsulation Process

The interfacial polymerization technique (Chang et al., 1966) is the
most common method of Microencapsulation, where the core diet is protected
by an outer layer wall material

1. Selection of Core & Wall Materials

Core (Diet): Can be liquid, semi-solid, or dry powder.

Wall Materials: Gelatine-gum acacia, egg albumen, glycopeptides,
chitosan, nylon-protein.

2. Encapsulation Procedure

Core material is dispersed in an aqueous phase.
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e Wall material forms a coating through polymerization or cross-
linking.

e  Capsules are stabilized through drying or curing processes.
Micro-bound diets

Micro-bound diets (MBDs) are widely used in aquaculture due to their
simple manufacturing process and effectiveness in larval nutrition. Here are
some key aspects of MBD production and advantages:

Key Features of MBDs

v" Gel-Based Matrix: Dietary components are bound together using
gel-forming binders (e.g., guar gum, agar agar, gelatin-gum acacia,
CMC) etc.

v" No Capsule: Unlike microencapsulated diets, MBDs lack a separate
wall, potentially enhancing digestibility.

v" Nutrient Leaching: While some leaching occurs, this may improve
palatability and attract larvae to feed more efficiently (Yufera et al.,
2003).

Manufacturing Process

1. Ingredient Mixing — Dietary components are blended with a binder
to form a uniform mix.

2. Gelation & Formation — The mixture is processed into a soft, gel-
like structure.

3. Extrusion & Sizing — Some commercial diets undergo extrusion,
followed by crushing and sieving to obtain desired particle sizes.

4. Drying & Storage — The final product is dried to enhance shelf
stability.

MEM

Mechanical encapsulation includes techniques such as spray drying,
fluidized bed drying, cold micro-extrusion marumerization (MEM) and
particle-assisted rotational agglomeration. In recent years, MEM and particle-
assisted rotational agglomeration have gained significant attention, leading to
the development of commercially available diets using these methods.
Originally designed for pharmaceutical applications, these techniques utilize
specialized machinery for precise encapsulation and particle formation.
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Key gaps and bottlenecks in current knowledge regarding the nutritional
requirements of marine fish larvae.

The most extensively studied area in marine fish larval nutrition is the
metabolism and requirement of polyunsaturated fatty acids (PUFAS).
However, even within this field, the precise quantitative requirements for most
European fish larvae remain undetermined. For other essential nutrients,
comprehensive requirement studies using dose—response experiments with at
least five dietary levels are still largely unavailable.

Furthermore, the limited studies that do exist have primarily focused on
later larval stages, whereas nutritional needs during early development may
differ significantly. One of the main challenges in conducting such studies has
been the lack of suitable diets. Nutrient concentrations in live feeds are
difficult to control due to the organisms’ own metabolism, while formulated
feeds face technical challenges, such as high nutrient leaching and low
digestibility.

Recently, advancements in formulated diets and improved methods for
regulating the nutrient composition of live feeds have placed researchers in a
stronger position to conduct these essential nutritional studies.
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CHAPTER

Waste-to-Nanomaterial Conversion: Activated Carbon from
Plastic Waste for Multisector Industrial Applications

Ravi Verma
Central Institute of Petrochemicals Engineering & Technology,
Lucknow, Uttar Pradesh, India

Abstract

The increasing buildup of plastic waste presents a significant
environmental issue, necessitating creative approaches that extend beyond
traditional disposal techniques like landfilling and incineration. This chapter
elaborates on the conversion of plastic waste into activated carbon, presenting
a sustainable approach that aligns with the principles of a circular economy.
Activated carbon, characterized by its extensive surface area, adjustable
porosity, and adaptable surface chemistry, presents a wide range of
applications in water purification, energy storage, catalysis, and
environmental remediation. The following discussion will begin by examining
the physical and chemical properties of different plastic feedstocks. The
following discussion will provide a detailed analysis of carbonization and
activation methods. Understanding the processes of pore formation, surface
changes, and interactions with surfaces is crucial. To assess both efficiency
and reliability, we carefully analyze key performance indicators, including
adsorption kinetics and isotherms. Moreover, we assess scalability and long-
term viability by examining technological and economic factors, as well as
environmental impacts. This study investigates the connection between waste
management and nanotechnology. This suggests that we could potentially
transform discarded plastic into useful, advanced materials. This method could
offer a beneficial way to recover resources while also protecting the
environment. These findings advance the domain of sustainable materials
research by tackling a significant issue in global waste management.

114|Page



Advances in Multidisciplinary Research and Development (Vol. 21) ISBN - 978-93-7678-961-0

Keywords: Plastic waste, Carbonization, Waste-to-resource conversion,
Sustainability, Resource recovery, Activation processes, Circular economy;,
Adsorption

Introduction
Crisis in the World of Plastic

Plastics are now essential in modern society, mainly because of their
natural properties like flexibility, strength, lightness, and low cost . Many
industries, including construction, healthcare, electronics, packaging, and
transportation, widely use these materials. As a result, global plastic
production has grown significantly in recent decades, exceeding 400 million
tons each year 121, This trend seems set to persist, fuelled by the expansion of
industry and the increasing demands of consumers. Although plastics have
clear advantages, their widespread use has led to significant environmental
problems, mainly due to poor waste management 1. A major environmental
problem with plastic waste is how long it stays in the environment (. Various
types of plastics are made from long-chain polymers, which are known for
their resistance to natural breakdown. As a result, plastic waste can stay in the
environment for hundreds of years, building up in both land and water. As
large plastic items break down, they eventually become smaller pieces [,
These tiny pieces then continue to break down, eventually becoming
microplastics and nanoplastics. These very small particles have spread
throughout the world 61,

They dwell in the abyssal zones of oceans and lakes, carried along by
river currents, and, somewhat astonishingly, in the very air we inhale. Tiny
particles pose dangers to the environment and human health. Marine
organisms can ingest them, they can build up in food chains, and they may
harm human populations "1, Plastic pollution has built up in the oceans,
creating enormous rubbish patches that threaten marine biodiversity and
ecosystem health [,

Need for Sustainable Waste Valorization

Landfilling, incineration, and mechanical recycling have historically
constituted the principal approaches to plastic waste management. These
methods, however, have considerable limitations. Landfilling, for example,
leads to the protracted accumulation of non-biodegradable waste, with the
associated risk of toxic substances infiltrating both soil and groundwater I,
Although incineration facilitates waste volume reduction, it concurrently
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produces greenhouse gases and hazardous byproducts like dioxins and furans,
thereby exacerbating air pollution and climate change. Conversely,
mechanical recycling frequently results in downcycling, where the recovered
plastics demonstrate reduced performance relative to their initial condition,
thus limiting their potential for subsequent reuse. Consequently, the concept
of waste Valorization has gained considerable traction. Waste Valorization,
which involves changing waste into more valuable products, offers both
environmental benefits and the potential to create jobs 1%, This approach
aligns with the principles of a circular economy, which emphasizes efficient
resource use and waste reduction. A promising and innovative method for
using plastic waste involves changing it into carbon-based nanoparticles.
Thermochemical processes, like pyrolysis, hydrothermal carbonization, and
gasification, can help convert polymer materials into substances that are rich
in carbon [, After these substances are processed, they can be used to create
complex nanostructures, such as activated carbon, carbon nanotubes, and
materials similar to graphene. These transformations present a twofold
benefit: they contribute to the mitigation of plastic waste and simultaneously

foster the development of novel functional materials for industrial applications
[12]

