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Abstract 

 

 The pharmaceutical sector has seen 

tremendous improvements in medication 

delivery technologies in recent years. 

These cutting-edge innovations, which 

range from tailored medicines to 

nanotechnology-based solutions, are 

transforming pharmaceutical 

administration and improving its efficacy. 

This chapter explores how innovations in 

personalized medicine, nanotechnology, 

and novel medication delivery methods are 

altering the precise treatment of disease. 

The emphasis is made on how innovation 

and focused interventions are reshaping the 

healthcare scene and creating a bright 

future. From ancient herbal medicines to 

contemporary drug development 

procedures, the story develops with the 

advancement of pharmaceutical science. 

The complexity of diseases, the rising cost 

of medication research, and the 

incorporation of cutting-edge technologies 

like AI-driven drug design, 3D printing, 

and nanotechnology are some of the 

elements driving this progression. 

Additionally, it examines how regulatory 

actions, rising technology, and the Industry 

4.0 revolution have affected 

pharmaceutical modernization efforts. 

Biopharmaceuticals, mRNA vaccines, 3D 

printing, nanotechnology, AI-driven drug 

development, and smart drug delivery 

systems are among the upcoming trends 

that are being investigated. This thorough 

viewpoint offers insights into the changing 

pharmaceutical industry, as well as the 

opportunities and difficulties it poses. The 

present chapter explores pharmaceutical 

trends: evolving technology, advanced drug 

delivery, biopharmaceuticals, 3D printing, 
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nanotechnology, AI in drug discovery, and 

smart delivery systems, providing insights 

into the future landscape and challenges. 
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I. INTRODUCTION TO FUTURISTIC TRENDS IN PHARMA AND DRUG 

DELIVERY 

 

 Emphasizing the vital role of the pharmaceutical industry, this chapter explores 

groundbreaking trends in drug delivery systems. These advances, spanning personalized 

medicine to nanotechnology, are revolutionizing disease treatment with enhanced precision. 

The broadening array of drug delivery techniques, encompassing implants and gene-based 

therapies, holds the potential for elevated patient outcomes. The evolving healthcare 

panorama is characterized by innovation and targeted interventions, shaping a promising 

future. 

 

1. Evolution of Pharmaceutical Technology: The pharmaceutical industry stands as a 

pivotal and swiftly advancing sector globally. With its role encompassing the creation and 

manufacturing of remedies addressing a spectrum of ailments, from everyday illnesses to 

life-threatening conditions, the industry's evolution has been remarkable. From its 

inception to the present day, the industry has consistently pushed the boundaries of 

innovation to enhance the entire drug development process, encompassing formulation, 

production, and delivery. 

 

  Embedded within the pharmaceutical sciences, pharmaceutical technology 

pertains to the intricate domains of drug composition, formulation, preparation, 

manufacturing, and quality control for both custom-prepared and commercially produced 

medications. It encompasses the multifaceted processes that underpin the creation of 

pharmaceuticals, optimizing their effectiveness and safety. This facet of the industry 

harmonizes with the overarching goal of refining treatment methodologies, ensuring that 

the drugs developed offer maximum therapeutic value while minimizing potential 

risks(Pharmaceutical Technology Core Concepts - Czech Pharmaceutical Society, 

n.d.).The pharmaceutical industry, a rapidly evolving cornerstone of modern society, 

traces its roots to an age where the journey of drug discovery was influenced by the 

relentless pursuit of overcoming illnesses. People's keen observations and recognition of a 

plant's healing properties, often through trial and error, played a pivotal role in this 

process.These traditional methods, an interplay of ancient wisdom and practicality, 

formed the foundation upon which the industry now stands(Sumner, 2001). 

 

  Addressing the discovery of aspirin as a historical example for early 

pharmaceutics, the story of the willow tree (Salix sp.) unfolds across the annals of time, 

etched in clay tablets and historical accounts(Wells, 2003). The narrative of aspirin's 

lineage extends back over 3500 years. In ancient times, willow bark's pain-relieving 

properties remained unknown to the Sumerians and Egyptians who employed it, with 

salicin, its active agent, forming the bedrock for aspirin's eventual discovery (Lévesque & 

Lafont, 2000; Desborough & Keeling, 2017; Montinari et al., 2019).  Willow leaves were 

used to treat a variety of diseases in Assyrian records from the Sumerian era (3500-2000 

BC). Similarly, the Babylonians used willow tree extracts to treat fever, discomfort, and 

inflammation. This botanical heritage continued, with the Greek physician Dioscorides 

advocating willow bark for inflammation reduction, a practice that merged plant 

properties with medical wisdom to illuminate an early instance of pharmaceutics, 

healthcare, and drug development (Chevallier, 1996; King, 1974; Burns &Fulder, 2002). 
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  As centuries marched forward, the historical curtain rises on the 18th century, 

initiating the modern era of aspirin discovery. The story of aspirin, now one of the most 

widely used drugs worldwide, begins with its birth in 1897. The evidence of willow bark's 

analgesic use emerged in 1862 through artifacts that dated back to the 1500BC, one of 

them currently known as the Edwin Smith Surgical Papyrus and the other one called 

Ebers Papyrus, detailing ancient herbal remedies and the use of salix (willow) for pain 

relief(Bryan, 2021). Through the rise and fall of empires, willow bark's healing attributes 

persisted, endorsed by eminent figures like Hippocrates and Pliny the Elder(Lévesque 

&Lafont, 2000; Lichterman & Diarmuid, 2004; Desborough & Keeling, 2017; Montinari 

et al., 2019).The advancement of natural remedies gained momentum with the revelation 

of the fever-relieving properties of cinchona bark. Reverend Edward Stone, in 1763, 

investigated the use of willow bark, laying the foundation for its potential in treating 

fevers(Stone, 1763). The journey continued with pioneers such as Johann Buchner and 

Pierre-Joseph Leroux refining willow bark into crystalline forms, eventually leading to 

the isolation of salicylic acid. The journey culminated in 1897 when chemist Felix 

Hoffmann synthesized aspirin, a significant stride toward modern medicine(Lévesque 

&Lafont, 2000, Desborough & Keeling, 2017 and Montinari et al., 2019). This historical 

narrative bridges the past with the present, revealing the inception of pharmaceutical 

technology. 

 

  From these historical origins, the pharmaceutical industry emerged as an agent 

of transformation. Rooted in large-scale production of drugs, including organic chemicals 

and dyes, the industry's impetus gained traction post-World Wars. A pivotal shift in global 

perspective saw the recognition that technological progress could eclipse the devastation 

wrought by conflicts. The potential to heal and restore lives through innovative 

compounds became evident, spurring the establishment of enterprises dedicated to 

concocting remedies for injuries and diseases caused by pathogenic microorganisms.This 

fervent pursuit of improvement aligned with nations' aspirations to elevate their standing 

and enhance life expectancy. The quest for novel compounds designed to combat ailments 

became an emblem of progress. The historical thread woven through the discovery of 

aspirin and the evolution of pharmaceutical technology merges seamlessly with this 

narrative, forging a continuum of innovation that reverberates through the ages. The 

exploration of historical remedies and the evolution of modern pharmaceuticals converge 

to illuminate a tapestry of progress, fueled by the indomitable human drive to conquer 

challenges and elevate the well-being of societies worldwide (Malerba & Orsenigo, 

2015). In this intriguing tapestry of history and innovation, the pharmaceutical industry 

emerges as an ever-evolving force, propelled by the legacy of the past and the inexorable 

drive to enhance human well-being. 

 

2. Need for Advancement in Pharmaceutical Technology: The pharmaceutical industry 

has been an instrumental force in enhancing global well-being over the last several 

decades, contributing significantly to increased life expectancy and the stability of 

healthcare systems (IFPMA, 2022). As the industry continues to evolve, driven by a 

multitude of factors, its pivotal role in both healthcare and the global economy becomes 

increasingly evident. This dynamic evolution is underscored by the constant push for 

innovation and modernization, shaping a landscape characterized by groundbreaking 

technologies and novel approaches to drug development, manufacturing, and delivery. 
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  One of the foremost drivers propelling the evolution of the pharmaceutical 

industry is the escalating complexity of diseases. The ever-deepening understanding of 

the molecular underpinnings of various ailments has empowered scientists to develop 

treatments with enhanced precision and efficacy. Personalized, targeted medications have 

emerged, diverging from the conventional approach (Schmidt et al., 2020). 

 

  The escalating costs associated with drug development further fuel the 

industry's transformation (IFPMA, 2022). With the price tag of bringing a new drug to 

market soaring into the billions, pharmaceutical companies are compelled to explore 

innovative avenues to mitigate expenses (Destro and Barolo, 2022). This financial 

pressure has catalyzed a quest for cost-reduction strategies throughout the drug 

development lifecycle, from research and discovery to manufacturing and distribution. 

The industry's financial landscape has also led to a shift in focus towards diversification 

and the pursuit of new revenue streams. 

 

  The integration of advanced technologies defines the modernization of the 

pharmaceutical industry. Innovations like AI-driven drug design and 3D printing 

streamline drug discovery and delivery. Deep learning expedites drug repurposing, using 

patterns to uncover molecular relationships, enhancing efficiency (Nag et al., 2022; Pan et 

al., 2022). 3D printing aids personalized medicine by creating drugs for specific patients, 

particularly in hospital settings (Wang et al., 2023). Nanotechnology transforms drug 

delivery, with nanoparticles targeting cancer cells, minimizing side effects. Despite 

challenges, nanoparticles hold promise for cancer treatment (Tracey et al., 2021; Waheed 

et al., 2022). In summary, these innovations reshape pharmaceuticals, delivering precise 

treatments for enhanced patient outcomes. 

 

  Undoubtedly, COVID-19 spotlighted the pharmaceutical industry's agility and 

innovation. Swift vaccine and treatment development showcased its adaptability under 

duress. This crisis spurred remote marketing, while research focus shifted to COVID-19 

treatments. Long-term impacts include approval delays for non-COVID drugs and supply 

chain disruptions, fostering self-sufficiency. Economic downturn might slow growth, with 

ethical concerns emerging in increased clinical research. Altered consumption habits due 

to hygiene practices and telemedicine's rise are transforming healthcare delivery. This 

response demonstrates the industry's resilience and adaptability, heralding shifts from 

production to healthcare in response to global challenges (Ayati et al., 2020).  

 

  The Industry 4.0 revolution has emerged as a revolutionary force in this 

setting. This change in thinking entails the digitization and automation of processes, 

aiming for autonomous decision-making through algorithmic operations. Industry 4.0 not 

only streamlines operations and reduces costs but also aligns with regulatory objectives 

for improved quality assurance and faster time-to-market (Destro & Barolo, 2022). 

 

  Moreover, the pharmaceutical sector is influenced by an intricate interplay of 

regulatory initiatives. The foundation for modernisation efforts is laid by current good 

manufacturing practices (cGMPs), process analytical technology (PAT), and quality by 

design (QbD). As the industry adopts these frameworks, emerging technologies like 

continuous processing, closed-loop control, and mathematical modeling are poised to 

redefine pharmaceutical development and manufacturing (Destro and Barolo, 2022). 

7



Futuristic Trends in Pharmacy & Nursing 

ISBN: 

IIP Series, Volume 3, Book , Part ,Chapter  

NAVIGATING THE HORIZON: EXPLORING FUTURISTIC TRENDS IN PHARMACEUTICALS AND 

DRUG DELIVERY SYSTEMS 

 

Copyright © 2023 Authors                                                                                                        Page 

  This chapter delves into future trends in pharmaceuticals and drug delivery. It 

examines the evolution of pharmaceutical technology and the need for advanced drug 

delivery methods. The text explores biopharmaceuticals like monoclonal antibodies and 

mRNA vaccines, as well as 3D printing for personalized medicine. Nanotechnology's 

impact on drug delivery, AI and machine learning in drug discovery, as well as intelligent 

drug delivery systems are discussed. The chapter concludes with insights into the future 

landscape and challenges of drug delivery, offering a comprehensive view of the evolving 

pharmaceutical field. 

 

II. BIOPHARMACEUTICALS AND NOVEL THERAPEUTIC MODALITIES 

 

 Biopharmaceuticals are a class of pharmaceutical goods that include any biological 

product created by or from living organisms utilizing recombinant DNA technology, such as 

therapeutic proteins, vaccines, and cellular and gene therapies. More than 300 

Biopharmaceutical drugs have entered the market in the last 40 years. According to a recent 

analysis on the utilization of the many accelerated medication development and review 

programs provided by the US Food and medication Administration (FDA) between 2008 and 

2021, 97 of 139 (70%) approved biologic drugs used one or more expedited programs 

(Schaefer et al, 2023). These products' biological origins can offer novel mechanisms of 

action for treating a range of indications (such as cancers, autoimmune diseases, genetic 

disorders, or infectious diseases), and the therapeutic recombinant proteins that are currently 

commercially available range from hormones and growth factors to interferons and enzymes 

(Szkodny et al, 2022).   

 

1. Monoclonal Antibodies and their Applications: A novel family of drugs known as 

monoclonal antibodies (mAbs) binds extremely precise targets or receptors.The 

development of mAbs with novel biological properties, such as humanized, chimeric, or 

murine, as well as the widely utilized hydrodoma method, represents a significant medical 

advancement and has the potential to greatly improve disease management. 

 

 
 

Figure 1: Applications of Monoclonal Antibodies (Ansar & Ghosh, 2013; Mahmuda 

et al, 2017) 
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  A popular methodology for creating therapeutic antibodies from nonhuman 

origins is the hybridoma technique. In this method, immortal myeloma cells are fused 

with B lymphocytes that have been isolated from mice who have received an antigen 

vaccination. Antigen-specific mAbs are produced by hybridoma cells, however fusion 

efficiency can be poor and nonhuman mAbs may have negative downstream effects 

(Mokhtary et al., 2022). Peter M. Bowers and colleagues developed a novel method for 

collecting and producing human antibodies by combining in vitro somatic hypermutation 

(SHM) and mammalian cell display. SHM is reliant on the B cell-specific enzyme 

activation-induced cytidine deaminase (AID), which can be produced as recombinant 

AID in non-B cells. This method allows for direct antibody selection and full-length, 

glycosylated IgG maturation. This technique has been used on lines of human B cell 

lymphoma (Chaudhuri et al., 2004).   

 

  For a variety of scientific and therapeutic applications, monoclonal antibodies 

that target carbohydrate chains (glycans) are essential. Glycans are crucial for cellular 

functions such as protein folding, adhesion, and signaling. Anti-glycan antibodies are 

necessary for identifying and comprehending their biological functions. For studying 

current anti-glycan mAbs and finding novel ones, glycan microarrays are useful tools. 

However, there is little unified data on the majority of anti-glycan mAbs. This problem is 

addressed by the Database of Anti-Glycan Reagents (DAGR) and GlycoEpitope, which 

offer details on current anti-glycan mAbs, including targets and sources. Anti-glycan 

mAbs that are more advanced, superior, and varied are still needed. The discipline would 

benefit greatly from a comprehensive, searchable database of anti-glycan mAb sequences 

(Gillmann et al., 2023).  

 

  Changes in the biomarkers of the MAB targets and subsequent processes 

support the effects of anti-amyloid MABs on the underlying neurobiological mechanisms 

of Alzheimer's Disease (AD). The FDA has approved two anti-amyloid monoclonal 

antibodies for the treatment of Alzheimer's disease (AD), lecanemab and aducanumab. 

These treatments are the first disease-modifying drugs to delay clinical deterioration by 

interfering with the illness's fundamental molecular processes. These ground-breaking 

medications can halt the development of severe cognitive impairment due to AD 

(Cummings et al., 2023).  

 

2. mRNA Vaccines and Gene-Based Therapies: In order to alter a protein's expression or 

cause other recognizable changes, therapeutic genetic material is delivered to a target 

tissue during gene therapy. While germline or somatic cells can be employed for gene 

therapy, somatic cells have been the focus of the majority of studies and medication 

development. 

 

  mRNA vaccines have been developed for several disorders, such as infectious 

diseases and specific cancer vaccines. The COVID-19 vaccines developed by Pfizer-

BioNTech and Moderna are two significant examples of how the COVID-19 pandemic 

has propelled research toward mRNA vaccines for infectious diseases. The FDA approved 

the first two SARS-CoV-2 mRNA vaccines in 2020. Both vaccines were developed as 

LNPs that encapsulated mRNA with ionizable lipids. Among the other mRNA vaccines 

for infectious diseases now being developed is an LNP-based vaccination based on 

influenza A and B viruses that encode hemagglutinin antigens. The goal of mRNA cancer 
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vaccines is to boost cellular immunity by targeting tumor antigens. The BNT112 and 

BNT113 vaccines, which are tailored to certain individual mutations, and the FixVac 

BNT111 vaccine, aimed at four melanoma TAAs, are two examples. For the treatment of 

different cancers, the safety, tolerability, and effectiveness of the BNT122 combination 

vaccination are currently being examined (Fayez et al., 2023).  

 

  As a result of advancements in cancer biology, over 40% of cancer patients 

may experience a better quality of life thanks to monoclonal antibodies that can treat a 

variety of tumors more quickly and affordably. This study is regarding CAR-T cell 

therapy, a cell gene therapy that employs a chimeric antigen receptor to make a 

monoclonal antibody, CAR. Patients' T cells are taken out and modified so that they will 

attach to the cancer cell antigen CD19 and kill it. Despite being FDA-approved, it is not 

very popular (Srirapu et al., 2023).  