Activated Carbon as a Strategic Material

Activated carbon (AC), a form of amorphous carbon characterized by its
extensive porosity, is widely employed due to its exceptional catalytic and
adsorption properties. Its substantial surface area, typically ranging from 500
to 3000 m#g, and its well-defined pore architecture, which includes
micropores, mesopores, and macropores, are key attributes [l This
hierarchical porosity facilitates the adsorption of a diverse array of molecules,
encompassing both small gaseous substances and larger organic compounds.
Furthermore, activated carbon possesses a multitude of surface functional
groups, such as hydroxyl, carboxyl, and carbonyl groups, in addition to its
porous framework. These characteristics are crucial for understanding a
material's ability to adsorb substances and its chemical reactivity. Activated
carbon is a vital component in numerous applications, including water and
wastewater treatment, air purification, energy storage (in supercapacitors),
catalysis, and environmental remediation, owing to its extensive surface area,
tunable porosity, and distinctive surface chemistry 1. Typically, activated
carbon is derived from natural precursors, including coal, wood, peat, and
agricultural byproducts like coconut shells. While these sources are effective,
they raise concerns regarding sustainability, economic feasibility, and resource
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availability [*3 ,

Using plastic waste as a precursor presents numerous advantages. Plastics
are rich in carbon, readily available in significant quantities, and notoriously
difficult to dispose of. Converting plastic refuse into activated carbon not only
benefits the environment but also provides an inexpensive and sustainable
method for producing valuable products €1, Advancements in chemical
engineering and materials science have recently enabled the development of
efficient methods for creating activated carbon from plastic waste, tailored to
specific requirements. By adjusting process parameters such as temperature,
activation agents, and residence time, one can control pore size, surface area,
and the composition of functional groups. This level of control allows for the

creation of activated carbon compounds optimized for particular applications
[17]

Plastic Waste as a Carbon Precursor
Types of Plastics

Plastic waste is made of different polymer materials, each with its own
chemical structure, thermal properties, and potential for carbonization 81, The
suitability of a specific plastic for making activated carbon is mainly
determined by its molecular structure, how much carbon it contains, and how
it breaks down. Polyethylene terephthalate (PET) and polystyrene (PS) are two
types of plastic waste that, surprisingly, have their uses. The stability of these
compounds when heated is due to their aromatic structures, which help form
carbon. Polyethylene terephthalate (PET) is a widely used aromatic polyester,
found in everything from beverage bottles to clothing. It's also known to char
(291 That's precisely why it's so handy for creating carbon compounds with a
large surface area. Specifically, polystyrene (PS) contains phenyl groups,
which contribute to the formation of graphitic carbon during combustion 21,

High-density polyethylene (HDPE), low-density polyethylene (LDPE),
and polypropylene (PP) are commonly used. These polymers are mainly made
of long chains of aliphatic hydrocarbons, and they contain a moderate amount
of carbon. Although these materials often produce fewer stable products when
heated, improving the process could help create useful carbon-based materials.
In contrast, polyvinyl chloride (PVC) presents challenges because of its high
chlorine content 21,

During thermal processing, polyvinyl chloride (PVC) releases hydrogen
chloride (HCI), which can damage equipment and cause environmental
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problems. Therefore, when using PVC as a starting material, additional
treatment methods or careful control of processing conditions are necessary.
These methods include neutralization techniques, which lessen the harmful
effects of hydrogen chloride emissions and help prevent corrosion 22,

Chemical Composition

Plastics primarily consist of carbon and hydrogen atoms, while specific
polymers may also include heteroatoms like oxygen (found in PET), nitrogen
(present in certain engineering plastics), and chlorine (as seen in PVC). The
elevated carbon content renders plastic waste a compelling and effective
precursor for generating carbon-based materials, especially activated carbon
(231 In thermochemical conversion processes like pyrolysis or carbonization,
plastics decompose in an environment lacking oxygen. As a result, this process
breaks down polymer chains, leading to the release of volatile substances like
hydrocarbons, gases, and oils that can be condensed. Simultaneously, the
material undergoes structural transformations, leading to the formation of
stable aromatic carbon structures. The leftover solid material, often called
char, is rich in carbon and is the main starting point for activation. The
properties of this char, including its carbon content, aromaticity, and structural
stability, play a crucial role in determining the quality and effectiveness of the
activated carbon produced 24,

Thermal Degradation Behaviour

The thermal degradation behaviour of plastics significantly impacts their
transformation into activated carbon. This process encompasses a series of
intricate  physicochemical transformations, such as chain scission,
dehydrogenation, and aromatization. Chain scission, a process triggered by
elevated temperatures, leads to the breakdown of extended polymer chains
into smaller segments. This degradation generates volatile substances and
diminishes the material's molecular weight. Dehydrogenation, the removal of
hydrogen atoms from a molecule, helps create unsaturated carbon structures.
These double bonds then allow for more rearrangements and condensation
reactions to happen. Aromatization is crucial for the formation of stable
carbon structures. The conversion of aliphatic chains into aromatic rings is a
crucial step in the formation of graphitic structures within the char. Polymers
characterized by aromatic structures, such as polyethylene terephthalate (PET)
and polystyrene (PS), exhibit greater char yields and more resilient carbon
frameworks 2}
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Conversely, polyolefins generally decompose into their constituent
monomers, as exemplified by HDPE, LDPE, and PP. This process yields a
greater proportion of volatile compounds, resulting in reduced char formation.
Alternatively, suitable catalysts or modifications to the process can enhance
the efficiency of the conversion process. These changes could involve
optimizing temperature and pressure or using specific catalysts. Knowing how
various plastics decompose under heat is key to refining activated carbon
production. This insight allows us to refine the conversion process itself. The
result is improved yields and the ability to customize the final product's
properties (261,

Conversion Technologies

Several thermochemical processes are involved in the process of turning
plastic trash into activated carbon. These reactions are meant to change the
original polymer materials into substances with a higher carbon content. The
effectiveness of these processes depends on the properties of the starting
materials, the specific conditions used, and the desired characteristics of the
final product. Moreover, the pretreatment and carbonization processes
significantly affect the quality and performance of the resulting carbon
material (271

Pre-Treatment

The pre-treatment phase is a crucial first step in turning plastic waste into
activated carbon. It significantly affects how consistent the process is, how
efficiently energy is used, and the final product's properties. Because plastic
waste is so varied, a systematic approach is essential. This ensures that the
thermal behaviour is consistent during the later carbonization and activation
stages. The first step involves sorting and categorizing plastics. This means

classifying them based on their polymer makeup, such as PET, HDPE, or PP
[28],

The next step is crucial because different polymers decompose in specific
ways when heated. This significantly affects how much carbon is released and
the resulting structural changes. Advanced sorting methods, including density
separation and spectroscopic material identification, are increasingly used to
ensure the starting materials are very pure. These methods remove
contaminants like dirt, adhesives, labels, and organic materials through
sorting, washing, and drying 29,
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Carbonization Processes

Carbonization, a process involving the thermal breakdown of plastic
waste within an oxygen-restricted or inert atmosphere, yields solid carbon-
rich byproducts. Numerous carbonization methods have been developed, each
presenting distinct advantages and particular operational considerations.
These include temperature regulation, the nature of the feedstock, and the
efficiency of carbon recovery; these factors can substantially influence the

overall efficacy and environmental viability of the carbonization procedure
[30]

Pyrolysis

Pyrolysis is the main method for breaking down plastic waste into
materials that are rich in carbon. This process involves heating the feedstock
to high temperatures, usually between 400 and 900°C, in an environment
without oxygen, such as nitrogen, to prevent burning. Several important
factors influence the process, such as temperature, the rate of heating, and how
long the material stays in the reactor. The factors mentioned above influence
how products are distributed and the structural characteristics of the resulting
char B,

In the process of pyrolysis, the thermal cracking of long polymer chains
occurs, leading to the generation of three main products: solid char, liquid oil,
and gaseous hydrocarbons. The solid char acts as a precursor for the
production of activated carbon, exhibiting an increased carbon content as a
result of the elimination of volatile components. The liquid part, often called
pyrolysis oil, can be used as a fuel or a source for making chemicals. At the
same time, the gases produced can be used to power the pyrolysis process.
Pyrolysis versatility and potential for growth position it well for industrial use,
particularly in waste management and the generation of renewable energy 21,

Hydrothermal Carbonization (HTC)

Hydrothermal carbonization is a novel approach that operates at
comparatively moderate temperatures (180-300°C) in a high-pressure
aqueous environment. The hydrothermal carbonization (HTC) process entails
subjecting plastic waste to water under autogenous pressure, thereby yielding
hydrochar. HTC offers several advantages, including diminished energy
requirements and the ability to introduce oxygen-containing functional groups
onto the carbon surface 2, These functional groups enhance the material's
hydrophilicity and reactivity, making it particularly suitable for adsorption
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applications. However, the hydrophobic nature and resistance to hydrothermal
conditions of certain plastics may limit the efficacy of HTC. Such factors can
hinder the interaction between the HTC-treated material and the plastic
surfaces during adsorption, especially with plastics like polyethylene and
polypropylene, which have low surface energy.

Microwave-Assisted Carbonization

Microwave-assisted carbonization has emerged as a significant method,
distinguished by its rapid and energy-conserving heating mechanism. Unlike
conventional heating methods that rely on external heat transfer, microwave
irradiation interacts with the material at the molecular scale, resulting in
volumetric heating 41,

This approach presents several benefits, such as decreased processing
durations, consistent temperature distributions, and enhanced control over
material characteristics. Furthermore, microwave-assisted techniques can aid
in pore formation and foster structural uniformity within the resultant carbon
materials. Notwithstanding these advantages, challenges pertaining to
scalability and equipment expenses continue to be subjects of active
investigation, particularly regarding their potential to hinder the wider
adoption of microwave-assisted techniques in industrial applications 51,

The choice of a suitable carbonization method hinges on the intended
material characteristics, the specific feedstock employed, and pertinent
economic factors. Each method presents unique advantages that can enhance
the production of activated carbon from plastic waste; these encompass
heightened efficiency, diminished environmental impacts, and economic
viability, all of which are contingent upon the specific application and the
materials employed 61,

Activation Techniques

The activation phase is crucial in generating activated carbon,
significantly affecting the material's porosity, surface area, and functional
properties. This process transforms carbonized char obtained from plastic into
a highly porous nanostructure, which is particularly well-suited for adsorption
and catalytic uses. Activation methods are generally divided into two primary
categories: physical and chemical approaches, each possessing distinct
operational principles and performance characteristics 7],
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Physical Activation

Physical activation involves partially changing carbon-based materials
into a gas. Carbonization happens when materials are exposed to oxidizing
gases, like steam or carbon dioxide, at high temperatures, usually between 800
and 1000°C. This process causes the carbonized material to react with the
activating agent, which then creates pores in the carbon structure [,

The usual way to activate COT is through this reaction:
C+COl — 2CO

This reaction, which absorbs heat, effectively removes carbon atoms from
the solid, leading to the creation of micropores. Similarly, steam activation
involves reactions that produce hydrogen and carbon monoxide, which then
help to create pores.

Physical activation offers significant benefits, mainly because it's
straightforward and doesn't use chemicals, making it an environmentally
friendly method. However, activated carbon created this way often has a
smaller surface area and a less consistent pore size distribution compared to
carbon made through chemical activation. Moreover, the process requires both
high temperatures and long processing times. Therefore, such methods could
lead to increased energy use, which might lessen some of the environmental
benefits gained by avoiding chemical additives (.

Chemical Activation

Using plastic waste as a starting material, chemical activation is often
considered the most effective method for producing high-quality activated
carbon. After being treated with chemical activating agents, the carbon
precursor is heated at a relatively low temperature—typically between 400 and
800°C. Chemical activation presents several advantages, including a
significantly larger surface area, an improved pore structure, and more precise
control over the distribution of pore sizes. This method effectively combines
carbonization and activation into a single process, which increases overall
efficiency. Commonly used activating agents include potassium hydroxide
(KOH), sodium hydroxide (NaOH), zinc chloride (zZnCI(J), and phosphoric
acid (HJPO7) I,

The resulting carbon structure is affected differently by each of these
agents. KOH and NaOH, for example, are known for creating highly
microporous structures with very large surface areas. In contrast, ZnCIr] and
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HOPOLO tend to promote the formation of mesopores, which helps to
strengthen structural stability “3,

Mechanism of Chemical Activation

The process of chemical activation can be exemplified by potassium
hydroxide (KOH), one of the most frequently used activating agents. The
process entails a sequence of intricate reactions taking place at high
temperatures 12,

Initially, potassium hydroxide (KOH) undergoes dehydration and
decomposition, followed by a reaction with carbon to form potassium
carbonate (K[JCOM). As the temperature rises, KIICOT[ is further reduced,
resulting in the creation of metallic potassium (K) and gaseous byproducts,
including carbon monoxide (CO) and carbon dioxide (CO[1). The
incorporation of metallic potassium into the carbon lattice leads to an
expansion and a weakening of the material's structure 31,