 

  Due to its modular architecture, effectiveness, and adaptation to novel viruses, 

inhalable mRNA vaccines provide shelf-stable, long-lasting protection against respiratory 

diseases. To address specific translational issues in the lung formulation and delivery 

environment, Next-generation mRNA vaccine combinations will be developed to make 

use Polymer and lipid extracts, along with next-generation pulmonary prediction 

algorithms, were studied. The mucosal immune system and pulmonary epithelial tissues 

can directly be reached by aerosolized vaccinations, but the respiratory tract has Physical, 

chemical, and biological barriers that prohibit particles from moving. Extracts with a high 

molecular weight, are hydrophobic, and/or have a ring-stacking structure, whereas non-

interactive coatings prevent aggregation. The efficiency of mRNA is increased and 

endosomal escape is facilitated by adjusting the particle's pKa values to the pH of the 

endosome. Predictive evaluation of innovative aerosol therapies will improve with the use 

of advanced multiscale and ALI models of pulmonary barriers (Roh et al., 2022). 

 

  Endogenous genes called miRNAs are essential for cell proliferation, 

differentiation, and survival. Disease onset and progression are strongly influenced by 

abnormal miRNA expression and function. The aging population may benefit from 

treatment for neurological illnesses due to gene therapy, an increasingly potent 

technology. AAV was used in ALS gene therapy study by Foust et al., which greatly 

slowed the course of the illness and increased survival time. Successful gene therapy 

research in preclinical models and clinical trials are now possible via improvements in 

vector design and delivery technologies that have made it easier to target the brain and 

spinal cord (Foust et al., 2013; Liu et al., 2022 ).  

 

  Due to its ease of use, low cost, and great efficiency, CRISPR/Cas9 has swiftly 

emerged as the preferred gene-editing method globally. consists of a Cas9 nuclease, 

which creates a double-stranded break (DSB), and a guide RNA (gRNA), which locates 

the loci of interest within the genome. gRNA sequence specificity affects the sensitivity 

and specificity of CRISPR/Cas9. New Cas9 variants and modified guide RNAs enhance 

on-target activity, minimize off-target effects, and provide long-lasting gene modification. 

In human cells, high-fidelity SpCas9 and hyper-accurate Cas9 have demonstrated 

effectiveness. Adeno-associated virus (AAV) vectors can be divided into two for larger 

biochemical loads. Dual AAV vectors have been shown to be successful in treating HemA 

in pre-clinical investigations. In order to integrate human FVIII into the albumin locus, 
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two vectors harbouring Staphylococcus pyogenes Cas 9 and guide RNA with human B-

domain deleted FVIII were employed. This resulted in liver production of FVIII for at 

least 7 months without off-target effects or liver damage (Segurado et al., 2022 ). 

 

III. NANOTECHNOLOGY REVOLUTIONIZING DRUG DELIVERY 

 

1. Drug Delivery Systems: Drug Delivery Systems (DDSs) transport a substance (a drug) 

from the outside to the body's target area. Drug efficacy is decreased and its therapeutic 

effect on the condition it is intended to treat is diminished when drug accumulation occurs 

in non-target areas. The DDSs' ability to deliver medications into certain tissues and cells 

preferentially allows them to successfully treat ailments. DDSs are developed by taking 

into account: 

• High Therapeutic Level: range of a drugs concentration in blood that is effective 

and safe. 

• Increasing the Bioavailability of the Drug: Bioavailability is the percentage of 

drug that reaches the systemic circulation (or cardiovascular system) to allow the 

drug to travel through blood vessels and other barriers to reach its target site of 

action. 

• Reducing the Side Effects: The DDSs can be divided into two main types: 

conventional DDSs and novel DDSs or controlled DDSs. 

 

2. Conventional DDSs: These are the traditional approaches used to deliver medications to 

the body. These methods are more frequently utilised when a drug's rapid absorption is 

the main objective and a speedy release of the drug is necessary. Simple oral, topical, 

inhalation, or injectable procedures are some of the traditional medication delivery 

modalities. These techniques have some drawbacks, including the inability to maintain a 

steady drug concentration over time. Multiple dosages given at regular intervals are one 

way to solve this issue. However, this appears to be improper as there is a possibility that 

the patient would overlook taking the prescribed dose at regular intervals. 

 

3. Novel DDSs: According to Reza Rezaie et al., (2018) it is also referred to as controlled-

release drug delivery, this method combines cutting-edge methods with novel dosage 

forms to improve medication potency, regulate drug release, increase safety, and 

specifically target a drug to a target tissue. Controlled release necessitates two qualities in 

the release kinetics: predictability and reproducibility. 

 

Table 1: Advantages and Disadvantages of Controlled-Release Drug Delivery 

 

Advantages Disadvantages 

(1) Increased medication 

bioavailability and duration of effect. 

(2) Reduced drug degradation and 

loss. 

(3) Reducing medication 

concentration variations in plasma. 

(4) Improved utilization 

(1) The materials' potential toxicity. 

(2) Harmful degradation products. 

(3) High cost  

(4) Synthesis procedure. 

 

 

11



Futuristic Trends in Pharmacy & Nursing 

ISBN: 

IIP Series, Volume 3, Book , Part ,Chapter  

NAVIGATING THE HORIZON: EXPLORING FUTURISTIC TRENDS IN PHARMACEUTICALS AND 

DRUG DELIVERY SYSTEMS 

 

Copyright © 2023 Authors                                                                                                        Page 

  NDDSs are divided into four categories including (1) rate-preprogrammed, (2) 

activation-modulated, (3) feedback-regulated, and (4) site-targeting DDSs. 

 

• Rate-Preprogrammed DDSs: Modification of the system design that regulates the 

diffusion rate of drug molecules through the barrier medium around it affects the rate 

or speed of a drug release. 

• Activation-Modulated DDSs: Some physical, chemical, or biological processes, as 

well as external energy, stimulate the drug's release. Therefore, by adjusting the 

application procedures or the amount of external energy, the kinetics of release can be 

altered. Modification of the system design that regulates the diffusion rate of drug 

molecules through the barrier medium around it affects the rate or speed of a drug 

release. 

• Feedback-Regulated DDSs: In this type of DDS, sensors that monitor the 

concentration of specific biochemical substances are built into the DDS devices 

(feedback mechanisms), and the concentration of these biochemical agents controls 

how much medicine is released. 

• Site-Targeted DDSs: delivers a specific amount of a therapeutic agent for an 

extended period of time to a targeted diseased area of the body.  

➢ Passive targeting: This mechanism occurs when macromolecules cling to the 

targeted tissues as a result of the heightened permeability and retention phenomena. 

➢ Active targeting: This mechanism occurs when particular interactions occur 

between the nanocarrier and target cell receptors.  

 

 
Figure 2: (a) Rate-preprogrammed DDS (b) Activation modulated DDS (c) Feedback-

regulated DDS (d) Site-targeting DDS 

 

4. Routes of Drug Administration: Route of Administration talks about the path taken by 

the drug to get into the body.  

 

• Oral Delivery: This is the drug administration method that is most frequently 

utilized. With this approach, both systemic and local effects can be easily attained. 

Different drug concentrations can be found after each dose because this technique of 

delivery shows no control over the drug's release. Oral DDSs should consistently 

deliver a quantifiable and repeatable dose of a medicine to the target site over an 
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extended period of time. Tablets, capsules, syrups, and other products that are taken 

orally and pass through the digestive system are considered oral delivery. 

 

• Buccal Delivery:Buccal mucosa lines the inner cheek, and buccal formulations are 

injected between the upper gingivae (gums) and cheek (also known as the buccal 

pouch) to treat both local and systemic illnesses. Buccal delivery techniques include 

mouthwashes, sprays, gums, bio-adhesive tablets, gels, and patches. 

 

• Rectal Delivery:Suppositories are put inside the rectum and liquefy at body 

temperature in this system. This method of delivery is beneficial for comatose patients 

and youngsters who are vomiting. It is an efficient method since it avoids the first 

pass effect. 

 

• Parenteral Administration: In this method the drugs are inserted into vascular 

tissues. This type of administration is preferred in case of emergencies when rapid 

absorption is required. 

 

• Topical Administration: The application of medication to the surface of the skin or 

mucous membrane of the eye, ear, nose, mouth, vagina, etc. with the intent of limiting 

the pharmacological effect of the drug to the surface or within the layers of skin or 

mucous membrane is referred to as the topical route of drug administration. Topical 

medications are typically available in the form of creams, ointments, gels, lotions, 

sprays, powders, aerosols, liniments, and drops. 

 

• Inhalation: Administration of drug within the respiratory tract by inhaling orally or 

nasally for local or systemic effect. 

 

 
Figure 3: Routes of administration 

 

5. Drug Delivery Vehicles: Several methods of packing medications so that they can 

transport safely throughout the body are represented by drug delivery vehicles. Various 
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drug delivery vehicles can help medications get exactly where they need to go, increasing 

drug targeting. Drug delivery vehicles' (DDVs') size, shape, surface chemistry, stiffness, 

and chemical composition all have an impact on delivery efficiency.  The DDV's core is 

meant to be a repository for chemotherapeutics, DNA/RNA, or imaging agents. The outer 

component of DDVs, according to Poon et al. (2020), aids in avoiding innate and 

adaptive immune detection and is in charge of in vivo navigation.  

 

• Nanocarriers as Drug Delivery Vehicles: Nanoparticle DDVs are resistant to the 

violent conditions of the circulatory environment, extending their halflives; they have 

high surfacetovolume ratios capable of providing a diverse array of multivalent ligand 

displays, allowing for enhanced immunestealth, targeting, cellular internalization, and 

delivery of their therapeutic payload; and they can be prepared from a wide range of 

inexpensive organic, inorganic, and biological materials used to encase them. Because 

nanoparticles are materials made at the atomic or molecular level, they are typically 

small spheres. As a result, they can move more easily in the human body than larger 

materials. Nanoparticles have distinct structural, chemical, mechanical, magnetic, 

electrical, and biological properties. Nanomedicines have gained popularity in recent 

years due to the fact that nanostructures can be used as delivery agents by 

encapsulating or attaching therapeutic pharmaceuticals and delivering them to target 

tissues with greater precision and controlled release. Nanostructures remain in the 

blood circulatory system for an extended period of time, allowing combined 

medications to be released at the prescribed dose. Because these structures are 

nanosized, they can enter the tissue system, allowing for easy drug uptake by cells, 

effective drug transport, and action at the intended spot. The utilization of an optimum 

nano-drug delivery system is mostly determined by the biophysical and biochemical 

properties of the targeted medications chosen for therapy. As mentioned by Vinothini 

& Rajan, (2019) the nanocarriers including nanoparticles, micelles, carbon-based 

materials, liposomes, niosomes, dendrimers, and other carriers are frequently used for 

DDSs. 

 

Table 2: Types of Nanocarriers for drug delivery, their properties and representation 

 

Nanocarrier Definition Composition/ Structure 

Liposomes 

Liposomes are small 

spherical artificial vesicles 

that contain at least one 

lipid bilayer. 

Composed of phospholipids, 

especially 

phosphatidylcholine, and 

cholesterol 

Can also employ Ligands to 

detect diseased tissues 

Micelle 

Micelles are colloidal 

entities that are amphiphilic. 

Micelles are made up of 

molecules with two distinct 

water affinities. 

Composed of ionic surfactants 

(cationic, anionic) 
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Polymeric 

Nanoparticles 

Polymeric nanoparticles 

(NPs) are colloidal systems 

made from natural or 

synthetic polymers that can 

have particle sizes of up to 

1000 nm. 

Natural Polymers: Hyaluronic 

acid, Chitosan, Cellulose etc. 

Synthetic Polymers: 

Polyesters, PGA, PLA etc. 

Dendrimer 

Dendrimer is a synthetic 

polymer with a repeating 

chain structure that 

commonly forms spherical 

macromolecules. 

Has three units: 

(1) centre of dendrimer or core, 

(2) repeated units like branches 

extended from the core, and  

(3) many functional groups 

located at the surface of the 

dendrimer 

Niosomes 

Niosomes are hydrated 

vesicular structures 

containing nonionic 

surfactants, phospholipids, 

or cholesterol that transport 

medicines to specific 

places. 

Composed of: 

• Non-ionic Surfactants 

• Phospholipids 

 

Inorganic 

Nanoparticles 

Inorganic nanoparticles are 

nanoparticles composed of 

substances other than 

carbon. 

Composed of non-carbon-based 

molecules, non-metal elements 

and forms of hydroxides or 

phosphate compounds. 

 

• Inorganic Nanoparticles for Drug Delivery: Several organic nanoparticles derived 

from polymers, liposomes, and micelles have been researched and successfully 

created. Some of its intrinsic disadvantages include limited chemical stability, drug 

release rates that are suboptimal for the specific application, the likelihood of 

microbiological contamination, and the negative effects of the organic solvents used 

for particle formation. Because of their high cellular absorption capacity, non-

immunogenic reaction, and low toxicity, inorganic nanoparticles have gotten a lot of 

attention as medication or gene delivery carriers. They have markedly different 

physical, chemical, and biological properties than their bulk counterparts. Shape and 

size have been shown to have a considerable influence on the electromagnetic, 

optical, and catalytic properties of noble-metal nanoparticles such as gold, silver, and 

platinum. 
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➢ Nonporous Silica Nanoparticles (NSNs): These are one of the most important 

types of silica nanoparticles, the silanol groups present on the surface of these 

nanoparticles can be functionalized easily using amine or carboxyl groups. As a 

result, NSNs with positive, negative or zwitterionic charges can be prepared. These 

nanoparticles can be used in hydrophobic drug delivery systems and delivery of 

gene and small molecules. There are two general strategies for incorporating drugs 

into/onto silica matrix in nonporous silica nanoparticles: (a) encapsulation and (b) 

covalence bond. In covalence attachment, drugs are covalently bonded with 

siloxane groups through degradable ester bonds. However, the encapsulation 

strategy involves the covalence attachment of drugs with the silica matrix through 

co-condensation with tetraethyl orthosilicate (TEOS) via the Stöber method (The 

Stöber process is a chemical process used to prepare silica (SiO2) particles of 

controllable and uniform size for applications in materials science). The release of 

encapsulated drugs can be accomplished by decreasing the pH, since the decrease in 

pH can lead to decomposition of silica nanoplatform. 

 

➢ Mesoporous Silica Nanoparticles (MSNs): Mesoporous silica nanoparticles are 

promising candidates as novel drug delivery system. Large internal surface area, 

extremely high pore capacity controllable morphologies (size and shape), 

biocompatibility, ease of synthesis, and ease of surface functionalization are among 

their significant properties in various nanomedicine applications, particularly as 

nanocarriers for drug delivery systems. In these nanoparticles the encapsulated 

drugs can be allowed to release by using the GSH-triggered stimulation method. In 

this strategy disulfide linkages between capping agents and the surface silanol 

groups of MSNs are reduced by intracellular GSH, this leads to removal of capping 

agents thereby releasing the loaded drugs. 

 

➢ Gold Nanoparticles: Colloidal gold nanomaterials with different size and shape 

(e.g., nanorods, nanocages, nano cubes) are good candidates as nanocarriers for 

biomedicine and drug delivery. The ease of their preparation, their stability, low 

cytotoxicity, and high extinction coefficient of light from visible to NIR regions 

have introduced them as important candidates in cancer drug and nanocarrier 

development. (Mattoussi& Rotello, 2013) 

 

➢ Zinc Oxide Nanoparticles: In recent years, Zinc Oxide nanoparticles (ZnONPs) 

emerged as an excellent candidate in the field of optical, electrical, food packaging 

and particularly in biomedical research. ZnONPs show cancer cell specific toxicity 

via the pH-dependent (low pH) dissolution into Zn2+ ions, which generate reactive 

oxygen species and induce cytotoxicity in cancer cells. Similar to elemental zinc, 

ZnONPs are also biocompatible towards normal mammalian cells due to its low 

dissolution rate, but causes oxidative stress and subsequent cell damage within 

cancer cells due to its rapid dissolution into Zn2+ ions at slightly acidic pH, thereby 

ZnONPs show pH-responsive cytotoxicity. 
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IV. ARTIFICIAL INTELLIGENCE AND MACHINE LEARNING IN DRUG 

DISCOVERY 

 

 The multiple-stage process of developing new drugs uses a lot of resources. It might 

require up to two decades to get a drug on the market (Grechishnikova, 2021).Through the 

development of computing and analysis approaches utilising AI and big data algorithms, the 

limits in the conventional discovery of drugs area brought on by the scale and complexity of 

biomedical data can be computationally formulated and solved (Lee et al, 2022).Due to their 

capacity to automatically extract features from the input data and their potential to capture 

nonlinear input-output correlations, deep learning techniques, which are artificial neural 

networks that have multiple hidden processing layers, have recently drawn new interest. 

Algorithms for deep learning have several advantages over more conventional machine 

learning methods, which rely on hand-crafted molecular descriptors (Jimenez-Luna et al, 

2021). Artificial Intelligence can identify hit and lead compounds, as well as accelerate 

therapeutic target validation and structural design optimization (Paul et al., 2021). 

 
 

Figure 4: Artificial Intelligence Assisted Drug Discovery (Paul et al., 2021) 

 

1. Predictive Modelling for Drug Development: As mentioned earlier, artificial 

intelligence has abilities to identify hit and lead compounds quickly reducing the overall 

time needed for drug discovery (Paul et al., 2021; Lee et al., 2022).  

 

• Structure Based QSAR/QSPR Modelling: In the more than 50 years since its start, 

QSAR/QSPR modelling has advanced significantly. The effectiveness of these 

computational models in predicting metabolism or biological activity and 

pharmacokinetic characteristics, such as absorption, distribution, metabolism, 
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elimination, and toxicology (ADMET), is conclusive proof of their influence on drug 

discovery. The so-called molecular descriptors are often used to translate structural 

characteristics of molecules (such as pharmacophore distribution, physicochemical 

properties, and functional groups) into machine-readable numbers for ligand-based 

QSAR/QSPR modelling. Hand-crafted molecular descriptors cover a wide range and 

attempt to describe many different facets of the underlying molecular structure. In 

order to deal with more complicated and possibly nonlinear interactions among the 

structure of a substance and its physicochemical/biological properties, QSAR/QSPR 

approaches have generally moved away from the use of simpler models, such as linear 

regression and k-nearest neighbours, and towards more broadly applicable machine 

learning techniques, such as support vector machines (SVM) and gradient boosting 

methods (GBM), often at the expense of interpretability (Jimenez-Luna et al., 2021). 

 

• Denovo Drug Development: Due to the cardinality of the chemical domain of drug-

like molecules, which is estimated to range in the order of 1060-10100, de novo design, 

the generation of novel molecular entities with desired pharmacological properties 

from scratch, can be considered one of the most difficult computerised tasks in drug 

discovery. De novo molecule production is challenged by combinatorial explosion 

since there are so many potential atomic kinds and molecular topologies to explore. 

Ligand-based methodologies can be broken down into two main groups: (i) rule-based 

approaches, which use a set of construction rules for assembling molecules from a set 

of 'building blocks' (such as reagents or molecular fragments), and (ii) rule-free 

approaches, which do not use explicit construction rules. The Topliss strategy for the 

sequential production of analogues of an active lead chemical to maximise potency is 

one of the precursors of modern rule-based de novo design. Modern methods for 

optimisation are based on using a predetermined set of molecular transformations, 

such as matching molecular pairs or rules-of-thumb for changing functional groups 

and molecular frameworks. Building block assembly and ligand production are 

explicitly included in synthesis rules in synthesis-oriented techniques. For example, 

these methods can be used to create artificially available libraries like BI CLAIM and 

CHIPMUNK. Since the late 1990s, hybrid approaches have been created to guide the 

synthesis of novel substances by both maximising their similarity to recognised 

bioactive ligands and the design's potential for chemical synthesis. Examples of these 

hybrid approaches are TOPAS, DOGS, and DINGOS. The majority of deep learning-

based de novo design studies to date have emphasised ligand-based strategies. 

Targeting orphan receptors and previously unstudied macromolecules can be 

accomplished through the promising complementary research area of structure-based 

generative design (Jimenez-Luna et al., 2021). The majority of recurrent neural 

network (RNN)-based deep learning models for molecule production use this 

technology. RNN is frequently utilised to model sequence data. Utilising data from 

earlier steps is the primary characteristic of RNNs that enables them to function with 

sequential data. RNN can make connections between far-flung sequence pieces 

visible. RNNs are unfortunately plagued by the issue of disappearing gradients, which 

severely restricts their capacity to deal with lengthy sequences. This problem is 

somewhat resolved by gated recurrent and long short-term memory units. Recurrent 

neural networks based on short-term and long-term memory have recently been 

employed in various works for the development of de novo molecules. Simplified  
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 Molecular-Input Line-Entry (SMILES) string input is used by them. The 

models are forced to produce targeted molecule libraries with the appropriate activity 

towards the same target when fine-tuning on a smaller dataset with compounds that 

are known to be active against biological targets. In the reinforcement learning 

paradigm, the agent (generator in the de novo drug generation issue) performs a step 

to maximise reward (function computed after SMILES string completion). This step 

involves choosing the next character during new SMILES string generation 

(Grechishnikova, 2021). 

 

V. SMART DRUG DELIVERY SYSTEMS AND IOT INTEGRATION 

 

 Systemic side effects are frequently associated with conventional drug delivery 

systems (DDSs), which can be attributed to their unpredictable drug release properties and 

non-specific bio-distribution. Advanced controlled DDSs have been created to achieve the 

release of payloads at the target places in a spatially controlled manner, overcoming these 

constraints. Smart-controlled DDSs have an advantage over traditional DDSs in that they can 

reduce dosing frequency while preserving the concentration of drugs in the targeted organs 

and tissues for a longer duration. In this way, the controlled DDSs offer insightful 

information and intriguing characteristics for lowering drug concentration fluctuations, 

lowering medication toxicities, and enhancing therapeutic efficacy. These drug delivery 

systems can be developed which can be responsive to various stimuli like pH, Enzyme, 

Temperature, Redox, Light, Magnetic, ultra sound, and various other stimuli (Liu et.al., 

2016). The "internet of things," or IoT, is a network of physical technologies that 

communicate data using built-in sensors, software, and connection. It enables automated 

communication and task completion between devices. By increasing productivity, automating 

operations, and offering cutting-edge data analysis, IoT can change entire sectors. Through 

smart devices, remote control, and in-the-moment data analysis, IoT-based medicine delivery 

systems maximise effectiveness, accuracy, and safety (Raikar et.al., 2023). Smart drug 

delivery systems have a great deal of potential to increase medication adherence and ease the 

strain of complicated regimens. By utilising their connectivity and smooth data exchange 

capabilities, IoT-based systems provide special benefits for smart medicine administration 

(Liu et al., 2016; Raikar et.al., 2023). 

 

1. Implantable Devices for Controlled Drug Release: The drug rate of release is 

influenced by the physicochemical characteristics of the drug, such as solubility, particle 

size, and molecular weight, as well as the features of the polymeric coating, such as 

polymer configuration, molecular weight, and coating thickness (Pons-Faudoa et al., 

2019). Devices or materials for regulating a chemical's release time, rate, or both are 

referred to as "controlled release" (Langer, 1990). A range of controlled drug delivery 

systems have been created during the past few years as a result of the expanding 

capabilities of conventional drug administration. Amongst these, MEMS-based drug 

delivery devices, micropumps and osmotic pumps, are used. These devices were created 

using various manufacturing processes and are used in a variety of administration 

methods (Sutradhar & Sumi, 2016).  
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Figure 5: Classification of IoT-Based Drug delivery devices (Sutradhar & Sumi, 2016) 

 

2. Reservoir-Based Polymer Systems: Passive implants known as reservoir-based polymer 

systems is one of the most popular controlled medication delivery methods to date. In 

these types of systems, a drug core is enclosed by a polymer film, and the polymer's 

properties (such as its composition and molecular weight), the coating's thickness, and the 

physicochemical characteristics of the drug, such as solubility, drug particle size, and 

molecular weight, all influence how quickly the drug is released (Pons-Faudoa et al., 

2019; Yang & Pierstorff, 2012). Reservoir-based systems are best suited for either of the 

following two uses: 

• A localised medication that is administered over a medium to long period of time to a 

particular area (e.g., an organ, body cavity, etc). 

• A medication depot used in systemic long-term delivery. 

• Reservoir-based polymer systems are categorized into injectable, implants and 

hydrogels. 

 

3. Pumps:  

 

• Osmotic Pumps: In order to give drugs to animals, Rose and Nelson created osmotic 

pumps in the 1950s. Since then, a variety of designs have been used in clinical 

settings to treat human ailments. Drug delivery systems called implantable osmotic 

pumps were created for long-term, sustained administration of treatments spanning 

months or years. After the pump is implanted, the mechanism for osmotic pump-

driven medication release takes place. A high concentration of osmolytes (salts), or 

the osmotic engine, propels an osmotic flow of interstitial fluid over the 

semipermeable membrane. A force is applied to the piston by the inward H2O flow, 

which raises the hydrostatic pressure in the osmotic reservoir. When a piston is 

pushed in the direction of a drug reservoir, the drug solution is injected in an amount 

equal to the volume that was previously displaced (Pons-Faudoa et al., 2019). 

 

• Infusion Pumps: Pharmaceutical preparations can be administered through a catheter 

inserted under the skin by wearable infusion pumps. They provide continuous 

medication throughout the day and are inconspicuous, portable devices that are set up 

to provide exact doses at predetermined intervals. By preventing disruption to the 

infusion site, wearable infusion pumps minimise the risk of infection while providing 

easy and mobile drug delivery. For individualised care, wearable infusion pumps 
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provide exact dosing and can modify medication based on current glucose levels 

(Raikar et al, 2023). 

 

• Peristaltic Pumps: Peristaltic pumps are made up of rotary solenoid-driven systems 

that are powered by an external source, usually a battery. Peristaltic systems, like 

infusion pump systems, are loaded through a silicone rubber septum and can be used 

for years depending on how long the battery-powered device lasts. The advantage of 

this type of technology is that an external remote control system may regulate how 

quickly medications are supplied. However, due to their expensive cost, these devices 

have not yet been widely deployed (Kumar & Pillai, 2018). 

 

4. Microfabricated Systems: Electromechanical technologies provide unique approaches to 

medication release in relation to precise dosing. Microelectromechanical systems (Eg: 

Microchips) and nanoelectromechanical systems (Nanochannel membranes) are terms 

used to refer to microscopic and nanoscopic devices containing features in the microscale 

and nanoscale array, respectively.When these implants are reduced in size, the forces that 

influence drug release vary in relation to the reduction in area and volume; adhesion and 

surface tension, for example, have a more significant impact on molecules, which is 

useful for controlled drug delivery (Pons-Faudoa et al., 2019). 

 

5. IoT-Enabled Monitoring of Patient Response: IoT sensors continuously monitor drug 

delivery parameters, patient responses, and ambient conditions with real-time monitoring 

and data analytics, enabling quick intervention and improved treatment procedures (Liu et 

al., 2016). Health care providers may remotely track patient progress owing to remote 

access and connectivity, which makes them especially useful for telemedicine and the 

management of chronic diseases. Mobile apps, wearables, and interactive interfaces that 

encourage increased patient engagement enable patients to actively participate in their 

therapy, which improves self-management as well as treatment results (Saunders et al., 

2019).  

 

  IoT-based drug delivery systems are gaining popularity in healthcare due to 

their potential to enhance medicine distribution precision, effectiveness, and efficiency. 

These systems utilize various algorithms for smart medication delivery, enabling data 

analysis, informed decisions, and treatment optimization. Closed-loop control algorithms, 

such as in closed-loop insulin delivery for diabetes, monitor real-time sensor data to 

determine proper dosage or delivery rates. Pharmacokinetic and pharmacodynamic 

algorithms leverage mathematical models to optimize dosing and predict medication 

responses based on factors like absorption, distribution, metabolism, and excretion. 

Machine learning algorithms analyze large datasets to identify patterns guiding dose 

decisions and improving treatment outcomes. These algorithms enable real-time 

notifications, adaptive dose adjustments, and dosing suggestions, enhancing drug delivery 

system efficiency, security, and treatment effectiveness (Hassanzadeh et al., 2019; Raikar 

et al., 2023). 
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VI. CHALLENGES AND FUTURE SCOPE 

 

 Drug carrier systems play a crucial role in controlled or targeted drug delivery. 

Associating established therapeutic compounds with nano-carriers holds the potential to 

revolutionize drug efficacy assessment and enhance our capacity to address various human 

ailments. The utilization of nanocarriers as conduits for drug delivery presents a blend of 

challenges and promising future prospects within the medical realm. Obstacles encompass 

concerns about biocompatibility and safety, the demand for large-scale manufacturing, 

maintaining stability and shelf life, achieving precise targeting, surmounting biological 

barriers, and ensuring efficient clearance and biodistribution. The assurance of 

biocompatibility and safety remains of paramount importance, while efficient and 

economically viable methods for mass production are required. The accuracy of targeting is a 

pivotal determinant for the success of therapeutic interventions, necessitating the 

circumvention of physiological barriers such as the intricate blood-brain barrier. In the sphere 

of potential, significant advancements await, including the realm of precision medicine, 

tailored therapeutic approaches, synergistic combination therapies, the delivery of genetic 

material like genes and RNA, innovative imaging and diagnostic capabilities, modulation of 

the immune system, mitigation of unwanted side effects, and the advancement of regenerative 

medicine. Nanocarriers offer the unique ability to carry diverse therapeutic agents, enabling 

the pursuit of multifaceted treatments addressing multiple facets of a condition 

simultaneously. Additionally, their aptitude to serve as imaging agents for diagnostic 

purposes, interact with the immune system to bolster responses, and reduce systemic side 

effects associated with conventional drug administration, underlines their vast potential for 

reshaping medical practices. 

 

 Monoclonal antibodies (mAbs), and mRNA gene-based therapy have revolutionized 

medicine by providing tailored treatments for various illnesses. However, challenges like 

cost, accessibility, immunogenicity, and delivery techniques remain. Advances in genomics 

and proteomics will enable personalized medicine, combination therapies, and cancer 

immunotherapy. Despite these challenges, the future of these medicines is promising, with 

extended therapeutic applications, vaccine innovation, genetic disease cures, combination 

therapies, neurological illnesses, and reduced global health disparities. Addressing these 

issues is crucial for their full potential and proper incorporation into clinical practice. 

 

 With breakthroughs in QSAR modeling, de novo molecular design, and synthesis 

planning, AI applications are gaining traction in drug discovery and design. However, the 

efficacy of these strategies in generating and synthesizing superior medication candidates has 

yet to be proven. Deep learning systems, such as graph neural networks and SMILES-based 

recurrent neural networks, can be used to a broader set of chemical entities and modeling 

tasks, allowing for more efficient data usage via multitasking and online learning. Although 

conformation-aware deep learning is still in its infancy, considerable improvement in drug 

discovery and related fields such as quantum mechanics and material science is expected. In 

de novo drug design, rule-based and rule-free approaches have been supplemented, with 

hybrid methods providing a pragmatic answer. Gene expression, conformation space, and 

ligand binding site information, among other sources of information, will continue to drive 

innovation in automated synthesis planning and reaction prediction. To develop and test these 

strategies, more interdisciplinary research is required. 
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 Significant progress has been achieved in the evolution of implantable microchip 

technology, starting from its initial inception to the present day. It is evident that in the near 

future, implantable microchips hold the potential to supplant conventional drug delivery 

systems that are currently prevalent. As a promising avenue, substantial advancements are 

required to enhance the capabilities of these implantable microchip devices. These 

improvements encompass various aspects such as biocompatibility, precise dimensions and 

contours, heightened patient adherence for administration, and enhanced efficiency in 

delivering drugs within the surrounding bodily fluids. However, the journey towards realizing 

these advanced implantable microchips is not without its challenges. The forthcoming 

development of these microchips faces the task of scaling up manufacturing processes while 

maintaining quality and efficiency. Furthermore, there lies a necessity to refine the existing 

implantable microchips, transforming them into multifunctional devices capable of fulfilling 

diverse biological and therapeutic requirements during their operational period. 

 

 The rapid proliferation of IoT medical devices presents challenges due to their battery 

reliance, necessitating effective power management for device longevity. Merging big data 

with IoT healthcare systems can provide valuable insights by organizing patient data into 

comprehensive datasets. IoT-enabled health monitoring systems have revolutionized 

healthcare by providing real-time disease monitoring, accurate error detection, fewer doctor 

visits, and reduced patient expenses. However, future research should address potential 

challenges such as data security, privacy concerns, and compatibility issues. The collection of 

private health data by healthcare sensors and devices introduces risks of unauthorized access, 

breaching patient confidentiality. Data security issues include physical protection, secure 

communication routing, transparent data handling, and resource-efficient practices. 

Compatibility issues arise from the varied data collection needs of different devices. 

Addressing societal impacts, ethical considerations, service quality, and refining 

technological attributes is also crucial for its effective evaluation and implementation. 

 

VII. CONCLUSION 

 

 This chapter provides a comprehensive exploration of futuristic endeavors in the 

realm of pharmaceuticals and DDSs. It delves into the evolutionary journey of 

pharmaceutical technology, highlighting the imperative for advanced drug delivery 

methodologies. The realm of biopharmaceuticals, exemplified by groundbreaking innovations 

such as monoclonal antibodies and mRNA vaccines, offering insights into their potential for 

treating a range of ailments. Noteworthy breakthroughs like antiamyloidmAbs, now approved 

for Alzheimer's treatment, demonstrate the industry's commitment to addressing intricate 

disease processes. The aftermath of the COVID-19 pandemic on the advancements in 

pharmaceutics is evident in the surge of genetic therapies like CAR-T cell therapy, as well as 

the development of inhalable mRNA vaccines, demonstrating the field's resilience in times of 

crisis. Nanotechnology emerges as a pivotal player, revolutionizing drug delivery through 

nanocarriers that overcome conventional challenges, paving the way for more personalized 

and efficacious treatments. Incorporation of AI and machine learning into the discovery 

process of drugs underscores their transformative capabilities in handling complex 

biomedical data and accelerating hit/lead identification. In the sphere of DDSs, the advent of 

smart technologies takes center stage, offering advanced mechanisms for precise drug release 

and real-time monitoring. From implantable devices to IoT-integrated solutions, these 

innovations not only enhance treatment efficacy but also streamline patient care. Challenges 
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and opportunities abound, from refining nanocarrier drug systems to ensuring data security in 

IoT devices. The landscape of pharmaceuticals is further enriched by the revolutionary 

potentials of monoclonal antibodies and mRNA therapies, fostering the dawn of personalized 

medicine. As we conclude this chapter, we are presented with a dynamic tableau of the 

pharmaceutical landscape, characterized by unprecedented advancements and promising 

prospects. This exploration serves as a testament to the pharmaceutical field's unwavering 

commitment to innovation and its profound impact on healthcare as we navigate the horizon 

of future trends. 
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4.1 Introduction
Metagenomics, which can also be called community genomics, environmental geno-

mics, or microbial population genomics, is a study about whole communities of

intricately interconnected organisms in various ecological environments using infor-

mation from their genome (Dupré and O’Malley, 2007). The term “metagenome”

has been initially coined and used by Jo Handelsman in 1998 to speak of the entire

microbiota’s collective DNA in a specific ecosystem (Handelsman, 2004).

Metagenomics can similarly be defined as the use of sequence DNA analysis iso-

lated directly from a sample of the environment or a set of related samples, resulting

in at least 50 Mbp of random samples of data in the form of sequence (Kunin et al.,

2008). Metagenomics can also be considered a relatively new sector that identifies

the overall amount of genetic material present in the collection of genetic compo-

nents as well as in an organism, including ribonucleic and deoxyribonucleic acid,

that are essential for the upkeep of cellular processes (Kumar Awasthi et al., 2020).

Finding the precise species of origin for metagenomic sequences is the goal of

taxonomic classification, which is also done largely in an effort to catalog and

classify various microbial groups that exist in a certain habitat. As a result, taxo-

nomic classification is an essential step in many metagenomic applications,

including disease diagnostics, microbiome analysis, and outbreak tracing, among

others. The majority of the constructed sequence composition features are used in

current taxonomy classification algorithms, such as oligonucleotide frequency to

classify organisms (Kumar Awasthi et al., 2020).