The process of intercalation creates internal stress within the carbon
matrix, which then causes the formation and growth of pores. After the cooling
process and thorough washing, the metallic species and leftover compounds
are eliminated, resulting in a highly porous carbon structure. The activated
carbon produced displays a highly developed network of micropores and
mesopores, which enhances its adsorption capacity significantly (41,

Process Optimization

The efficacy of activated carbon derived from plastic waste is
substantially contingent upon process parameters, necessitating precise
optimization to achieve the desired attributes. The activation temperature is a
critical determinant, exerting a considerable influence on the extent of
chemical reactions and pore development. Elevated temperatures typically
enhance porosity; however, uncontrolled conditions may lead to pore collapse.
Furthermore, the impregnation ratio significantly impacts the degree of
chemical interaction and pore formation 1,

This ratio is the mass of the activating agent compared to the mass of the
precursor. A precise ratio is essential for balancing the creation of pores with
maintaining the material's structural integrity. The time it takes for activation
to occur significantly affects both the duration of the reactions and the
resulting pore structure (61,

Increased activation can lead to a larger surface area. However, it might
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also result in a lower yield, possibly because of overburn. The use of activated
carbon in specific industrial applications requires careful control and
optimization of its physical and chemical properties [*7],

Literature Review

Activated carbon has gained popularity in recent years. Due to its
numerous applications in a wide range of industries, extensive research
conducted over the past few decades, it's clear that activated carbon is a
valuable resource that has the potential to revolutionize various industries if
production costs are reduced. Many waste plastic materials have been studied
for obtaining A.C., and processes have been developed for preparation and
specific usage by varying the temperature and activating agent. Activated
carbon attracts many researchers due to its inherent quality for wastewater
treatment, dye removal, air purification, and other applications. Some recent
work done in this regard is discussed in this section.

Md. Golam Kibria al “® The study by the authors aims to determine the
location of plastic trash and the contamination of terrestrial and aquatic
ecosystems. Furthermore, substantial research is being undertaken on various
plastic waste treatment methods and the issues associated with implementing
sustainable plastic waste management regulations. Increased plastic trash
production depletes soil fertility, pollutes water, and affects ecosystems and
nearby waters. This study focuses on the basic management principles for
plastic trash in terrestrial and aquatic environments, as well as the constraints
of waste recycling.

Lubna Yagoob et al 1t has been stated in their work that carbonaceous
materials have been obtained from one of the thermal recycling methods,
pyrolysis into carbon-derived nanotubes, activated carbon, and graphene.
Pyrolysis is a useful decomposition process that involves heat treatment at
300-850°C in an anoxic environment.

Sadashiv et al B% Active carbon has been reviewed to give systematic
knowledge about activated carbon. How the activated carbon was used earlier
and what the modification is in the current scenario are also examined. In their
study, the authors find several processes to develop activated carbon, mainly
physical and chemical activation. Because of its extended surface area and
enhanced porosity, AC has a high adsorption capacity. The composition of AC
is an important factor in determining its adsorption capacity.

J. A. Menendez-Diaz et al ®1 It has been stated in this work that activated
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carbon can be produced through physical (thermal treatment) activation and
chemical activation, which are the two most commonly used methods. The
two main types of carbon absorbents are granular activated carbon and
powdered activated carbon, which are classified based on their size. Powdered
activated carbon forms 50% of the total amount of activated carbon produced.
Powdered activated carbon is good for treatment in liquid-phase applications
because it takes less time than granular activated carbon to reach an
equilibrium state. The amount of carbon, contact time, and type of carbon used
depend on the required level of purification. Granular activated carbon has a
lower pressure drop compared to powdered activated carbon and has a high
abrasion index and apparent density. Granular activated carbon is also
reusable and can be reactivated multiple times, making it a cost-effective
adsorbent.

Moses Jeremiah Barasa Kabeyi et al °?1 In this review work, the author
focused on the carbonization temperature of various plastic materials and its
effects on the surface properties of AC. Carbonization temperature ranged
between 300 °C to 500 ‘C. At 300°C, carbonization is incomplete; at 350 °C,
carbonization was completed; at 400 °C, samples were converted into ash.
According to the author, the highest carbonization temperature for creating
activated carbon from plastic waste is 350°C, with a carbonization time of two
hours.

Zoha Heidarinejad et al ™% The author has studied that activated carbon
treated with KOH has superior adsorption efficacy compared to other alkaline
solutions. KOH has a better surface quality and performs better than NaOH in
many applications. Physical and chemical impregnation are to most common
methods to develop activated carbon. A comparison of the two procedures
demonstrates that the physical method has been found superior in a
comparative study between two methods with a more porous structure and
bigger pore volume than activated carbon produced through chemical
impregnation.

Balpreet Kaur et al % reviewed that FTIR is a fundamental
characterization for identifying changes in functional groups in carbonized
charcoal derived from plastic waste after chemical impregnation. The FTIR
study of carbonized charcoal made from plastic trash displays significant
peaks near 3400 cm™ and 1600 cm™*, which correspond to O-H stretching, and
the significant peaks near 1080 cm™ define the C-O-C stretching in aromatic
ethers. This research work elaborates on the importance of FTIR study for
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analyzing the functional group availability in activated carbon after chemical
impregnation.

Cleiton A. Nunes e and Mario C. Guerreiro P In this study, the
procedure for confirming the degree of activation in char samples using iodine
and methylene blue has been studied in detail. Both methods work sufficiently
to profile the activation density in carbon in the calculation of both size and
density.

Christian Blaker et al. B8 In their work, the authors found that the
CHNS analysis is a method for determining a sample's elemental composition.
The sample has a small size, a weight of approx 4 mg is used for analysis, and
it should be moisture-free. CHNS analysis was found to be critical for
determining the content of various elements in the sample. This approach
delivers precise and accurate elemental composition data for a variety of
organic and some inorganic substances.

Jiang Changjia et al. B The advantages and dominance of activated
carbon are shown in the present study. Its widespread application in
wastewater treatment, activated carbon is used in combination with other
absorbents and with various techniques due to its great adsorption capacity.

Amit Bhatnagar et al 58 The author has demonstrated the effectiveness
of activated carbon in eliminating biotic and inorganic components from the
waste stream of water. After activation, the functional groups, morphology,
and pore structure were altered effectively, making it most susceptible to the
removal of organic-inorganic contaminants.