The majority of gene prediction tools created in the 1990s are founded upon

single concept to describe the portions coding for proteins and unable to identify

genes from the genome with unusual sequence structure. The major problem in

the technique of finding genes by gene prediction is the sequence segments of

DNA that have a biological function. It may also apply to other functional ele-

ments like ncRNA genes, although it notably relates to protein-coding areas. The

Microbial Metagenomics in Effluent Treatment Plant. DOI: https://doi.org/10.1016/B978-0-443-13531-6.00013-6

© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar technologies.
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primary goal of the gene prediction problem is to precisely identify every DNA

sequence entity’s association with region encoding a protein, RNA, noncoding

region, or an intergenic region. The sections of DNA between genes are known as

intergenic regions (Goel et al., 2013) (Fig. 4.1).

There are three main metagenomic classifications or themes, they are as follows:

1. marker metagenomics, which uses the highly conserved 16S rRNA gene to

survey microbial community structure,

2. functional metagenomics, which uses the total environmental DNA to infer

the microbial community’s potential of metabolism, and

3. novel enzyme detection (Zhao & Bajic, 2015).

4.2 Genomics versus metagenomics
By sequencing the base pairs of an organism’s DNA, genomics may ascertain the

entire genetic makeup of the organism. The most noteworthy example is the HGP

(Human Genome Project), which required 3 billion bp in length sequencing.

Nonetheless, an enormous amount of organism’s genomes from each of the life

three domains—archaea and Eukarya as well as quasi-life forms like viruses—

have now been sequenced. Contrarily, in metagenomics, a sample of the genome

sequences from a group of organisms with similar habitats is collected. In a

broader sense, metagenomics has been defined as any type of analysis of DNA

obtained directly from the environment, such as, for instance, screening such

DNA for specific enzyme activity in accordance with the right protocols

(Hugenholtz and Gene, 2008) (Fig. 4.2 and Table 4.1).

FIGURE 4.2

Transition of states in hidden Markov modeling of eukaryotic gene.

654.2 Genomics versus metagenomics
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4.3 Gene prediction in Eukaryotes versus prokaryotes
Since bacterial genomes typically have a greater gene density and lack interven-

ing sequences in their protein-coding areas, discovery of gene in these genomes is

much less challenging (Wang et al., 2004). The longest open reading frames

Table 4.1 Comparison between the conventional and metagenomic methods
of gene prediction.

Conventional gene
prediction method

Gene prediction through
metagenomics References

A sequence similarity search
is based on comparing
genetic sequences within
proteins, ESTs, or other
genomes that seem to be
similar to the query genome

Exon and signal sequence
information are both used to
predict genes. Short
sequence features, such as
polypyrimidine tracts and
splice sites, are described as
signal sensors. Exon
detection must rely on a
species-specific pattern of
codon use

Salamov and
Solovyevand (2011), Liu
et al. (2013), Al-Ajlan and
El Allali (2018)

When an EST, DNA, or
protein and a certain
genomic area are
comparable, it is possible to
infer information about the
structure of the gene or
region’s function

Many gene modeling
algorithms have been
created, including linear
discriminant analysis,
dynamic programming,
linguistic techniques, neural
networks, and hidden
Markov models

Nevertheless, this approach
only allows for the prediction
of genes with known
homologs, leaving out the
unique genes that are
essential for the
metagenomic study

By using this method,
unique genes can be easily
identified as it is based on
signal and exon sequence
information instead of
homologs

Large samples will reduce
the accuracy of the
prediction

Even large samples can be
easily predicted without loss
in accuracy

Takes less time to predict a
gene

Takes a long time to predict
a gene

Cannot predict the gene
relation with other genes

Can predict the gene relation
between the different genes
in a long sequence

Common programs used are
BLAST, CRITICA, and
Orpheus programs

Common programs used are
GlimmerM, GeneID, and
HMMGene

ESTs, Expressed sequence tags.
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(ORFs), those run through initial start codon in messenger RNA usually to the

following stop codon within the same reading frame, offer a good, although not

always precise, forecast of the protein-coding areas. To identify the compositional

variations between coding areas, “shadow” coding regions (encoding in the

opposing nucleic acid strand), as well as noncoding DNA, a number of techniques

have been developed. These strategies make use of several Markov model types.

These techniques, which include ECOPARSE, the popular GENMARK, and the

Glimmer programme, seem to work well in identifying the majority of protein-

coding genes (Wang et al., 2004; Burge & Karlin, 1998).

It is a very different issue in eukaryotic creatures than it is in prokaryotes.

After the expression of regions that code for proteins is started at particular

sequences of promoter, a splicing mechanism eliminates noncoding sequences

(introns) from pre-mRNA, omitting the exons that code for proteins. Mature

mRNA can then be translated between the start and the stop codon, frequently in

a 50�30 direction, after the introns are removed and other changes are made to

the mature RNA. Since intron sequences are present in the eukaryotic genomic

DNA, introns that often result in stop codons have the potential to sever the ORF

relating to an expressed gene (Wang et al., 2004; Fickett, 1982).

4.4 Significance of metagenomics
The best thing about metagenomics technology is that it provides environmental

microbiologists more freedom to quickly discover the huge genetic variety observed

in communities of microbes. The analysis of microbial communities can benefit

with use of metagenomic techniques. By enhancing the genome with metagenomic

analysis, active bacteria in contaminated regions can be evaluated. To identify bac-

teria and their gene expression, metagenomics is also applied, and metatranscrip-

tomes of the recovered sample can also be analyzed (Kumar Awasthi et al., 2020).

Our knowledge about ecology of microbes as well as its importance in global

geochemistry was enhanced because of functional metagenomics. Proteorhodopsin

is discovered to be broadly dispersed in aquatic settings, which illustrates how

microorganisms may survive in oligotrophic environments and represents one of

the most significant discoveries from this research. A great range of microorgan-

isms that had previously escaped conventional microbiology techniques has now

been accessible to us due to the field of metagenomics. Metagenomics has contrib-

uted to establishing the connection between both pool of genes accessible to a pop-

ulation microbe and the environmental conditions that surround them, going

beyond just counting new species. An entirely new reservoir of potential innovative

biocatalysts for the biotechnological industry has been made available by the surge

in metagenomics data, particularly those from harsh settings (Zhao & Bajic, 2015).

Metagenome searches will always reveal previously unidentified genes and

proteins since the vast majority of noncultured microorganisms make up the
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majority of microbial habitats. This method is therefore preferable to searches in

already cultured microorganisms because of the likelihood of discovering unique

sequences. Ever since its inception, metagenomics has discovered a considerable

quantity of novel encoding genes for compounds or enzymes with a promising

prospect for usage in pharmaceuticals or manufacturing procedures (Striet &

Schmitz).

4.5 Methods of gene prediction
Shotgun sequencing is used to analyze DNA that has been directly extracted from

an environmental sample or a collection of samples that are related. It is a descen-

dant of conventional microbial genomics as well, with the key distinction being

that it does not require pristine cultures for sequencing. Its primary objective is to

understand how various genes (genomes) interact within a specific community. In

genomics, the topic of gene prediction is well-known, and in metagenomics, it

still poses a fascinating computational problem (Goés et al., 2014) (Fig. 4.3).

The two primary methods for gene prediction are as follows:

1. Using homology searches to find genes similar to those previously seen (in

reference to microbial genomes), evidence-based gene naming methods find

genes to forecast genes.

2. Ab initio gene-calling allows for the detection of homologs in the current

databases by using the intrinsic properties of the DNA sequence to

discriminate between coding and noncoding portions (Kunin et al., 2008).

A crucial first step in the majority of metagenomics analysis methods is gene

prediction. Gene prediction is a technique used to locate genes in genomic

sequences. Research first successfully found genes in live cells and animals. Yet

the process is typically costly and time-consuming. Computational techniques

continue to be the most common way to uncover genes, despite the fact that they

have shown success in locating genes in both genomic and metagenomes at a

fraction of the cost and time of conventional approaches. The two types are

FIGURE 4.3

Assessment of exon-level gene prediction precision.
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family resemblance and content-based computational techniques. Methods for

identifying genes based on similarity look for similar existing sequences. The

basic local alignment search tool is used to compare a putative gene to known

genes (BLAST). Nevertheless, this method is expensive and unable to find new

species or genes. In an effort to get beyond these restrictions, content-based

approaches utilize statistical techniques to find differences between coding and

noncoding areas. Despite the fact that these techniques have proven extremely

effective with genomic sequences, the nature of the data implies that metage-

nomics still needs improvement. The short read length and the fractured and frag-

mented structure of the data provide the biggest difficulties for metagenomic gene

forecasting models (Al-Ajlan and El Allali, 2018).

To characterize microbial genomes, a technique called metagenomics isolates

genomic sequences straight from the environment without cultivating them first.

Despite the fact that computer tools for metagenome analysis are still in their

infancy, the volume of metagenomic sequencing data is increasing swiftly. A

large percentage of metagenome data currently exists as anonymous, unassembled

sequencing reads, unlike the genomic sequences of single species, which can

often be assembled and studied using a number of methods. Novel gene discovery

is one of the goals of any metagenomic sequencing effort. For example, the

majority of the 700 bp-long fragments from short-length Sanger sequencing have

unknown phylogenetic origins, necessitating techniques to gene prediction that

are distinct from those currently used for single-species genomes. The use of

quick, precise techniques with minimal false positive predictions is especially

important for the bulk of metagenomic samples (Hoff et al., 2008).

At this point, it is not advisable to attempt a restricted definition of metage-

nomics, and it is unlikely that it will ever be in either meaning. Metagenomics pro-

grams have applications in a number of fields and professions, including ecology,

environmental research, human health, and the chemical industry (for instance,

metagenomics of the human gut microbiota). Smaller scale techniques, such sur-

veys using 16S rRNA and focused metagenomics, can be used to examine the bac-

teria in the environment in addition to large-scale shotgun metagenomics. Large-

scale shotgun metagenomics and microbial community surveys using 16S rRNA

have been conducted for a very long period, but the discovery of the barcoded pyr-

osequencing technique has advanced these studies (Wooley and Ye, 2009).

Because there is a lot of metagenomic data, metagenomic projects are more

complicated than usual (e.g., it is more difficult to simultaneously assemble many

genomes than it is to simultaneously assemble a single genome); computational

analysis has demonstrated to have an even bigger influence on metagenomic

research than conventional genomic initiatives, especially given the unique questions

we are raising (e.g., host-parasite�microbe interaction) (Wooley and Ye, 2009).

With the high-throughput sequencing technique employed in metagenomics,

which may produce numerous millions of tiny DNA/RNA pieces (or reads) for

environmental samples in a single run, we are able to grasp the diversity of micro-

organisms and how these undiscovered species coexist. It is typically unable to
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properly assemble these short reads into bigger contigs since the data from metage-

nomic sequencing originates from hundreds of very different unique species and

cannot give a high sequencing coverage of a single species (Zhang et al., 2017).

De novo short read assemblers for metagenomic data such as Meta-IDBA,

IDBA-UD, Ray Meta, MetaVelvet-SL, Omega, and metaSPAdes have success-

fully constructed metagenomic short reads with promising outcomes. If there are

numerous species present in the environmental samples, they have difficulty.

Analyzing the metagenomics, data involves using these short reads to identify the

genes rather than going through the assembly. Gene recognition is essential to

completely comprehending the roles, operations, and functions of genes in biolog-

ical functions (Zhang et al., 2017).

Compared to isolated genomes, it is more challenging to predict genes accu-

rately in metagenomes. One reason might be the fact that most of the fragments

(reads) produced by high-throughput sequencing methods are quite short. The

majority of genes are imperfect because they have one or two ends that extend

beyond the segments, and each fragment sometimes only consists of one or two

genes. Another issue is that it’s challenging to develop statistical models and

choose attributes since the source genomes of the fragments are practically never

known or brand-new. Genes may now be identified from DNA fragments obtained

via metagenomics using a variety of methods. These prediction methods can be cat-

egorized as machine learning, homology-based, or model-based. To evaluate the

short sequences, homology-based techniques like CRITICA and the input snippets

were often checked by Orpheus against well-known protein databases. These tech-

niques can only be used to find genes that have known isoforms and cannot predict

new genes. Model-based techniques, such as MetaGeneAnnotator, MetaGene,

MetaGeneMark, FragGeneScan, and to discover genes in metagenomics, Glimmer-

MG either employed higher order Markov chain models or hidden Markov chain

models. The fundamental drawback of such Markov chain models is the necessity

of thousands of parameters for their practical use. Methods based on machine learn-

ing, like Orphelia, Metagenomics Gene Caller (MGC), and MetaGUN, frequently

created a strong classifier to operate the gene prediction by formulating an effective

numerical technique; metagenomic fragments can properly depict their innate asso-

ciation with the target to be anticipated (Zhang et al., 2017).

4.6 Models and algorithms
Without sequestration or culturing, metagenomic sequencing is arising as a potent

tool for studying microorganisms from a variety of settings, including the mortal

body. One of the most essential problems is correctly recognizing genes from

pieces of metagenomic data (Soueiden and Nikolski, 2015). Liu et al. (2013) sug-

gested that in order to probe the magnitude of the microbial world’s natural diver-

sity, thousands of prokaryotes have been grown and sequenced. Single genome
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sequencing, still, is not suitable for the maturity of microbial species, according

to disquisition predicated on 16S ribosomal RNA ways, which prognosticate that

only a small bit of the living bacteria may be easily insulated and maintained

under laboratory conditions. It implies that our current understanding of genomic

data is significantly disposed of and does not directly reflect the diversity of

microbial species. Also, single genome sequencing fails to reveal the true condi-

tion of microbial species in nature because it ignores relations like coevolution

and competition between organisms that partake in the same surroundings

(Soueiden and Nikolski, 2015).

Metagenomics, a system for analyzing microbial communities by directly

gathering and sequencing shotgun DNA fragments from their natural homes with-

out former culturing, can get over these restrictions. The capability to decipher

heritable sequences from organisms in their natural homes is growing in strength,

particularly for communities that live in or on mortal bodies and are intimately

connected to mortal health. DNA sequences can now be produced at significantly

advanced increment and far cheaper costs than in the once thanks to the evolu-

tionary growth of sequencing technologies. Numerous samples from various set-

tings, including Minnesota soil, Sargasso Sea, acid mine drainage, and the mortal

gut microbiome, have formerly been sequenced using both conventional Sanger

sequencing and coming-generation sequencing (NGS) technologies like Roche454

and Illumina (Soueiden and Nikolski, 2015).

Genes can be prognosticate from metagenomic DNA fragments using one of

two styles. One is the homology quest-predicated validation-predicated approach.

There are comparisons made against well-known protein databases using the

BLAST, CRITICA, and Orpheus programmes. Still, it’s generally possible to

infer functions and metabolic pathways of the projected genes via significant tar-

gets with a high position of particularity, if the threshold is strict. By using this

system, still, only the genes with previously linked homologs may be prognosti-

cate, leaving out the unique genes, which are vital for metagenomic disquisition.

Therefore ab initio algorithms with sufficiently high particularity and substantially

advanced perceptivity are essential (Liu et al., 2013).

Several ab initio approaches, which were specifically created for metagenomic

fragments in recent times, state that their performance on the 30 end of genes is

original to that of single genomes despite the anonymous and brief partial character

of the sequences. The maturity of these earlier ways included modeling sequences

in a Markov architecture of different orders. By employing direct polynomial and

logistic approximations, MetaGeneMark, for case, uses a sheltered Markov model

to show the connections between the frequency of oligonucleotides of various

lengths and the Guanine-Cytosine (GC) of a nucleotide sequence. The topmost per-

formance is discovered to be the fifth-order Markov model derived from logistic

regression of hexamer frequency. Predicated on the hint frame, which captures the

sequence compositions of protein-rendering genes using fitted Markov models with

variable-order, hint-MG was created. Orphelia is a recently proposed machine

knowledge-predicated metagenomic gene finder that bypasses the Markov model.
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It incorporates mono- and di-codon use, sequence patterns near translation initiation

sites (TISs), ORF length, and GC content to calculate the liability that an ORF

canon for a protein (Soueidan and Nikolski, 2015) (Table 4.2).

4.7 MetaGUN for metagenomic fragments based on a
machine learning approach of support vector machine

The EDP of codon use, the TIS scores, and the ORF length are three integrated sets

of statistics that show the picture capability of a prospective ORF. One of the most

vital statistical characteristics for separating protein-rendering regions from noncoding

DNA is the triplet nucleotide pattern. In distinction to the maturity of the current

metagenomic gene finders, MetaGUN uses an EDP model to characterize the codon

operation of ORFs rather than the Markov model. In our earlier disquisition, the EDP

model was employed to estimate the coding capacity of ORFs predicated on the

amino acid application for single genomes. The codon use for metagenomic frag-

ments is used as an extension of the EDP model to make it more complex. Another

vital hallmark that can enhance gene vaccination capability is the pattern of

sequences girding TISs. Liu et al. (2013) put into practice a TIS scoring fashion pred-

icated on thousands of previously reckoned TIS parameters that were tutored by the

TriTISA computer to determine the TIS scores for a specific ORF. The third inte-

grated particularity, ORF length, has been suggested to be yet another critical crite-

rion for relating genes from arbitrary ORFs in both insulated and metagenomic

genomes. Some current metagenomic gene finders with significant accomplishments

have recently made specific sweats in predicting proper TISs. A more advanced

Table 4.2 Ab initio gene prediction programs.