Structural and Physicochemical Properties

The efficacy of activated carbon produced from plastic waste is
fundamentally determined by its structural and physicochemical properties.
These attributes directly influence the material's adsorption capabilities, its
selectivity, and its applicability across various industrial applications. Crucial
factors encompass surface area, pore structure, surface chemistry,
morphology, and structural arrangement; each of these is shaped by the
precursor material and the specific processing conditions employed 9,

Surface Area and Porosity

Activated carbon is known for its very large surface area and its highly
developed porous structure. The porosity is generally hierarchical, comprising
micropores (<2 nm), mesopores (2-50 nm), and macropores (>50 nm), with
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each type serving a specific function in adsorption processes. Micropores are
crucial for determining surface area and are primarily responsible for the
adsorption of small molecules, encompassing gases and low-molecular-
weight contaminants. Mesopores facilitate the diffusion and adsorption of
larger molecules, including dyes and organic pollutants; conversely,
macropores function as transport channels, thereby promoting effective mass
transfer into the internal pore network [,

The distribution and size of these pores, which are critical factors, can be
modified through activation techniques and process conditions. Activated
carbon derived from plastic, particularly when subjected to chemical
activation, generally exhibits a substantial quantity of micropores alongside
interconnected mesoporous structures, which consequently enhances overall
adsorption efficiency 64,

Surface Chemistry

The adsorption behaviour of activated carbon is strongly influenced by
the chemical properties of its surface, along with its physical structure. The
interaction between an adsorbent and the molecules it targets is significantly
influenced by the presence of various functional groups, such as carboxyl,
hydroxyl, carbonyl, and lactone groups. These surface functional groups are
generally categorized as either acidic or basic. Acidic groups significantly
improve the adsorption of metal ions by facilitating electrostatic attraction and
complexation processes. In contrast, fundamental groups help organic
compounds stick to surfaces, particularly those with electron-deficient
structures. This happens through interactions between r-electron clouds and
donor-acceptor mechanisms 62631,

Morphology and Nanostructure

Complex nanoporous frameworks define the structure and nanoscale
features of activated carbon, which is made from plastic waste. These
structures are characterized by interconnected pore networks. This provides a
large, accessible surface area that supports adsorption processes. At the
nanoscale, materials usually have a mix of disordered carbon and some
organized graphitic structures. Graphitic structures improve electrical
conductivity, which is beneficial for energy storage applications like
supercapacitors. Activated carbon also has structural flaws, including missing
atoms, edges, and areas with disordered structures 641,
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Testing and Characterization Techniques

A comprehensive examination of activated carbon derived from plastic
waste was undertaken, employing a range of characterization techniques. To
evaluate process efficiency, the carbonization yield and the percentage yield
of activated carbon were ascertained. CHNS elemental analysis was
conducted to determine the elemental makeup, focusing on carbon, hydrogen,
nitrogen, and sulfur, thus providing data on both purity and carbon content.
The iodine number was assessed to evaluate micropore content and adsorption
capabilities. Surface morphology and pore structure were subsequently
analyzed via scanning electron microscopy (SEM), yielding crucial
information regarding texture and porosity. Finally, Fourier-transform
infrared spectroscopy (FTIR) was employed to characterize the chemical
structure and functional groups, thereby confirming the existence of oxygen-
containing groups. These methods together provided a thorough assessment
of the structural, chemical, and adsorption characteristics of the produced
activated carbon.

Brunauer—Emmett-Teller (BET) analysis

The surface properties of the activated carbon samples were assessed
using Brunauer-Emmett-Teller (BET) analysis. The investigation used
nitrogen adsorption-desorption isotherms at 77 K to determine the specific
surface area, total pore volume, and pore size distribution.

The acquired isotherm profiles facilitated the categorization of pore
structures into micropores, mesopores, and macropores. The parameters under
consideration are critical for understanding adsorption behaviour; specifically,
a larger surface area and well-developed porosity significantly enhance
adsorptive performance [651,

X-ray Diffraction (XRD)

X-ray Diffraction (XRD) was utilized to investigate the structural
arrangement of the produced activated carbon. The diffraction patterns
primarily exhibited broad peaks, which are indicative of the amorphous and
disordered nature of the carbon matrix; conversely, the presence of somewhat
sharper reflections suggested the formation of limited graphitic domains. The
analysis helped determine the samples’ crystallinity and structural
arrangement. Using these characterization methods together allows for a
thorough assessment of activated carbon. This helps refine how we make it
and supports the creation of high-performance materials for various industrial
and environmental uses [,
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Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was utilized to evaluate the thermal
characteristics and compositional integrity of the synthesized activated
carbon. This study focused on observing how weight changed in relation to
increasing temperatures in a controlled environment. The initial reduction in
weight at lower temperatures was linked to the elimination of physically
adsorbed moisture, succeeded by the breakdown of volatile components at
intermediate temperatures. The remaining mass observed at higher
temperatures indicates the amount of ash and the presence of inorganic
materials. The methodology employed vyielded significant information
regarding the material's thermal stability, purity, and decomposition
characteristics; consequently, this facilitated an assessment of its applicability
in high-temperature environments and enhanced the carbonization and
activation procedures 671,

Yield of Carbonization Process

Accurately weigh 1gm of waste of specific plastic trash and transfer it to
a pre-weighed crucible. Put the crucible in the muffle furnace at specific
temperature for 2 hours. After pyrolysis and cooling, remove and reweigh the
crucible to calculate the char content using the following Eq. (1) [,

Yield of carbonization process (H)= 100 x
m Carbon /

1 Plastic: - rrererreeeeeeees €))
Percentage of The Yield

Yield is defined as the carbon content in prepared activated carbon; the
relation for calculating the yield is expressed by Eq. (2).

Weight of activated carbon produced (g)

Yield % =100 - -
ield % x Weight of dried precursor used (g)

Chns Analyzer

CHNS is a scientific instrument used to determine the elemental
composition of a sample, generally the proportions of nitrogen (N), sulfur (S),
carbon (C), and hydrogen (H).

This instrument provides information about inherited elements such as
carbon, hydrogen, nitrogen, and sulphur. Oxygen is analyzed separately.

129|Page



Advances in Multidisciplinary Research and Development (Vol. 21) ISBN - 978-93-7678-961-0

Furthermore, trace amounts of nitrogen, hydrogen, and sulphur can be
accurately detected next to a huge carbon peak, resulting in the greatest
simplicity and precision. This Elemental analyzer has an outstanding
combination of the best limits of detection and accuracy, tool-free
maintenance, extraordinary instrument uptime, and the lowest noise emission
in commercial applications. In combination with the smooth functioning
thermo conductivity detector %,

lodine Number

The ASTM D 4607-94 test method establishes a defined process for
determining the iodine number of activated carbon. The iodine number
quantifies how much iodine, in milligrams, is absorbed by one gram of
activated carbon when subjected to specific experimental parameters. This
value is denoted in international system units as mg/g. The technique entails
an iodometric titration where a dilute iodine solution (0.1 Normality) is titrated
against sodium thiosulfate (0.1 Normality) until the blue-black starch indicator
complex forms, showing the endpoint of the reaction. Additional activated
carbon samples were tested to investigate how this property varied under
different preparation conditions and pore sizes. The results help explain why
certain activated carbons are favored for specific industrial adsorption
processes. The procedure is taking a blank reading followed by a reading with
activated carbon. This formula is used for calculating the iodine number /0741,

lodine number = C x Conversion factor (mg/g)
C = Blank reading — Absorbed reading (reading with AC)