Program Organism Algorithma References

GeneID Vertebrates, plants DP Soueidan and
Nikolski (2015)FGENESH Human, mouse, Drosophila,

rice
HMM

GeneParser Vertebrates NN
Genie Drosophila, human GHMM
GenLang Vertebrates, Drosophila,

dicots
Grammar rule

MZEF Human, mouse,
Arabidopsis, Fission yeast

Quadratic
discriminant analysis

HMMgene Vertebrates, Caenorhabditis
elegans

CHMM

GRAIL Human, mouse,
Arabidopsis, Drosophila

NN, DP

aDP, dynamic programming; NN, neural network; HMM, hidden Markov model; CHMM, class HMM;
GHMM, generalized HMM.
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interpretation of MetaTISA is used in MetaGUN to modify the TISs for anticipated

genes. MetaGun creates two gene prophecy modules, the universal and the new mod-

ules, to find protein-rendering sequences. Predicated on 261 bacterial genomes that

are typical of a wide variety of phylogenetic clades, genomic GC content, and vari-

ous living conditions, the former is predicated. The ultimate is intended to discover

potentially useful DNA sequences with conserved disciplines (Liu et al., 2013).

4.7.1 Architecture of MetaGUN algorithm

MetaGUN uses three way of operation to prognosticate genes. As in former factory

MetaTISA, all entering fragments are first assigned to phylogenetic groups using a

k-mer predicated naive Bayesian sequence binning approach. It’s important to note

that pieces in MetaGUN are classified at both the rubric position and the sphere

position (Archaea and Bacteria). The former is employed to determine the support

vector machine (SVM) classifiers for gene prophecy, and the latter is used to deter-

mine the supervised TIS score parameters selection and TIS prophecy also, using

SVM classifiers from the supervised universal prophecy module and the sample-

specific new prophecy module, all implicit ORFs (full and deficient) are reacquired

from the fragments and scored predicated on their point vectors for each sphere sin-

gly. In other words, an ORF is given an accretive probability predicated on how far

down it’s from the separating hyperplane in the SVM classifier’s point space. The

ORF that has a probability advanced than the specified threshold is allowed to

crack for proteins. The TISs of all predicted genes are also moved using a modified

interpretation of MetaTISA to produce high-quality TIS reflections (Liu et al.,

2013). Yok and Rosen (2011) stated that in bioinformatics, prophecy problems that

can be expressed as double groups, analogous as gene identification, protein-protein

commerce prophecy, and horizontally transmitted gene discovery, have been suc-

cessfully answered using the SVM approach. By converting the input patterns into

a point space with the help of a proper kernel function, it can develop more precise

classifiers for patterns that can’t be fluently distinguished in the input space. For a

variety of reasons, including point interpretation, running effectiveness, and concep-

tion performance, choosing material features for machine knowledge algorithms is

vital. There is no exception with the SVM approach. To clarify the picture eventu-

ality, the EDP description of codon operation, the TISs scores, and the ORF length

in this work, they employed three sets of statistics (Liu et al., 2013).

4.8 Glimmer
The relating specific of hint is the use of fitted Markov models (IMMs) to record

gene composition. IMMs are variable-order Markov chain models that, depending on

the volume of training data available, maximize the model order for each distinct oli-

gonucleotide window. The nucleotide distributions are also decided by IMMs
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between the named order and an advanced order. IMMs make the most complex

composition model that the training data sequences support as a result. Hint is a flexi-

ble ORF-predicated frame that takes into account how prokaryotic genes can lap as

well as upstream characteristics of paraphrase induction spots (TIS), analogous as the

ribosomal list point, to divide the sequence into rendering and nonrendering sequence

[ribosome binding sites (RBSs)]. Every ORF that is long enough to be pulled by hint

is graded grounded on how likely it’s for models trained on rendering sequences to

induce the ORF compared to models trained on noncoding sequences. The composi-

tion via the IMMs, RBS via a position weight matrix (PWM), and start codon use

are the features considered in the log-liability rate. Features are treated independently

for the sake of simplicity so that the total score can be calculated as the sum of the

log-liability rates of each individual point. The set of ORFs with the topmost score is

determined by a dynamic programming system with the restriction that genes can’t

lap for longer than a fated threshold, analogous as 30 bp (Kelley et al., 2012).

4.9 Algorithm structure
The relating specific of hint is the use of fitted Markov models (IMMs) to record

gene composition. IMMs are variable-order Markov chain models that, depending

4. Predict final genes

2. Predict initial genes

1. Classify with phymm

Sequences

3. Cluster with Scimm

FIGURE 4.4

Glimmer model.
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on the volume of training data available, maximize the model order for each dis-

tinct oligonucleotide window. The nucleotide distributions are also decided by

IMMs between the named order and an advanced order. IMMs make the most

complex composition model that the training data sequences support as a result.

Hint is a flexible ORF-predicated frame that takes into account how prokaryotic

genes can lap as well as upstream characteristics of paraphrase induction spots

(TIS), analogous as the ribosomal list point, to divide the sequence into rendering

and nonrendering sequence (RBS). Every ORF that is long enough to be pulled

by hint is graded grounded on how likely it’s for models trained on rendering

sequences to induce the ORF compared to models trained on noncoding

sequences. The composition via the IMMs, RBS via a PWM, and start codon use

are the features considered in the log-liability rate. Features are treated indepen-

dently for the sake of simplicity so that the total score can be calculated as the

sum of the log-liability rates of each individual point. The set of ORFs with the

topmost score is determined by a dynamic programming system with the restric-

tion that genes can’t lap for longer than a fated threshold, analogous as 30 bp

(Kelley et al., 2012) (Fig. 4.4).

4.10 Ab initio gene identification in metagenomic sequences
A probabilistic model of the genomic sequence, which includes both protein-

picture and noncoding sections, is used by a traditional ab initio gene discovery

approach. The perfection of the estimation of model parameters that are genome-

specific has a significant impact on the delicacy of gene vaccination. The three-

periodic Markov chain model of a probabilistic model of a protein picture area

has 25 parameters, and the number of parameters grows exponentially (by 4 N)

with the Markov chain order N. For illustration, in practice, parameter estimation

for the fifth-order model is done on a set of vindicated protein-rendering

sequences with a total length of 400,000 nt. This is because the advanced the

model order, the larger the size of a set of training sequences demanded for

parameter estimation without overfitting (Salamov and Solovyevand, 2011).

4.11 Heuristic system of model parameters derivation
Short sequences (lower than 400 nt in length) make up the maturity of metage-

nomic sequence data, which are mixes of shotgun sequences from multiple micro-

bial community members. The ideal is to determine if a small member has a

complete or deficient protein-rendering region. However, we might use a gene

discovery algorithm, analogous as GeneMark, if we know or are suitable to prize

the genome-specific model parameters hmm, to attack this problem. The absence

of the small scrap’s genomic terrain, still, prevents the use of conventional styles
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for parameter estimation. An approach to conclude the parameters of the three-

periodic alternate-order Markov model for gene discovery in a detailed (for illus-

tration, 400 nt) sequence member of unknown origin was put forth in a former

paper. First, they have discovered connections between a genome’s nucleotide

makeup and its unique codon frequency. The strongest factors of a genome-wide

synonymous codon operation pattern appear to be these dependences. Second, the

global nucleotide frequency in the entire genome, which is where the short DNA

scrap came from, was estimated from the nucleotide frequency set up in the short

DNA scrap. Also, we calculated the genome-specific codon frequency starting

with estimated values of the global nucleotide frequency (Zhu et al., 2010).

More specifically, we estimated the frequency of circumstance of each of the 61

codons in a genome-wide set of annotated protein-picture areas in the first step,

study of genomes with known reflection, by taking one genome at a time. The

codon frequency data establishes 12 positional frequentness that are particular to

the genome, f 1X, f 2X, and f 3X, where X is A, C, G, or T in each of the three

codon locales. A direct regression on the global nucleotide frequency fX, where

fX5A, C, G, and T, was used to predict the f kX values for a sample of known

genomes with r5 1, 2, . . . R and observed f kX, k5 1, 2, 3 (Zhu et al., 2010).

The direct regression analysis was carried out for 319 bacterial genomes as

well as for 38 archaeal genomes now that there are multitudinous farther

sequenced genomes accessible. The amount of GC in the genome is significantly

linked with the global nucleotide frequency variable. The alternate Chargaff rule

asserts that fA fT and fG fC for nucleotide frequency, fX, where X5A, C, G,

and T in a single DNA beachfront. As a result, four nucleotide frequency seen in

complete genomes may be calculated from only one parameter, the GC content.

However, fG fC, also fG5 fC5 s/2 and fA5 fT5 (1s)/2 for nucleotide fre-

quency, if s is the genomic GC content. As a result, new graphs representing posi-

tional nucleotide frequency as functions of genomic GC attention were created

(Zhu et al., 2010).

Also used as a predictor of positional nucleotide frequency of kX, where

k5 1, 2, 3 and X5A, C, G, and T, is the s value set up for a brief genomic

region. We might get an original approximation of the codon frequency f0 XYZ
by assuming that the codon frequency, fXYZ, is commensurate to the product, f

1X f 2Y f 3Z. Fresh correction is handed by the anticipated frequency of the

decrypted amino acid, f(s), which is calculated using a direct regression of the

observed frequency of the decrypted amino acid in the corresponding proteomes

in relation to the genomic GC contents (Zhu et al., 2010).

Ultimately, Zhu et al. (2010) demonstrated that the set of projected codon fre-

quency could be used to estimate all of the parameters of the three-periodic

Markov chain model of a protein-rendering area. The multinomial model and the

zero-order Markov model were both used to define a nonrendering area model. It

was shown that the GC attention of noncoding regions strongly linked with the

GC content of the entire genome. As a result, the nucleotide frequencies set up in

a fairly small DNA member are accepted as estimates for four noncoding area
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model parameters. In a gene discovery programme like GeneMark, parameterized

models of protein- and noncoding areas are thus available (Hoff et al., 2008)

(Fig. 4.5 and Table 4.3).

4.12 Orphelia
Short ambient DNA sequences with ambiguous phylogenetic history can be pre-

dicted to contain protein-coding genes using the metagenomic ORF finding tool

Orphelia. Combining the utilization of mono- and dicodons, sequence patterns

at TISs, length of the ORF, and GC content, Orphelia employs ORF fragments

to represent mRNAs. This representation is then input into a synthetic neural

network to calculate the likelihood that a certain ORF encodes a particular pro-

tein. Instead of employing just one model, like Orphelia did, MGC trains a num-

ber of models for a variety of predefined GC ranges and then assigns the

accurate methodology based on the GC concentration of each segment (Zhang

et al., 2017).

This means that MGC employs a two-stage technique to machine learning that

predicts genes, first computing six ORF capabilities with the corresponding linear

discriminant (i.e., TIS coverage, TIS probability, monoamino acid and diamino

FIGURE 4.5

Heuristic method.
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Table 4.3 Comparison between different models for gene prediction through
metagenomics.

MetaGUN Glimmer Heuristic method References

Uses an EDP model to
characterize the codon
usage of ORFs rather
than the Markov model

Uses IMMs to record
gene composition

Uses three-periodic
Markov chain model
of a probabilistic
model

Zhu et al.
(2010), Kelley
et al. (2012),
Liu et al.
(2013)All entering fragments

are first assigned to
phylogenetic groups
using a k-mer-based
naive Bayesian
sequence binning
approach

Uses a histogram
after kernel
smoothing with
maximum likelihood
parameters for the
first quartile, and a
linear combination of
the two for the last
quartile

Conventional method
for parameter
estimation is done

Using SVM classifiers
from the supervised
universal prediction
module and the
sample-specific novel
prediction module, all
potential ORFs (full and
incomplete) are
retrieved from the
fragments and scored
based on their feature
vectors for each
domain separately

The log-likelihood
ratio that a feature
was produced by a
coding model as
opposed to a
noncoding model is
used to score an
ORF and is added to
the ORF’s total score

ORF score was given
using a linear
regression of the
observed frequencies
of the encoded
amino acid in the
corresponding
proteomes in relation
to the genomic GC
contents

By converting the input
patterns into a feature
space with the help of
a proper kernel
function, it can develop
more precise classifiers
for patterns that cannot
be clearly distinguished
in the input space

Every ORF that is
long enough to be
extracted by Glimmer
is graded based on
how likely it is for
models trained on
coding sequences to
generate the ORF
compared to models
trained on noncoding
sequences

The nucleotide
frequencies found in
a relatively small DNA
segment are
accepted as
estimates for four
noncoding area
model parameters

Highly accurate as it
uses EDP rather than
ORFs

Accuracy level is
average due to the
large size of DNA
segments used for
gene prediction

Less accurate as
compared to other
models due to use of
some conventional
parameters

The prediction method
takes less time

The prediction takes
less time

The prediction takes
a long time

EDP, Guanine-Cytosine; GC, Guanine-Cytosine; IMMs, Interpolated Markov models; ORFs, open
reading frames; SVM, support vector machine.
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acid scores, monocodon and dicodon scores, and monocodon and dicodon scores),

and then predicting the neural network model from the relevant GC range, gene

probability of a particular ORF, this uses both the dicodon, which has nine fea-

tures, and the monocodon scores (Zhang et al., 2017).

4.12.1 Metaprodigal

Prodigal can evaluate sequences in metagenomic mode even if the species is

unknown. Prodigal excels in locating in finished genomes, genes, and transla-

tion start locations. We chose to build modifications instead of constructing it

from scratch; Prodigal’s training process might be used to the existing soft-

ware that would handle metagenomic gene prognostication, such as a transla-

tion table, hexamer statistics, motifs at RBS, and the makeup of the upstream

base. Due to sampling different training files, this technique has two draw-

backs: (1) greater calculation times (50 times longer than the average Prodigal

run); and (2) decreased sequence lengths result in higher false-positive rates.

MetaProdigal only employs training files that fall within a specific range of

GC content relative to the fragments GC in order to handle the first problem.

It does this by checking the GC content of each incoming fragment. The sec-

ond problem was resolved by creating a set of outcomes for each gene in a

sequence depending on the length of the input sequence, the number of prac-

tice files used to score the sequence, and the length of the gene being scored

(Hyatt et al., 2012).

The capability of this approach to computing confidence scores for each gene

is a novel feature. Given that the MetaProdigal score is a measure of the chance

that a gene is actual as opposed to background (i.e., a gene 1000 � more likely to

be real than false would have a score of ln(1000)), the logistic function can be

used to convert the score to a percent value between 0 and 100 exclusively.

C5 es= 11 esð Þ
where s is the gene’s Prodigal score and C is the confidence value.

This approach samples whole genomes from RefSeq at varying fragment sizes

to a specific degree of coverage, and it compares the predicted outcomes with the

locations of the genes identified in GenBank (either with or without simulated

mistakes). Sadly, this strategy has a significant weakness. Since they have not

been empirically verified, it is probable that some of the genes RefSeq calls are

incorrect. There is evidence that genomes with larger GC contents have more

errors. Moreover, when fragment sizes shrink, some anticipated translation initia-

tion locations are likely incorrect, which could have an impact on gene predic-

tions. The chosen genomes do, however, represent a diverse variety of bacteria,

Archaea, and GC content levels. Therefore given the aforementioned criterion,

researchers chose to examine the MetaProdigal findings on the 50 genomes set

from the MetaGeneMark paper (Hyatt et al., 2012).
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4.12.2 MGC

MGC is a method for locating both full and missing genes in metagenomic data.

In contrast to Orphelia’s single system technique, which applies the right model

for each fragment depending on its GC content, MGC learns numerous models

for a wide range of predetermined GC ranges. To train different models, MGC

may divide the training data into segments that are mutually exclusive. Also, the

models are separated according to GC content. Due to the advantages that these

qualities have shown, MGC employs two of the characteristics of amino acids. In

his investigation of codon and amino acid frequency bias in the genome sequence,

Merkl found that increasing translational efficiency had an effect on the biassed

amino acid composition. When a cell needs a lot of a certain protein, the amino

acids that need the least amount of work during translation are more common

(El Allali and Rose, 2013).

The state-of-the-art Orphelia tool is comparable to the cutting-edge MGC

metagenomic gene caller, which is based on a two-stage machine learning pro-

cess. Initially, a high-dimensional feature space is reduced into a more man-

ageable one using linear discriminants. The 4096 dicodon frequencies are

reduced to one feature, for instance, when the linear discriminant for dicodon

usage is used. These properties are not linear throughout the whole GC range,

though. Assuming that codon and amino acid consumption are directly influ-

enced by GC content, similar traits should be present in fragments with similar

GC concentrations. An enhanced linear combination of the feature space that

more precisely defines the coding will result from developing distinct linear

discriminants for each GC range. The features of all likely full and incomplete

ORFs are extracted from the input segment using the same discriminant func-

tion step that was used for training. This is carried out once the models have

been trained. The ORF is evaluated based on the segment’s GC content using

the corresponding neural network model. The output of the neural network is

the estimated posterior probability that the ORF is coding. Following the eval-

uation of all input ORFs by neural networks, the overlap between all candidate

ORFs with a probability larger than 0.5 is resolved using the same greedy

method as Orphelia (El Allali and Rose, 2013).

The precision and sensitivity measures, which rate how well-annotated

genes can be recognized and how well gene predictions are made, are used

to assess the efficacy of MGC. According to their GenBank annotations,

from chosen random replications of 10 bacterial and 3 archaeal genomes,

performance metrics are produced for predicted genes in chunks with a

length of 700 base pairs. FNgene is the number of ignored genes, TPgene is

the number of ORFs that match at least 60 bp on an annotated gene in the

same reading frame, FPgene is the number of predicted ORFs that do not

match the annotation, and FNgene is the number of missed genes. The

results continued to be compared by using the positive probability score, a

sensitivity metric employed by metagenomic gene discovery tools like
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MetaGene, FragGeneScan, and Orphelia. This calculation ignores the num-

ber of genuine negatives (El Allali and Rose, 2013)

Sens5TPgene=TPgene 1FNgene

Spec5TPgene=TPgene 1FPgene

The harmonic mean is also used to combine the sensitivity and specificity:

Harmonic Mean5 23 Sens3 Spec=Sens1 Spec

TPTIS stands for the correctly predicted TIS within those forecasts, and

TPgene� refers to a subset of TPgene predictions with an annotated TIS within the

segment.