The molecular weight of Iodine x Normality of Iodine x 40

Conversion factor =
Weight of Carbon x Blank reading

Scanning Electron Microscope (SEM)

Morphological structure and surface alignment in the sample are analyzed
by SEM Spectroscopy. Electron microscopes are unique in their capacity to
illuminate specimens with a particle beam of electrons, producing massively
magnified images with outstanding resolving power. Unlike light
microscopes, they can study specimens at much lower scales. Electron
microscopes can measure features as small as 50 nm, providing vital insights
into morphology, topography, crystallographic organization, and elemental
composition. Their applications are varied, encompassing engineering,
biotechnology, health sciences, molecular and cellular biology and structural
biology ['2731,
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Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is used to find the
chemical bonds present in prepared samples. FTIR spectroscopy is a technique
for obtaining information based on the concept that the interference of
radiation between two beams produces an interferogram. The latter is a signal
generated as a result of the path length difference between two beams reflected
by two mirrors. The solid samples can be prepared using techniques like
pelletizing with KBr. The FTIR relies on interferometry to collect data about
a material placed in the IR beam. The spectra generate specific molecular
fingerprints, which can be used to scan the samples for various components
present.

Adsorption Mechanisms

The effectiveness of activated carbon made from plastic waste depends
on complex physical and chemical interactions between the adsorbent's
surface and the substance being adsorbed. The interactions are generally
classified into physical and chemical adsorption mechanisms, underpinned by
mathematical models that elucidate equilibrium behaviour and adsorption
rates. Grasping these mechanisms is crucial for refining material design and
improving performance tailored to specific applications [4],

Physical Adsorption (Physisorption)

Physical adsorption, also known as physisorption, is fundamentally
influenced by weak intermolecular forces, including Van der Waals
interactions. These forces emerge from the transient dipoles that develop
between the surface of the adsorbent and the molecules of the adsorbate.
Physisorption is typically defined by low adsorption energies (usually <40
kJ/mol), which renders the process reversible. In activated carbon,
physisorption primarily takes place within micropores, where the closeness of
pore walls amplifies the interaction potential. This mechanism demonstrates
notable efficacy in the adsorption of gases such as CO[J and CH(1, as well as
low-molecular-weight organic compounds. Factors such as surface area, pore
size distribution, temperature, and pressure significantly affect the degree of
physisorption. The reversible nature of physisorption facilitates the
straightforward regeneration of activated carbon, presenting a significant
advantage for cyclic adsorption processes [,

Chemical Adsorption (Chemisorption)

Chemisorption, also known as chemical adsorption, happens when the
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adsorbate interacts strongly with the functional groups on the activated carbon
surface, creating strong chemical bonds. These interactions can involve
covalent bonds, ionic interactions, or coordination complexes. These
processes often lead to increased adsorption energies, frequently exceeding 80
kJ/mol. Chemisorption usually shows hoth selectivity and irreversibility,
which leads to the formation of stable surface complexes [61,

This process is essential for removing heavy metals, toxic gases, and other
harmful chemicals. The presence of surface functional groups, such as
carboxyl, hydroxyl, and carbonyl groups, significantly improves
chemisorption by providing active sites that facilitate bonding. Moreover,
surface modification strategies can be employed to tailor the chemical
reactivity of activated carbon for specific applications; for instance, to
augment its adsorption capacity for particular pollutants or to optimize its
efficacy in water treatment procedures ["7],

Adsorption Isotherms

Adsorption isotherms describe the relationship between how much
adsorbate is adsorbed and its concentration when the system is in equilibrium,
assuming the temperature stays the same. These models play a crucial role in
elucidating adsorption capacity and surface characteristics. The Langmuir
isotherm suggests that adsorption happens in a single layer on a uniform
surface, which has a limited number of identical sites. This model is based on
the idea that once a site is filled, no more adsorption can occur there. This
model is especially useful for systems where chemisorption is the main
process, providing parameters like the maximum adsorption capacity 8],

The Freundlich isotherm serves as an empirical model that characterizes
adsorption on surfaces that are heterogeneous. The model posits that
adsorption takes place on sites characterized by differing energy levels and
accommodates multilayer adsorption processes. This model demonstrates
broad applicability to activated carbon systems, owing to their inherently
diverse surface structure, which allows for effective adsorption of various
contaminants and pollutants in environmental applications [,

Adsorption Kinetics

Adsorption kinetics examines how quickly adsorption processes happen
and the factors that affect them. Kinetic models often use either pseudo-first-
order or pseudo-second-order kinetics to explain the behaviours they observe.
According to the pseudo-first-order model, the speed of adsorption is directly
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related to the number of available sites that aren't already occupied.

This model is most useful in the early stages of adsorption and in systems
where physisorption is the main process. In contrast, the pseudo-second-order
model suggests that the adsorption rate is directly related to the square of the
number of available sites. This characteristic is often linked to chemisorption
processes. This model demonstrates enhanced applicability in systems where
substantial interactions between the adsorbate and adsorbent are present, as
observed in high-capacity adsorption situations where chemical bonding is
paramount. A comprehensive understanding of adsorption mechanisms,
isotherms, and kinetics is essential for the effective design of activated carbon
materials and the optimization of their performance in various industrial
contexts [,

Multisector Industrial Applications of Plastic-Derived Activated Carbon

Activated carbon (AC) derived from plastic waste demonstrates
remarkable physicochemical characteristics, such as a high surface area,
adjustable porosity, and adaptable surface chemistry, establishing it as a highly
effective material in various industrial applications. The ability to customize
the pore structure and surface properties makes it possible to optimize for
specific uses, resulting in performance that is equal to or better than that of
traditional activated carbon made from biomass or coal. The following section
provides an in-depth discussion of the main industrial applications B4,

Water Treatment

The contamination of water sources by both organic and inorganic
pollutants constitutes a major environmental challenge ®. Using activated
carbon made from plastics has been widely studied for water purification. This
is mainly because of its large surface area and complex internal structure.

Dye Removal: Removing synthetic dyes is essential because these
harmful and long-lasting substances are released into the environment through
industrial processes, especially in the textile and printing industries. Activated
carbon effectively removes dye molecules through several mechanisms,
including physical adsorption, n—mn interactions, and electrostatic attraction.
The micropores within activated carbon are capable of accommodating small
dye molecules, whereas mesopores facilitate the diffusion and adsorption of
larger dye species. Studies show that activated carbon made from PET and PS
can effectively remove over 90% of methylene blue and reactive dyes when
conditions are optimized (631,
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Heavy Metal Adsorption: In addition, the presence of heavy metals,
particularly Pb2(], Cd20), and CrJ[J, in water is a significant health risk.
Chemically activated carbon, made from plastic, has surface functional
groups, such as carboxyl and hydroxyl groups. These groups act as binding
sites, which help with complexation and ion exchange. Therefore, this
characteristic significantly improves its ability to remove metal ions from
polluted water 841,

Pharmaceutical Removal: Traditional treatment methods often struggle
to effectively remove new pollutants, such as pharmaceuticals and personal
care products. Activated carbon derived from plastic, however, presents a
potential advantage. Its adjustable porosity and surface chemistry allow it to
effectively adsorb a wide range of molecules, including both polar and
nonpolar types. This characteristic suggests a potentially useful application in
wastewater treatment facilities (%],

Air Purification

Activated carbon, a substance derived from plastic, is used to improve air
quality (661,

CO:; Capture: The effectiveness of this method comes from its ability to
trap gases. The increased microporosity of activated carbon, which is made
from plastics, helps it capture CO[1. This property allows for the selective
adsorption of CO[J molecules at both standard and high pressures, a critical
element in carbon capture and storage technologies. Moreover, the addition of
nitrogen or amine groups significantly improves the capacity and selectivity
of materials used in carbon dioxide capture 7,

Removal of Volatile Organic Compounds (VOCs): Industrial waste
often contains Volatile Organic Compounds (VOCs), such as benzene,
toluene, and formaldehyde. The combination of a large surface area and a
hydrophobic surface in activated carbon made from plastics helps it effectively
adsorb volatile organic compounds. This happens because of Van der Waals
forces and hydrophobic interactions (€81,

Energy Storage

The electrochemical properties of this activated carbon, which comes
from plastic, suggest its potential for use in energy storage.

Supercapacitors: Supercapacitors benefit from their large surface area
and the conductive properties of their graphitic structures. These features help
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ions stick to the surface and store charge. As a result, this leads to better
capacitance and more consistent performance over many charge and discharge
cycles. The presence of layered porosity speeds up the movement of ions,
which improves a material's ability to store and release charge [,

Batteries: In lithium-ion and sodium-ion batteries, activated carbon (AC)
serves two main purposes: it acts as a conductive additive and is also a key
part of the electrode. This helps improve the battery's electrochemical
performance. The improvement is due to its large surface area, a carbon
structure with defects, and its adjustable porosity [°°!,

Catalysis

Plastic-derived AC serves as a highly efficient support for catalysts in
both chemical and electrochemical reactions.

Catalyst Support: The support material's elevated surface area and
robust chemical stability facilitate the even distribution of metallic
nanoparticles, thereby improving catalytic performance in processes like
hydrogenation, oxidation, and photocatalysis [°31.

Electrocatalysis: Electrocatalysis, a process that uses electricity to drive
chemical reactions, is crucial for energy conversion technologies like fuel cells
and water-splitting systems. Using alternating current (AC) improves the
performance of electrocatalysts by ensuring good conductivity, chemical
stability, and a large surface area for reactants to attach 2,

Environmental Remediation

Plastic-derived activated carbon has found application in environmental
remediation strategies.

Oil Spill Cleanup: Oil spill cleanup efforts benefit from the hydrophobic
properties and large surface area of activated carbon, which allows for the
efficient adsorption of hydrocarbons from contaminated water, thus reducing
the ecological damage associated with oil spills [,

Soil Decontamination: oil decontamination, which addresses
contaminated soils containing heavy metals or organic pollutants, employs
plastic-derived activated carbon. Adsorption effectively traps contaminants,
which reduces their potential to seep into groundwater 41,

Applications in Biomedical Fields

In the biomedical field, activated carbon is used because it's
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biocompatible, has a large surface area, and can be easily modified chemically.

Drug Delivery: Plastic-derived AC can be modified to adsorb and
subsequently release drugs in a controlled manner, presenting potential
applications in targeted drug delivery systems [}

Hemoperfusion: Hemoperfusion, a process that uses activated carbon
within devices, is employed to remove toxins and pharmaceuticals from the
bloodstream. The porous structure and biocompatibility of plastic-derived AC
render it appropriate for wvarious medical applications; however,
comprehensive biocompatibility testing is essential I,

Advantages for the Environment

Minimized Plastic Waste: Each year, countless tons of plastic refuse are
produced worldwide, with a considerable amount finding its way into
landfills, waterways, and oceans. Converting plastic into high-value activated
carbon effectively redirects this waste from natural ecosystems, helping to
mitigate the formation of microplastics and decrease long-term environmental
contamination. This Valorization approach effectively addresses the temporal
constraints inherent in plastic waste management, thereby substantially
diminishing the quantity of waste contributing to the persistent accumulation
of plastic, a major threat to biodiversity in both aquatic and terrestrial
ecosystems 7,

Reduced Landfill Utilization: Reducing plastic waste also helps lessen
the environmental damage caused by putting plastic in landfills. This includes
soil pollution, the creation of leachate, and the release of methane, which
comes from breaking down organic materials in the waste. Converting plastics
into activated carbon dramatically decreases the amount of waste that ends up
in landfills. This method helps to extend the operational life of existing
landfills, while also reducing the environmental risks linked to poor waste
management €1,

Circular Economy Contribution: Turning plastic into carbon illustrates
the basic principles of a circular economy, where waste materials are
transformed into a useful resource. This approach conserves raw materials and
reduces reliance on traditional carbon sources, which come from biomass or
fossil fuels. As a result, it lessens the environmental impact associated with
producing activated carbon (AC) [*,

Resource Efficiency: The considerable value of plastic-derived AC
fosters sustainable industrial practices by supplanting less effective or
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environmentally harmful adsorbents. Specifically, activated carbon produced
from polyethylene terephthalate (PET) or polystyrene (PS) can achieve
surface areas comparable to those of coal-derived activated carbon, utilizing a
material that would otherwise contribute to environmental contamination [0,

Future Perspectives

The realm of activated carbon derived from plastics is experiencing rapid
progress. Numerous novel approaches are poised to enhance both the
performance and the environmental sustainability of these materials 021031,

Advanced Nanomaterials: The incorporation of nanotechnology has the
potential to enhance AC performance for specific applications. Improvement
strategies involve using metallic nanoparticles, adding different atoms like
nitrogen, sulfur, and phosphorus, and creating complex nanostructures. These
methods aim to enhance how well materials can adsorb substances, conduct
electricity, and act as catalysts. Nanostructured activated carbon (AC) shows
potential for use in various fields, including energy storage, electrocatalysis,
and biomedical applications.

Green Activation Methods: Green activation methods are currently
being studied to lessen their environmental impact. Hydrothermal
carbonization, microwave-assisted activation, and activation techniques using
enzymes or biological processes offer ways to reduce energy use and the need
for chemicals. A crucial opportunity for enhancing the sustainability of these
processes lies in the development of reusable or environmentally benign
activating agents.