TIS correctness5 TPTIS=TPgene�

Both traditional and metagenomic gene discovery need good TIS forecasting,

which is vital and difficult to do. This is important for the metagenomic process’

future experimental phases. To choose the appropriate TIS, MGC uses linear dis-

criminant TIS models. The TIS correctness score may be used to gage how accu-

rate this forecast is. An incomplete collection of the anticipated genes with

identified TIS is used to calculate the TIS correctness measure. Since they antici-

pate different amounts of genes, the two approaches cannot be directly compared

using this statistic. The TIS accuracy can be improved in a similar way to how

sensitivity and specificity measures can (El Allali and Rose, 2013).

4.13 Metageneannotator
Sometimes the target genetic sequences are too short. As an example, second-

generation DNA sequencers that employ high throughput sequencing, especially

those of microbial genomes, produce a substantial amount of very short sequence

reads. The majority of traditional gene-finding methods are useless on such

sequences. One of the most recent approaches for determining genes from such

brief anonymous sequences is MetaGene (MG). Without any prior training, by

assuming relationships between a sequence’s GC content and dicodon frequen-

cies, MG accurately determines genes on short anonymous sequences. Genes that

use different codons than typical genes are less vulnerable to MG, and there is no

model for the RBS, which makes it difficult to successfully employ MG to study

a range of bacterial genomic sequences. These restrictions are not important when

using MG and working with relatively small sequences that make up one or two

truncated genes (Noguchi et al., 2008).

A new version of the MetaGeneAnnotator (MGA) has been released that cor-

rects these issues and enhances the program’s usability. Because prophage gene

statistical models are included, the MGA can still automatically identify mosaic

structures linked to phage infections and/or lateral gene transfers in addition to

chromosomal backbone genes. MetaGeneAnnotator is a program for finding genes
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in phages and prokaryotes. The MGA’s adaptable RBS model based on comple-

mentary sequences of the 30 tail of 16S ribosomal RNA accurately predicts the

start of gene translation even when the input genomic sequences are brief and

anonymous. The MGA properties have significantly improved the gene prediction

accuracy on different bacterial genomes (Noguchi et al., 2008).

4.14 Predictions on short genomic sequences
The MGA maintained strong accuracy ratings for segments under 1 Mb in each

index. For input sequences longer than 40 kb, Glimmer3 sensitivities and specifi-

cities are both quite high, but as the input sequence length decreases, the start

codon prediction’s accuracy quickly degrades. This is due to the fact that the

Gibbs sampling approach needs a large number of positive (RBS) sequences in

order to identify the proper motif. A 40 kb area contains an average of 40 genes

(or RBSs) and has a start codon sensitivity of 57% for Glimmer3. Owing to an

issue, GeneMarkS and Glimmer3 most likely also share, it does not take input

sequences that are less than 1 Mb. In contrast to these tools’ RBS models, the

MGA simply evaluates the RBSs of nine hexamers as candidates, and only a

small number of sequences are needed to estimate the RBS model’s parameters.

Consequently, the MGA only requires 500 kb (or 500 genes) to effectively adjust

the RBS model to the input pattern, and even in 40 kb sequences, its sensitivity to

start codons is sufficient (75%) (Noguchi et al., 2008).

4.15 Predictions on long genomic sequences
All of the prediction algorithms exhibit very identical sensitivity (97%) for

whole genomes and 1-MB subsequences but the MGA has much greater speci-

ficity (93%) than the others (90% in GeneMarkS and 86%�87% in Glimmer3).

In other words, at the same degree of detail, the MGA’s sensitivities may be

greater than those of the others. Despite the fact that the Gibbs sampling tech-

nique was used to train both of these RBS models, the MGA (78%) and

GeneMarkS (77%), as well as Glimmer3, demonstrate lower sensitivity to start

codons (Noguchi et al., 2008).

Comparing the two datasets, Glimmer3 exceeds GeneMarkS in terms of mean

sensitivity to start codons and comprises six whole genomes (one archaea and

five bacteria) with moderately large RBS map distributions. The MGA’s effec-

tiveness in this dataset is dependable and outperforms the others, especially for

Clostridium acetobutylicum. The MGA exhibits a considerable increase in sensi-

tivity to both genes and begins codons while maintaining specificity when com-

pared to the original MG. These findings show how well our core RBS model is

in differentiating between different RBS types (Noguchi et al., 2008).
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4.16 Applications of metagenomics
With the rise of low-cost, high-throughput screening methods, such as Sorcerer II

Global Ocean Sampling and the project comparing 42 viromes and 45 different

microbiomes, metagenomic sequencing projects have grown exponentially (Rosen

et al., 2009). Since the development of efficient metagenomic techniques, which

are now being widely used to discover novel enzymes, and the integration of

these techniques with cutting-edge sequencing technologies, they will soon sup-

plant current techniques, particularly those that depend on culture. The use of

metagenomic techniques has the potential to produce a large amount of data and

information (Zhou and Troyanskaya, 2015). Computational tools and bioinfor-

matic techniques are frequently used to organize the numerous sequences

obtained from high-throughput metagenomic projects.

4.17 Agriculture
Microbial communities live in the soils where plants grow; 1 g of soil contains

roughly around a hundred to thousand microbial cells, which together make up

about a Gigabase of sequence data (Vogel et al., 2009). Despite their economic

significance, the microbial communities that live in soil are among the most

complicated that science has ever encountered (Vogel et al., 2009). In order for

plants to grow, microbial communities provide a variety of ecosystem services,

including nitrogen fixation, nutrient cycling, disease suppression, and other

metal sequestration (Handelsman et al., 2007). Through the study of these

microbial communities without regard to culture, functional metagenomics tech-

niques are used to investigate the connections among plants and bacteria

(Charles and Marco, 2010; Bringel and Couée, 2015). By utilizing the interac-

tions between microorganisms and plants, metagenomic approaches can aid in

better detection of diseases in crops and livestock as well as the ability to adapt

improved farming practices resulting in better crop health by understanding the

relationship between plants and microbes. Metagenomic methods have made it

possible to gain a perspective into the function of initially undiscovered or

uncommon communities in nutrient cycling and the encouragement of plant

growth (Handelsman et al., 2007).

4.18 Biofuel
Biofuels are fuels made from the conversion of biomass, such as the production

of cellulosic ethanol from the cellulose found in switchgrass, maize stalks, and

other biomass (Handelsman et al., 2007). This procedure depends on microbial

associations that break down the cellulose into sugars, which are then fermented
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into ethanol. Methane and hydrogen are just two of the bioenergy sources that

microbes can produce (Handelsman et al., 2007). Novel enzymes with higher pro-

ductivity and lower costs are needed for the effective industrial-scale breakdown

of biomass (Hess et al., 2011).

The interrogation of complex microbial ecosystems using metagenomic

methods enables the focused screening of enzymes having industrial uses in

the generation of biofuels, such as glycoside hydrolases (Li et al., 2009).

Understanding how these microbial communities function and managing them

both require the use of metagenomics. Metagenomic techniques enable com-

parisons between convergent microbial systems, such as biogas fermenters

(Jaenicke et al., 2011) or insect herbivores, such as the fungus garden of the

leafcutter ants (Suen et al., 2010).

4.19 Biotechnology
A wide variety of biologically active compounds are produced by microbial com-

munities and are employed for communication and competition (Handelsman

et al., 2007). Many of today’s medications were discovered in microbes, and lat-

est developments in extracting the genetic wealth of bacteria that cannot be cul-

tured in vitro have led to the discovery of new genes, enzymes, and other natural

products (Simon & Daniel, 2011). Metagenomics has been used to generate

agrochemicals, medicines, fine chemicals, and commodity chemicals, and the

advantages of enzyme-catalyzed chiral synthesis are becoming more widely

acknowledged (Wong, 2010). The bioprospecting of metagenomic data employs

two forms of analysis: function-driven screening and a sequence-based screening.

While the function-driven sequencing is used for an expressed phenotype,

sequence-based screening techniques are used for interesting sequences (Schloss

and Handelsman, 2003). Following biochemical characterization and sequencing

analysis, function-driven analysis searches for clones that exhibit a desirable trait

or advantageous behavior. This method is limited by the lack of an appropriate

screen and the precondition that the required feature be expressed in the host cell.

The reduced rate of discovery (almost less than one per 1000 clones tested) and

labor-intensive nature of the process further limit this method (Kakirde et al.,

2010). In contrast, sequence-driven analysis creates PCR primers from conserved

DNA sequences to test clones for the desired sequence (Schloss and Handelsman,

2003). Using a sequence-only approach reduces the amount of work required

even more than cloning-based approaches. Because highly parallel sequencing

generates more sequence data, high-throughput bioinformatic analysis pipelines

are required (Kakirde et al., 2010). The scope and precision of the genetic var-

iants listed in the sequence databases place restrictions on the sequence-driven

approach to screening. Depending on purpose, the magnitude of the sample to be

screened, and other criteria, investigations in practice combine both functional
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and sequence-based techniques (Kakirde et al., 2010; Parachin and Gorwa-

Grauslund, 2011). The Malacidin antibiotics provide an excellent illustration of

metagenomics’ potential as a tool for drug discovery (Hover et al., 2018).

4.20 Ecology
Insights into the functional ecology of environmental ecosystems can be gained

from metagenomics (Ji et al., 2011). According to a metagenomic investigation of

the microbial groups discovered in Australian sea lions’ defecations, fecal matter

of sea lions may be a significant source of nutrients for aquatic habitats because

they are nutrient-rich. This is due to the bacteria that are skilled at converting the

nutrients in the feces into an accessible state which can easily be absorbed into

the food chain when they are ejected concurrently with defecations (Lavery et al.,

2012). A wider range of applications for DNA sequencing include the identifica-

tion of species in a body of water, (Richards, 2013) the detection of diet compo-

nents in blood meals, (Chua et al., 2021) the identification of airborne particles,

samples of dirt, and animal feces (Chua et al., 2022). The distribution of invasive

and endangered species along with seasonal population trends can be determined.

4.21 Environmental remediation
Metagenomics can enhance methods for assessing how contaminants affect eco-

systems and for sanitizing contaminated areas. The likelihood that bioaugmenta-

tion or biostimulation trials will be successful and estimates of the ability of

polluted locations to recover from pollution will both improve with increased

knowledge of how microbial populations respond to contaminants (George

et al., 2010).

4.22 Gut microbe characterization
Microbial communities are essential for maintaining human health, yet little is

known about their makeup or how they work (Zimmer, 2010). Characterization of

the microbial groups from several body locations from more than one individual

can be done using metagenomic sequencing. This is a component of the Human

Microbiome Initiative, main objectives of which are to ascertain whether the

human microbiome has a core, to comprehend the changes in the microbiome that

are related to human health, and to create new technological and bioinformatics

tools to help achieve these objectives (Nelson & White, 2010). According to

research, persons with irritable bowel syndrome have 25% fewer genes and less

bacterial diversity than people without the disorder, suggesting that changes in the
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variety of their gut microbiomes may be related to their symptoms. The fact that

only 31%�48.8% of the reads could be aligned to 194 publicly available human

gut bacterial genomes and 7.6%�21.2% to bacterial genomes in GenBank sug-

gests that much more research is still required to identify novel bacterial gen-

omes, despite the fact that these studies highlight some potentially useful medical

applications (Perez-Muñoz et al., 2017). High-throughput DNA sequencing was

used in the Human Microbiome Project (HMP) to assess the microbial communi-

ties in the gut. HMP demonstrated that numerous metabolic pathways were preva-

lent throughout all body habitats with varied frequency, in contrast to individual

microbial species. The human microbiome project examined microbial communi-

ties of 649 metagenomes collected from seven primary body locations on 102

individuals. The metagenomic analysis of 168 functional modules and 196 meta-

bolic pathways in the microbial ecosystem revealed niche-specific abundance

variations.

These included the breakdown of glycosaminoglycans in the gut and the transfer

of phosphate and amino acids in the posterior fornix that were related to host pheno-

type (vaginal pH). The HMP has demonstrated the importance of metagenomics in

diagnostics and evidence-based medicine. As a result, metagenomics is an effective

technique for tackling many of the crucial problems in the field of personalized med-

icine (Abubucker et al., 2012). Metagenomics can be used to analyze the gut micro-

biomes of animals and make it possible to find bacteria that are resistant to

antibiotics (Chua and Rasmussen, 2022). Monitoring the transmission of diseases

from wild animals to domesticated animals and people may be affected by this. We

can also study the genome of ancient microorganisms through a branch of microbiol-

ogy called paleomicrobiology. Paleo-microbiologists investigate the epidemiology of

infectious diseases that were prevalent in antiquity and map the historical patterns of

disease migration. They examine the gut microbiota to understand the dietary aspects

of our ancestors using petrified feces (known as coprolites) (Warinner et al., 2015).

Forensic paleo-microbiologists have examined samples of human origin to learn

more about illnesses that have affected humans in the ancient times, such as infec-

tions caused by parasitic, viral, and bacterial infections (Rivera-Perez et al., 2018).

4.23 Infectious disease diagnosis
It might be difficult to distinguish infectious diseases from noninfectious diseases and

pinpoint the underlying cause of inflammation. For instance, despite intensive testing

employing cutting-edge clinical laboratory techniques, over fifty percent of cases of

encephalitis go undetected. By comparing the genome obtained from a patient’s sam-

ple to the databases of microscopic human pathogens and various other bacterial,

viral, fungal, and parasitic organisms, and databases on antimicrobial resistance gene

sequences with associated clinical phenotypes, clinical metagenomic sequencing

offers promise as a sensitive and quick method in diagnosing infections.
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4.24 Arbovirus surveillance
The diversity and ecology of the pathogens carried by hematophagous (blood-

feeding) insects like ticks and mosquitoes have been characterized to a great

extent by the use of metagenomics (Zakrzewski et al., 2018; Thoendel et al.,

2020; Parry et al., 2021). Public health professionals and institutions use metage-

nomics to monitor arboviruses (Batovska et al., 2017, 2019).

4.25 Forensics
Microorganisms are present in humans as part of their physiological development.

The human microbiome is made up of these microflorae as a whole. The normal

microflora can be examined to identify a person because the set of these micro-

flora varies between individuals and thus serves as a forensic signature (Thursby

and Juge, 2017). Additionally, because there are a variety of native microbes to

the various human organs, it may be possible to determine the source of biologi-

cal evidence, which can be used to access the degree of human interference in a

crime (Meadow et al., 2015). The United States of America’s (USA) Federal

Bureau of Investigation (FBI) has established the Scientific Working Group on

Microbiological Genetics and Forensics (SWGMGF), which establishes the

framework for microbiological forensics (Budowle et al., 2008). The SWGMGF

aims to disseminate information and guidance on the best practices for retrieving

information from physical evidence. Details may include the type of microbial

toxins used, the offender or victims, and the instruments used during the crime’s

commission. DNA profiling is an effective method for locating and removing the

source of biological evidence. To characterize the microbial evidence more pre-

cisely, it can be combined with other powerful techniques like analytical chemis-

try, pattern matching, and microscopy (Magalhães et al., 2015). Whole genome

sequencing (WGS) is used to sequence the isolated microorganisms. Additionally,

the metagenomes of various ecosystem niches are sequenced and analyzed. The

creation of the microbial genome databases is then made possible by the sequenc-

ing data. These databases allow for forensic analysis of the microbe using com-

parative genomics (Garza and Dutilh, 2015).

4.26 Drug discovery
It is crucial to prioritize the functionality in search of obtaining the pharmaceuti-

cally active ingredients. The goal of the research is to find the active metabolite

with the preferred functionality that has been pharmaceutically validated. Not

only have biosynthetic gene clusters been quickly classified as a result of shotgun

metagenomic sequence analysis, but the corresponding biochemical assembly has
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also been predicted. Although the standalone bioinformatics and HTS approach

can only predict a small subset of gene clusters, the better initiatives have enabled

the scientists to discover novel active metabolites with potential pharmaceutical

value. Nowadays, research is focused on targeted screening, which takes into

account the context of the metagenome under study, rather than functionally

annotating the gene clusters found in metagenomes.

4.27 Enzymes
Exploration of genes using the integrated metagenomic approach has increased at

an exponential rate (Alberts et al., 2002). Diverse metagenomes, including those

of insects (lignocellulolytic enzymes), aquatic environments, vertebrate guts, dif-

ferent soils, and extreme environments including acid mine drainage, halo alka-

line water bodies, have all been used to isolate novel enzymes (Lee and Lee,

2013). There are two fundamental metagenomic strategies: homology and func-

tional screening, depending on the target. Both strategies call for the creation of a

library where the full metagenome is cloned. It is then screened for novel genes

with either novel or well-known properties, including its encoded products such

as antibiotics (Ab), genes that are resistant to Ab, lipases, oxidoreductases, etc.

(Ngara and Zhang, 2018).
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3.1 Introduction

Nanomaterials are substances having at least one exterior dimension that range
within 1 and 100 nm. A “nanomaterial” is any substance that contains internal or ex-
terior structures that are on the nanoscale. A nanoparticle is a tiny, three-dimensional
object at the nanoscale. The term “nanotechnology” refers to the synthesis and use of
materials having structural qualities intermediate with at least one dimension falling
between 1 and 100 nm, between those of atoms and bulk materials [1,2]. Nanomet-
ric materials have unique features that set them apart from bulk materials or atoms.
American physicist Feynman, who was a 1959 Nobel Prize winner, was the first to
propose the concept of nanotechnology. Due in large part to the creation of novel
approaches for their characterization and adaptation as well as the assembly of nano-
materials, nanoscience and technology have seen significant growth over the past 10
years [3].

There are several cutting-edge methods available right now for producing
nanoparticles, nanotubes, and their assemblages. Certain semiconductor, metal, and
other material nanostructures’ size-dependent electrical, optical, and magnetic prop-
erties are now better known. In addition to the well-established methods of spec-
troscopy, crystallography, and electron microscopy, scanning probe microscopies
generated useful instruments for studying nanostructures [4,5]. Innovative
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methods for producing decorated nanostructures are constantly being developed,
along with fresh ideas for devices and manufacturing procedures. Nanostructures are
so small that they may tolerate highly harsh treatment, making them ideal for com-
puter simulation and modeling [3].

3.1.1 Nanomaterials of various elements

Nanoparticles are extremely small compounds with sizes ranging from 1 to 100 nm
that have been produced as a result of the advancement of science. Due to their
differences from their elemental bulk equivalents and frequent occurrence of unex-
pected but intriguing properties, these nanoparticles are of enormous scientific inter-
est. For instance, both gray silicon and yellow gold appear red at the nanoscale due
to their surprising optical properties. Due to their broad surface versus volume ra-
tio, they are also far better at absorbing solar energy and forming superior catalysts.
Nanoparticle addition can also enhance the properties of numerous commonplace
things. In contrast to the bulk material, zinc oxide nanoparticles, for example, have
better UV-blocking properties, and titanium oxide nanoparticles offer a self-clean-
ing property [3].

Carbon in the form of nanotubes is used in integrated circuits for electrical parts
and composites for automobiles and sporting goods. Due to their two-dimensional
hexagonal lattice of bent and fused carbon atoms, they have exceptional tensile
strength and mechanical stiffness [3]. Nanosized aluminum can be used as a des-
iccant to dry gases, take fluoride out of different media, and take in hydrocarbon
pollutants from the air. It is also used as a sorbent for radionuclides and metal ions
in solutions from nuclear power plant wastewater. Depending on the particle size,
titanium oxide can be found in sunscreen, cosmetics, paints, and coatings. Nearly
two-thirds of all pigments, including the food coloring E171, include the naturally
occurring oxide, which can help eliminate impurities from drinking water. It is used
as a whitening and brightening agent [6].

Two of the many potential uses for nanoscale iron are a smart fluid for optic
cleaning and the elimination of pollutants such as PCBs and chlorinated organic sol-
vents from groundwater. It features a large surface-to-volume ratio, which makes it
potentially beneficial in labs and for medical purposes [4]. Cobalt oxide nanopar-
ticles may be advantageous for lithium-ion batteries because they can quickly and
irreversibly incorporate lithium into their structure. Because of how easily they may
enter cells, they can also be used in medicine for gene therapy, hyperthermic ther-
apy, drug administration, and electronic gas sensors for the detection of acetone,
toluene, and other organic vapors [5].

The use of copper as a coloring agent dates back to the ninth century when it
was first used to color glass and ceramics. It is employed in biomedicine because
of its catalytic, antifungal, and antibacterial characteristics. It might be utilized as
a biosensor or electrochemical sensor [3]. Nanosilver is increasingly being used in
fabrics, clothing, and food packaging due to its antibacterial properties. The focus
of biological research is on its application as a catalyst and as a transporter for both
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small therapeutic compounds and large macromolecules, such as chemotherapeu-
tic medicines. Cerium is a rare earth metal that is silvery white, soft, ductile, and
blade-cuttable. Cerium oxide is a pale yellow-white powder that is produced when
cerium is oxidized and can be utilized in electronics, biomedical supplies, energy,
and fuel additives. Other uses include acting as a catalyst to change ferrous impuri-
ties with a green tint into colorless ferric oxides, which decolorizes glass in optics. It
also possesses antibacterial and antioxidant effects [7].

A colloid of nanoparticles and suspensions of nanoparticles in water are the two
most common forms of platinum. Optics, medicine, enzyme immobilization, elec-
tronics, and catalysis are a few possible applications. Similar to platinum, nanogold
can also be found as a suspension or colloid. It has potential applications across a va-
riety of disciplines, together with electron microscopy, materials science, nanotech-
nology, and electronics. Fig. 3.1 illustrates elemental sources of different nanoparti-
cles.

3.1.2 Types of carbon nanoparticles

One of the minerals that is most prevalent and numerous on the earth is carbon.
The small molecules required for existence are carbohydrates, proteins, DNA, and
others. There are numerous allotropes of pure carbon. Diamonds and graphite are
the two the best-known crystal forms of carbon in nature. Allotropes involving
amorphous carbon comprise fossil fuels, charcoal, and lampblack. Carbon nanoma-
terials take advantage of carbon’s extraordinary characteristics. In the year 1980,
nanoparticles made of carbon (CNPs) were first discovered. The amorphous carbon

FIGURE 3.1

Elemental sources of nanoparticles.
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nanoparticles (CNPs) include nanoscale carbon elements, carbon nanoparticles, as
well as carbon dots. Graphene, graphene quantum dots (QDs), carbon fullerene
carbon nanotubes, carbon nanohorns, and nanodiamonds are also among them [8].
CNPs have extraordinary mechanical qualities (extreme stiffness, strength, and
toughness), great stability, outstanding, low toxicity, and good biocompatibility be-
cause they are made of pure carbon. They are very hydrophobic as a result of their
SP2 hybridization. CNPs have undergone extensive research, left the lab, and been
mass-produced. Fig. 3.2 describes various types of carbon nanotubes

3.2 Synthesis of various carbon nanomaterials

The principal methods for manufacturing graphene in large quantities are raw
graphite can be exfoliated chemically or plasmatically, mechanically, via chemi-
cal vapor deposition, or by epitaxially growing graphene on the silica side of sili-
con carbide. Graphene can be obtained in three ways: as a derivative, by breaking
up carbon nanotubes, or by evaporating fullerene. Graphene is oxidized to create
the two most prevalent graphene derivatives, which are graphene oxide (GO) along
with diminished graphene oxide (rGO). KMnO4 and the protonated solvents (sulfu-
ric acid, nitric acid, or their mixtures) are used in these processes to treat graphene.
As a result, graphene or its carboxyl or hydroxyl groups form covalent bonds. A

FIGURE 3.2

Types of carbon nanotubes.
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great deal of the functional groups associated with oxygen are subsequently elim-
inated in a reduction to generate rGO by a variety of procedures, include treating
using vitamin C or hydrazine hydrate. Rolling graphene sheets produces carbon nan-
otubes (CNTs), which are nanoscale particles with cylindrical tubular shapes and a
diameter of a few nanometers. There are two varieties of CNTs: single-walled and
multiwalled, based on the number of graphene sheet layers. Pulsed laser ablation,
arc discharge, and chemical vapor deposition (CVD) are the most frequently utilized
processes for making carbon nanotubes. The CVD uses carbon consisting of pre-
cursor gases, such as CO2, C2H2, C2H4, and other hydrocarbons. During CVD, the
temperature varies between 350 and 1000°C [8]. A number of variables, considering
the duration of the nature, size, reaction, temperature, as well as catalytic size and
velocity of the reaction gas, affect the growth of CNTs. The arc’s cathode and an-
ode electrode discharge technique consists of two graphite rods. The electrodes are
then exposed to a direct current arc voltage while submerged in helium, an inert gas.
CNTs and fullerenes are produced using this technique [8].

On the cathode, MWCNTs are formed, while inside the chamber, fullerenes are
formed as soot. A pulsed laser is a very promising method for ablation of graphite.
It quickly and efficiently creates a product of exceptional quality in the appropriate
form and size without the need for a catalyst or vacuum [9].

3.2.1 Disadvantages of synthesizing nanoparticles using
conventional methods

The CNPs are often created by a disaggregation-based method of an initial bulk
carbon material or based on carbon-containing molecule-based particle nucleation
and growth [10]. In the initial case, the precursor is etched using only chemi-
cal processes, electrochemical processes, mechanical processes, or laser assistance.
N-methyl pyrrolidone (NMP), used in the production of graphene by the chemi-
cal exfoliation method, is toxic to the reproductive organs and an eye irritant [11].
The chemical exfoliation method’s other active ingredient, N,N-dimethylformamide
(DMF), may be hazardous to several organs. The PPM approach uses organic com-
pounds, which have the potential to be harmful. The sol–gel process also uses haz-
ardous chemicals, which present serious risks [11]. The exterior quality, metal cat-
alyst and/or graphite content, UV exposure, dispersion properties, and propensity
to assemble a result of intense forces of Van der Waals are all important factors
that affect how these particles behave. Furthermore, because some species, such as
rats, are more sensitive to particles, it is challenging to extend the findings to hu-
mans due to species disparities in studies. Regarding the impact on human cells,
it has also recently been shown that highly pure Single-Walled Carbon Nanotubes
(SWNTs), which include just minute amounts of graphite and metal catalysts, are
less harmful to human macrophage cells than less-purified SWNTs [12]. SWNTs
can also stop the proliferation of human cells by killing cells and lowering cellular
adhesion, according to a study [13]. Recent research has shown that both DWNT
and SWNT activate the human serum complement system through both traditional
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and unconventional mechanisms [14]. Carbon nanotubes’ ability to activate com-
plement results in the production of inflammatory peptides, which may encourage
harmful consequences including inflammation and granuloma development. Actu-
ally, it is unknown to what extent the biological milieu in which carbon fullerenes
may be maintained for years will be affected by continuous exposure to them. These
compounds’ behaviors can be altered by chemistry and surface changes, making
them cytotoxic. Recent research has shown that the surface modifications—whether
caused by irradiation, derivatization, or functionalization—of C60 fullerenes are the
primary cause of their cytotoxicity. According to Sayes et al., human neural astro-
cytes, human dermal fibroblasts, and liver cancer cells are all lethal to water-soluble
C60 Fullerene aggregates [15]. They cause lipid peroxidation, which interferes with
proper cellular activity. Its surface derivatization affects its cytotoxicity. They may
produce superoxide anions, which may lead to cell death because of membrane dam-
age.

3.3 Green synthesis of carbon nanomaterials

Nanotechnology has the capacity to profoundly transform lifestyles, occupations,
and entire economies because of its applications that cut across scientific disciplines,
including electronics, medicine, sophisticated manufacturing, and cosmetics. How-
ever, many of the practices and materials currently in use not only consume limited
resources but also produce hazardous waste. Thus, the integration of green chemical
techniques with nanotechnology applications is essential for the future of nanotech-
nology [16]. Many of these so-called “green nanotechnologies” are now making the
leap from the lab to commercial use, but there are still many challenges that need to
be solved.

A commercially viable synthetic process for creating luminous carbon nanopar-
ticles with quick clearing properties is demonstrated in an experiment conducted
by Wu et al. An environmentally friendly method is being investigated that in-
volves quick carbon nanoparticle surface passivation utilizing organic macromole-
cules (such as polysorbate or polyethylene glycol) without the use of solvents. Com-
mercial food-grade honey is introduced to create naked carbon nanoparticles [17].

The existence of baked lamb with luminous carbon nanoparticles was verified in
a different investigation by Wang et al. It was found that baked lamb produces bright
blue fluorescence under UV light by fluorescence nanoparticles composed of carbon
that have a 10% fluorescent quantum yield. The nanoparticles have a diameter of
about 2.0 nm and seemed fairly spherical. The surface of nanoparticles is covered in
carboxyl, hydroxyl, and amino groups. The reduction–oxidation cycle is thought to
be used by these nanoparticles to serve as a fluorescence sensor for glucose detec-
tion [18].

In a study by Kumar et al., Lassi, a drinkable yoghurt, was microwave-irradiated
to produce carbon nanoparticles (CNPs). According to the findings, CNPs had an
average size of 12.58 0.60 nm and a zeta potential of 24.62 0.15 mV [19].

Green carbon nanomaterials and their application in foo…
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3.3 Green synthesis of carbon nanomaterials 7

Section 3.1 has covered the green fabrication techniques for various types of carbon
nanoparticles.

3.3.1 Fullerenes synthesis

Ferrocene can be used in the composite as a catalyst and a source of magnetic
nanoparticles that are easily separated by an external magnet, after removing AB25
or MB dye using an adsorption procedure. This method of making functionalized
magnetic fullerene nanocomposites (FMFNc) is simple, one-step, and environmen-
tally friendly [20]. The 60-fullerene substrate was treated with sodium hydroxide in
a water/ethanol solution and added 5-aminolevulinic acid to create two water-solu-
ble fullerene nanomaterials [21,22]. Mikheev et al. proposed a sustainable, scalable,
and green strategy for producing AFD C60, C70, and endohedral metallofullerene
GdC82 in aqueous fullerene dispersions, as well as C60Cl6, C70Cl10, supramolecu-
lar derivatives, and ester-like compounds of them, totaling 10 fullerene species [23].
For the first time, pristine fullerenes without addends were prepared for dispersion
using an immersed ultrasonic probe. For the preparation of AFD employing an im-
mersed probe, direct sonication, and ultrasound-assisted solvent exchange were also
explored. When compared with an ultrasound-bath-assisted technique, the average
amount of time needed to prepare an AFD is reduced by 10–15 times, although the
final fullerene concentration in AFDs is still only an up to 80 ppm, a few ppm. Con-
tinuous stability, a nanocluster with an average diameter of not greater over 180 nm,
plus a surface that is negative charged having a zeta potential of up to −32 mV were
all characteristics of the aqueous dispersions. The total anionic and cationic com-
position of the samples was investigated using inductively coupled plasma atomic
emission spectroscopy in conjunction with inductive and chromatographic methods
[14].

3.3.2 Carbon nano-onions synthesis

As the catalyst, 30% (w/v) NaOH is combined with tomatoes as that of the car-
bon source. A straightforward carbonization process can produce water-soluble
C-onions. The production of reductively synthesized covalent modified carbon
Nano-onions (CNOs) required the utilization of novel alkali-metal CNO intercala-
tion compounds [24]. It has been claimed that a revolutionary method for producing
extremely brilliant CNOs in a matter of seconds involves the microwave pyrolysis
of fish scale debris [25].

3.3.3 Carbon quantum dots synthesis

Building up carbon dots has recently become more and more environmentally
friendly thanks to the usage of biomass. The economical and free strategy of pro-
ducing carbon quantum dots from neem leaf (Azadirachta indica) extracts has been
demonstrated utilizing a one-pot hydrothermal procedure [26]. CDs can be made
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environmentally friendly by employing hydrothermal (or solvothermal), using the
microwave or a dry heater. The most frequent source of substrate for CD production
is plants, though purified renewable materials such citric acid or amino acids have
also been used. For the creation of carbon dots, there have been uses for a number of
microorganisms, notably yeast, bacteria, and algae as green precursors. Adenosine
disodium triphosphate was used to create phosphorus and nitrogen codoped carbon
dots, which fluoresced vivid blue when exposed to UV light. Bioactive carbon dots
can also be made from substances. Drugs and other bioactive compounds have also
been utilized in the creation of CDs [16].

3.3.4 Carbon nanotubes synthesis

Coconut shell is a rich supply of potential synthesis starting points of carbon nan-
otubes, which is necessary to satisfy the requirements of green chemistry. Initially,
the structure of the result of burning coconut shells is similar to that of an allotrope
of graphite. The coconut shell–based calcining product is produced using a one-step
water-assisted process. This process involves heating the coconut shell to extreme
temperatures of around 600°C in an unfinished furnace without oxygen in order to
produce graphite flakes. The resultant graphite is heated to a temperature of 700°C
while also making distilled water. The resultant reddish-hued graphite is submerged
in cold water and allowed to sit there for a few hours at temperatures exceeding
700°C. To remove the water later on, the product is dried for 24 hours at 60°C. The
result is a carbon nanotube–based black powder [27]. By heating an aqueous solu-
tion of graphene oxide and carbon nanotubes with vitamin C to create supercriti-
cal carbon dioxide, carbon nanotube and graphene hybrid aerogels are created. In a
recent study, carbon nanotubes were created using a sustainable precursor derived
from coconut oil. This environmentally friendly method has benefited from being
the simplest way by using the chemical vapor deposition process. Iron is also used
as a catalyst to accelerate the formation of carbon nanotubes on the precursor.

3.4 Applications of green nanomaterials

3.4.1 Food industry

As processed food has become so popular among humans, the packaging of food
has received significant attention. However, the current focus is on the produc-
tion of food packaging materials, which requires the use of chemicals, water, pe-
troleum, minerals, and other resources. Traditional methods for identifying bacte-
rial infections and toxins need specialized equipment, and trained personnel and
are time-consuming and labor-intensive. Additionally, the food business is being
burdened greatly by the high costs associated with analysis and monitoring sys-
tems. Nanotechnology has been a fascinating field in recent years for address-
ing issues connected to food safety. It is difficult to keep food free from bac-
terial development for a lengthy period of time. Therefore, scientists are mak-
ing use of the diverse uses of
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3.4 Applications of green nanomaterials 9

carbon nanomaterials to address these difficulties. Most often, CNM is in charge of
providing assistance in the form of carbon dots, carbon nanotubes, graphene, acti-
vated carbon-based nanocomposites, etc., mostly in active food packaging and adul-
terant testing [27].

CNMs work to maintain security by resolving several food sector domains.
Throughout processing, manufacturing, transportation, and preservation, the pro-
duct’s quality and safety must be maintained through the use of food packaging.
Polystyrene, polypropylene, and polyethylene terephthalate are examples of petro-
leum-based plastics that have been used for a long time in food packaging to pro-
tect the contents from tampering and contamination, as well as because they are use-
ful for storage and transportation. However, due to its limitations in protecting food
from environmental effects, packaging constructed of plastic materials cannot en-
tirely guarantee the food’s purity and safety. Additionally, notably harming the en-
vironment are nonbiodegradable plastics, which ecosystem and that pollution from
microplastics and Nano plastic particles is getting worse [27].