Al-Based Process Optimization: Using artificial intelligence to improve
processes could fundamentally change how activated carbon (AC) is produced
from plastics. Predictive models help optimize feedstock selection, activation
parameters, and material properties. This reduces the need for extensive
experimentation and speeds up the scaling process. Moreover, artificial
intelligence-enhanced simulations can predict how well pollutants are
removed, which could speed up their use in industry.

Integration with Circular Economy: Plans will focus on integrating
alternating current (AC) production with comprehensive systems for
managing waste and recovering resources. Combining plastic waste with
biomass or other industrial byproducts can create hybrid carbon materials with
improved properties, while also reducing several waste streams.

Regulatory and Policy Support: To gain widespread acceptance, we
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need support from existing regulations and policies. This includes strategies
that increase the value of plastic waste, encourage the use of sustainable
materials, and improve carbon management. Incentives for recycling, the
adoption of green technologies, and the effective management of emissions
can make the conversion of plastic to carbon both economically feasible and
environmentally advantageous.

Emerging Applications: Furthermore, beyond its use in traditional water
and air purification, activated carbon (AC) could be used in advanced energy
storage, environmental sensors, and biomedical scaffolds. Modifying AC at
the nanoscale could significantly improve its effectiveness in areas like drug
delivery, tissue engineering, and the targeted removal of pollutants.

Case Studies

Case studies that examine particular plastic feedstocks and their
subsequent uses demonstrate the practical viability of activated carbon (AC)
produced from plastics. These instances serve to emphasize the performance
characteristics and adaptability of AC sourced from waste plastics, thereby
underscoring its importance in both industrial and environmental contexts.

Activated Carbon Derived from PET

Polyethylene terephthalate (PET), a material commonly used in beverage
containers and packaging, serves as a promising precursor for high-
performance activated carbon (AC) production, given its aromatic polyester
composition and high carbon content. Activated carbon derived from
polyethylene terephthalate (PET) displays a distinct microporous architecture,
a substantial surface area frequently surpassing 2000 m#/g, and a considerable
presence of oxygenated surface functional groups, thus enhancing its
applicability in adsorption processes. Studies have shown the effectiveness of
water treatment methods, highlighting the remarkable ability of activated
carbon (AC) made from PET to remove dyes. Under optimized conditions, it
achieved removal rates ranging from 90% to 98% for methylene blue and
various other common textile dyes. The microporous framework provides
numerous attachment points for molecules, and the mesopores facilitate the
rapid movement of dye molecules [1%4],

It's noteworthy that activated carbon derived from PET demonstrates the
ability to remove heavy metals such as lead (Pb2[J) and cadmium (Cd200) from
water. The presence of carboxyl and hydroxyl groups helps with
chemisorption and complexation, which leads to the effective removal of
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metal ions. The Langmuir model is often used to describe adsorption
isotherms. This model suggests that adsorption happens in a single layer, with
all sites being the same [1%%],

The electrical conductivity of PET-derived AC is enhanced by the
graphitic domains formed during chemical activation, making it suitable for
supercapacitor electrodes. Research indicates that this material exhibits a high
specific capacitance and remarkable cyclic stability. Consequently, its utility
is underscored in both environmental remediation and energy storage
applications 11061,

Mixed Plastic Waste for CO. Capture

Mixed plastic waste, often including polyethylene (PE), polypropylene
(PP), polystyrene (PS), and polyethylene terephthalate (PET), is a complex
but plentiful source of material. Upon conversion to AC, mixed plastics yield
materials characterized by hierarchical pore structures, which demonstrate
notable efficacy in gas adsorption applications, such as the capture of carbon
dioxide. CO[J Adsorption Performance Analysis: The chemically activated
mixed-plastic AC exhibits impressive CO[J uptake capacities, frequently
surpassing 3 mmol/g under ambient conditions. The interplay between
micropores and mesopores significantly boosts gas adsorption, and the
presence of surface functional groups, such as those containing nitrogen or
oxygen, enhances COT selectivity. Adding nitrogen-doping has been shown
to improve adsorption performance by creating basic sites that make it easier
for COTJ to interact with them strongly 171,

The use of mixed plastic waste for CO[J capture plays a significant role
in diverting large amounts of post-consumer plastics from landfills and
oceans, while also aiding in the reduction of greenhouse gas emissions. The
environmental benefit highlights the strategic importance of including
activated carbon derived from plastic waste and carbon management
strategies. Studies show that shredding, washing, and sifting mixed plastic AC
before it's used improves its consistency and overall quality (%81,

The process of pyrolysis, when combined with chemical activation
methods such as KOH or ZnClI(, reliably yields materials characterized by
elevated surface area and porosity, making them ideal for applications
involving industrial COL adsorption. The combined results from these case
studies highlight the adaptability and exceptional performance of activated
carbon made from plastics 1%,
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Activated carbon synthesized from polyethylene terephthalate (PET)
demonstrates superior performance in aqueous-phase adsorption, particularly
concerning the removal of dyes and heavy metals. Conversely, activated
carbon generated from mixed plastic waste is particularly effective in gas-
phase applications, including the capture of carbon dioxide. These
observations highlight the potential for transforming readily available plastic
waste into valuable carbon nanomaterials, thus mitigating environmental
pollution and promoting sustainable industrial methodologies 71,

Conclusion

Activated carbon (AC), made from plastic, has notable physical and
chemical properties. These include a large surface area, a complex pore
structure, the ability to change its surface chemistry, and nanostructures with
many defects. These inherent properties make it useful in various fields,
including water treatment, air purification, energy storage, catalysis, and
biomedical applications. Careful control of temperature, activation time, and
chemical ratios in chemical and physical activation methods allows for the
precise manipulation of pore structure and surface properties.

Research findings provide evidence of the effectiveness of activated
carbon produced from PET in the removal of dyes and heavy metals.
Simultaneously, activated carbon synthesized from mixed plastics exhibits a
significant capacity for CO[J adsorption, thereby underscoring its potential
applicability in both liquid and gaseous phases. The environmental
consequences of converting plastic into carbon are significant, as this process
is a key part of waste Valorization. It reduces the burden on landfills and
supports efforts to create a circular economy.

However, several obstacles remain, such as differences in the raw
materials used, the energy needed for the processes, and the emissions
produced during activation. These factors could hinder the widespread use of
these technologies in sustainable practices. To achieve lasting growth, we
must overcome these obstacles by using environmentally friendly activation
methods, integrating renewable energy, and optimizing processes with
artificial intelligence. Creating activated carbon from plastic waste has two
main benefits.

This method not only reduces environmental pollution but also produces
useful functional materials applicable across various industries. This
approach, supported by ongoing technological improvements, favourable
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policies, and widespread use in various industries, shows considerable
promise in advancing sustainable materials science, improving environmental
cleanup efforts, and achieving the goals of a circular economy. Therefore, this
approach provides a foundation for both using resources efficiently and
producing nanomaterials in an environmentally friendly way.
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