A key concern in food safety is the identification and quantitative study of bacte-
ria. Traditionally used techniques necessitate prolonged culture times, highly trained
personnel, or particular components for each variety of bacterium to be recognized.
The sensor arrays use a number of cross-reactive receptors to provide a quick, af-
fordable, and easy method. Due to its exceptional optical qualities, which include
light persistence, photobleaching tolerance, photoluminescence, quick functionaliza-
tion, and great biocompatibility, this compound makes a great raw material for sen-
sors. Fluorescence analysis has a lot of potential for food security because of its
many advantages, including quick results production, low cost, simplicity of use,
and high sensitivity. It has been claimed that it is simple and effective to build a
CD-based fluorescence sensor array with several receptors functionalized. CDs have
developed three separate types of receptors that can bind to diverse bacteria: boronic
acid, polymyxin, and vancomycin because different bacterial surfaces have various
physicochemical qualities. Due to their reliability, economy, sensitivity, and quick
analysis, CNT biosensors hold promise for food monitoring. In food goods, they
might find many specimens. However, due to the diverse chemical and biological
makeup of food samples, it can be difficult to identify a particular constituent when
complex settings are at play. Therefore, proper utilization of Aptamers or other sub-
stances with high selectivity and affinities is crucial, aside from specific reactions
with certain molecules. Furthermore, it is necessary to build more resilient to con-
struct a dependable quenching or recovery system for fluorescence for more pre-
cise measurement, use CDs, or use them in conjunction with other nano methods.
The ideal strategy for achieving this is a green strategy. An SWCNT biosensor was
created by scientists for the purpose of identifying Staphylococcus aureus, which is
among the most typical causes of gastroenteritis brought on by eating tainted food
[27].

The Wang et al. experiment proved that roasted lamb contains luminous nanopar-
ticles that resemble CDs. These nanoparticles were relatively durable against pH,
high ionic strength, and photobleaching and produced a strong blue
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light when exposed to UV radiation. These nanoparticles’ many reductive groups
could be subject to hydroxyl radical oxidation. They might potentially serve as sen-
sors for the fluorescence of glucose [27]. The intrinsic luminosity of the extinct
Ctenopharyngodon idella fish scales was confirmed by fluorescence microscopy,
the spectrum of fluorescence’s excitation and emission, and absorption. Fish scales
made from leftover meals were used as precursors to provide a quick, affordable, ef-
ficient method for producing a huge amount of fluorescent carbon nanoparticles for
Fe3+ sensing [18].

It has been demonstrated that the hydrothermal treatment of pomelo peel results
in fluorescent CPs. The benefits of simplicity and cost-effectiveness come from the
fact that CPs don’t need to undergo any additional chemical alterations. The ap-
plication of such precise CPs has been investigated for label-free identification of
Hg2+ ions with a limit of detection as low as 0.23 nM. The great specificity for the
Hg2+ is one such illustration, feature of this sensor device [28]. The production with
a nitrogen concentration of 6.88% fluorescent nitrogen-doped carbon nanoparticles
(FNCPs) was made simple, environmentally friendly, and affordable by hydrother-
mally treating strawberry juice in a single pot. The highest emission of the as-pre-
pared FNCPs had a quantum yield of 6.3% at 427 nm and was selectively inhibited
by Hg2+. In order to effectively detect Hg2+, this offers a green method for FNCP
production [29].

The CNPs made from ionic liquids were created quickly and in an environmen-
tally friendly manner thanks to microwave assistance. The single-step green prepa-
ration approach is quick and efficient; it doesn’t require either a surface modifica-
tion agent or a strong acid solvent, making it ideal for mass manufacturing. Due to
its benefits in low-cost production, minimum cytotoxicity, intense fluorescence, and
great biocompatibility, CNPs could be an ideal choice for a fluorescent probe to de-
tect [30].

3.4.1.1 Applications for detecting pesticide residues and fruit samples
Pesticides are frequently employed in agricultural fields, but their lingering effects
on the environment endanger people, animals, insects, and ecosystems. Pesticides
that are overused for insect control, crop yield enhancement, etc., leave behind a siz-
able residual quantity in the environment. For the monitoring and control of pesti-
cides, numerous durable, trustworthy, and reusable systems utilizing a wide range of
composites have been developed. Researchers have found that a variety of proper-
ties of carbon nanomaterials, including high porosity, conductivity, and simple elec-
tron transfer, can be successfully used to identify food contamination by pesticides.
During the following discussions, it emphasized the significance of carbon nanoma-
terials in the investigation of residual pesticide levels in different food matrices [31].

Monocrotophos is sold as a reddish-brown solid and appears as colorless crys-
tals with a faint ester odor, applied as a quick-acting insecticide with systemic and
contact activity against several pests. Monocrotophos is a widely used pesticide be
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3.4 Applications of green nanomaterials 11

cause of its toxicity to pests, but because it leaves residues in crops, there are neg-
ative effects on food quality and human health. An MWCNT-based biosensor was
developed for the quick and precise detection of ops in order to address this prob-
lem. High sensitivity and narrow detection limits were displayed by this sensor dur-
ing the evaluation of real fruit samples. Diazinon also comes under the category of
Ops, which are harmful and produce negative results when ingested. It was success-
fully found in fruit samples using a CNT-based biosensor with low detection limits.
Therefore, CNTs ensure that food meets the necessary standards for quality, which
is vital for food safety and security [31].

For the very first time, full-color CNPs from Eucalyptus twigs were created using
a cost-effective, environmentally friendly process called differential washing (DW).
LBCNPs had the greatest QY of 10% out of all the fractions, although there were no
surface passivation processes taken throughout the synthesis. While the CNPs’ size,
shape, and zeta potential were satisfactorily and the CNPs’ surface clusters were af-
ter being described by DLS and SEM, they were XPS and FTIR identified. LBC-
NPs were used to create a specific fluorescence “turn-off” sensor having a 200 nM
threshold for detection of BB in water because of their excellent photo stability. The
mechanistic analysis, which included lifetime, temperature-dependent, and UV–vis-
ible fluorescence tests, pointing at a mixed squelching result that included dynamic
and transient quenching. Then, the 1H NMR study convincingly demonstrated that
an H-bonding link that occurred between the particle’s COOH molecule and the
BB’s SO3 group was what caused the temporary quenching. In order to quickly and
affordably detect BB in food specimens, LBCNPs were also used. Due to the LBC-
NPs’ excellent biocompatibility at a variety of suitable doses, they might be utilized
in cellular imaging as fluorescent probes without causing any harm [31].

3.4.1.2 Application in food packaging
For active food packaging, an antibacterial nanosheet has been created to replace
conventional plastic. It was discovered that CNMS had flexible activity and was less
hazardous. Carbon dots were used to create an eco-friendly antimicrobial bacter-
ial nanocellulose (BNC) sheet with UV protection and antibacterial action against
L. monocytogenes. The bacterial film was created using CDs that were 500 mg/
mL in concentration and 2.8 nm in size. The research investigation found that the
manufactured film had both effective antibacterial activity against Escherichia coli
and acceptable mechanical qualities. Given their versatility, polymers are frequently
utilized in food packaging ease of processing, capacity to be recycled, and eco-
nomic desirability. Unfortunately, no polymer can completely obstruct the gas, and
the majority of polymers let the passage of UV light. Many foods, however, re-
quire UV protection in addition to gas protection during storage. When exposed to,
for instance, UV radiation, several types of milk having the vitamin B2 riboflavin
significantly lose vital minerals [32]. It is recommended that various UV-blocking
compounds be used in food packaging materials to reduce the chance of polymers
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absorbing UV radiation [33]. UV-absorbing materials, such as CDs, have the poten-
tial to alter the nature of light by absorbing specific, recognizable wavelengths. As a
result of their significant down-conversion characteristics, CDs’ high degree energy
loss occurs when light dispersion and reflection quickly transform ultraviolet photon
energy into heat.

3.4.1.3 Improving the UV barrier’s efficiency in packing film
As a result, it was thought that the hybrid film created from CDs would be espe-
cially beneficial as a material for packaging in the food processing industry where
goods need to be protected from UV radiation [34]. The UV barrier qualities of the
materials used in CD-based food packaging have drawn a lot of attention. Acetic
acid bacteria create bacterial nanocellulose (BNC), an organic biopolymer with rib-
bon-like fibrils. It can adsorb a wide range of materials, has exceptional functional,
mechanical, and physicochemical qualities, and is beneficial in the domains of cos-
metics, textiles, medicine, food, and water treatment. For active and intelligent food
packaging, BNC is also regarded as a supporting biomaterial [35]. Fatemeh et al. de-
veloped a better nano paper using BNC. For 14 hours at 30°C, the BNC paper was
soaked in a CD solution (530 g/L) to make nano paper with potent antibacterial and
UV-blocking characteristics. The addition of CDs to BNC improved the ultimate
tensile strength of nano paper while significantly reducing the breaking strain.

CDs have been used as a covering material for fruit and vegetable preserva-
tion in a number of experiments due to their high antioxidant activity. Eskalen and
others [36] studied banana preservation and looked into the potential antioxidant
properties of water-soluble fluorescent CDs made with rosemary leaves as a carbon
source. PVA solution and CDs were combined to create the coating solution. Ba-
nanas of equal size were treated with PVA solution and PVA-CDs solution, with the
untreated banana acting as the control. The number of black spots and patches on
the banana peels were used to estimate the degree of oxidation. Untreated bananas
turned black on day 19 of the experiment, but PVA-treated bananas were mostly
black. Similar approaches were used on bananas by Wang et al. utilizing PVA solu-
tion and a CS-CDs/PVA (coffee bean shell-CDs/PVA) mixed solution [37].

3.4.1.4 Application in the food industry as antibacterial and antioxidant
agent

CDs have the potential to be employed as an antioxidant and antibacterial agent
in food due to their exceptional antioxidant and antibacterial properties, as well as
their nontoxicity or low toxicity. Banana-based CDs can effectively stop the growth
of S. aureus, Bacillus subtilis, and E. coli [38]. CDs and chitosan solutions can be
used to improve the shelf life of soymilk. After 4 days at room temperature, the to-
tal bacterial count in soy milk with 8% CDs and 0.16% chitosan was much lower
than that of regular soy milk. On the electronic nose, the flavor characteristics of
all processed soymilk samples were comparable with those of the control samples.
Carbon dots have many uses in the food industry due to their excellent chemical
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stability, water solubility, and ease of manufacture. Numerous studies have been
done on the production of carbon dots using Cannabis sativa as a precursor; the car-
bon dots operate as an antibacterial agent against E. coli and S. aureus. As a result
of their inherent antibacterial properties, CNMs are anticipated to be best suited as
food preservatives and packaging materials.

In large-scale applications, toxicology is a crucial parameter for evaluating the
potential effects of the CD on the local population and the environment. Fortu-
nately, the majority of recent biological toxicity experiments have demonstrated that
CDs have excellent biocompatibility and may be eliminated through normal meta-
bolic pathways without significantly altering pathological processes. In comparison
to metal quantum dots, CDs are more physiologically safe for organisms [39].

In order to guarantee that everyone on the planet has access to better health,
a healthy diet, and safe food, it is inevitable that the food and food-packaging in-
dustries will adopt innovative and cutting-edge technology. The peculiar proper-
ties of carbon-based nanomaterials have been the subject of several research studies
over the years, and more recent developments in the development of modern proce-
dures for food analysis, food safety, and food packaging are now more clearly vis-
ible. Researchers have discovered that current food packaging materials cannot be
outperformed by carbon nanoparticles such as carbon dots, carbon nanotubes, and
graphene. The CNMs are easy to produce and safe for the environment. Due to their
inherent antibacterial qualities, CNMs can be used as food preservatives and pack-
aging materials. Antibacterial nanosheets were developed to replace conventional
plastic in active food packaging [39]. Various applications of carbon nanoparticles
in the food industries have been illustrated in Fig. 3.3.

FIGURE 3.3

Nanoparticles in food industry.
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3.4.2 Biomedicine

The use of nanomaterials in drug delivery and bioimaging has become a prominent
field of research. Even though a variety of materials, such as metallic nanoparti-
cles (Au and Ag), semiconductor quantum dots, and magnetic nanoparticles have
been widely used in the delivery of drugs and bioimaging systems, these materials
frequently exhibit target-specific action because of their poor biodistribution, low
compatibility, and solubility in aqueous media. After extensive research, it has been
determined that carbon nanodots belong to an entirely new family of fluorescent
nanoparticles [40]. These materials’ advantages, such as superior photo stability,
water stability, and biocompatibility, make them a strong replacement for previously
accessible nanoparticles. According to this theory, fresh techniques have been de-
veloped to make green carbon nanodots. CDs have previously been created using
watermelon peel, camphor, honey, potatoes, milk, strawberries, oranges, bananas,
apples, sugar cane, bamboo leaves, and food scraps. All of these demonstrated how
simple the hydrothermal carbonization in aqueous medium process is to use to pro-
duce luminous CDs. New quantum-sized carbon-containing fluorescent nanoparti-
cles (CDs) have gained a lot of attention due to their excitation-dependent fluo-
rescent features as they have developed into a significant class of imaging probes
and a flexible platform for drug carriers. Doxorubicin (DOX), an anticancer med-
ication, was successfully released into cells under pH control by Zhou et al. using
CDs-encapsulated mesoporous silica complex [40]. Sharon’s team informed them
of the use of CDs made of gum Arabic and sorbitol for the transfer of DOX and
ciprofloxacin with regard to target specificity. Additionally, utilizing green tea and
CDs made from glycerol, a theranostic medicine for the regulated pharmacokinet-
ics of anticancer medications (quinine sulfate and DOX) was developed. D’Souza et
al. employed carrot roots that were successfully included in B. subtilis and demon-
strated complimentary with MCF-7 cells to produce stunning CDs. These CDs were
hydrogen-linked to the anticancer drug Mitomycin and displayed a pH-responsive
release property. Targeting milk-derived CDs and doxorubicin in ACC-2 adenoid
cancer cells. Doxorubicin conjugation with CDs improved the cancer treatment’s ef-
ficacy by enhancing the drug’s internalization in the nuclei of tumor cells [41].

Some researchers have produced CDs from harmful cyanobacteria that were cou-
pled with DOX and fed to the intended cancer cells for both in-vivo and in-vitro
testing. Wang’s team produced DOX drug carriers by using bovine serum albumin
as a precursor and the solvothermal method to synthesize hollow CDs. The ultrafine
size, multifunctional groups, and superior photoluminescence of the fluorescent CDs
make them ideal drug delivery vehicles for loading and delivering medications, as
demonstrated by the ease with which the lisinopril-loaded CDs were absorbed by the
HeLa cells. The results of cellular uptake and cell viability show that the fluorescent
CDs are biologically compatible and function as imaging probes for HeLa cells. So
the CDs-based lisinopril drug delivery method holds promise for both medication
administration and cellular imaging [41].
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A hydrothermal carbon nano dot–based NIR-II emitting nano sensor has been de-
veloped and heated it to 190°C for 3 hours after activating it with an 808 nm laser.
Between 900 and 1200 nm, the CD emissions showed a QY of up to 0.4%. These
NIR fluorescent CDs have been proven to be reliable probes for in vivo imaging
of renal excretion. It may also be able to meet the requirements for fluorescent
SARS-NIR CoV-2 detection [42]. Solvent extraction combined with the solvother-
mal method resulted in the development of the distinctive carbon-rich quantum dots
formed from biological materials (also known as “biomass quantum dots, BQDs”)
with dual-emission and single-excitation properties. This carbon nanocomposite of
CBQDCu based on spinach showed potential for near-infrared fluorescence imaging
when copper ions were added [42].

Doxorubicin conjugated due to their excellent fluorescence properties and good
biocompatibility, drinkable source-derived CDs (BCD-DOX) are a potentially safe
material for image-guided drug delivery and bioimaging in the treatment of can-
cer. The results of the cytotoxicity research demonstrated that there was no obvious
reduction in cell viability at concentrations as high as 12.5 mg/mL over 48 hours
[42]. The antibiotic Ciprofloxacin was delivered to bacterial cells using gum Arabic
CDs. Gram-positive (Pseudomonas aeruginosa) and Gram-negative (E. coli) bacte-
ria were both used by the researchers. S. aureus and B. subtilis were used to test
the antibacterial activity of the drug-loaded CDs, and the naked CDs had very little
effect on these microbes. The CDs linked to the drugs were less effective against
Gram-negative bacteria than they were against Gram-positive bacteria [43].

Some researchers have employed a “green,” fast, eco-friendly, waste-reused
method to make water-soluble and bright C-Dots from eggshell membrane (ESM)
ashes. These ESM-derived C-Dots, which were very expensive to make, displayed
astounding fluorescence properties and had a lot of application potential in biotech-
nology and sample detection [44]. The calcium alginate (CA) film that Sarkar et al.
developed for a study on pH-responsive drug delivery was coated with aloe vera
leaf gel CDs. To create a brand-new hybrid nanoparticle, the CD-coated CA films
were combined with cyclodextrin that was loaded with vancomycin. These hybrid
nanoparticles demonstrated increased medication loading efficiency (96%) and pro-
longed drug release at a low pH [45].

Green CDs have the potential, according to the study, because of their unique
properties, which include outstanding cargo loading efficiency, photo stability,
enough quantum yield, and sustained fluorescence. It has been shown that “naked”
green CDs can be found in specific places such organelles, cytoplasm, and cancer
cells. Even if the majority of CDs’ surface functionalization has probably been cor-
related with their intracellular and nuclear localization, this is the case. Green CDs
have shown tremendous potential for self-targeted imaging as well as a format for
targeting tumor cells and cellular organelles, thus it is interesting to continue devel-
oping them in this way. They are suitable for biological applications because, when
combined with therapeutic or targeted medicines, they still exhibit fluorescence. In
vivo fluorescent imaging has issues with poor tissue penetration and auto fluores-
cence background [46].
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Bioimaging CNT-based imaging probes have also drawn a lot of interest. The
quasi-one-dimensional (1D) semiconducting SWNTs may produce fluorescence in
the near-infrared (NIR) regions, including the traditional NIR-I area (700–900 nm)
and the recently revealed NIR-II region, thanks to their very tiny band gap of about
1 eV (1100–1400 nm). SWNTs have a powerful resonance. Raman scattering has
a very broad scattering cross section, making it possible to create excellent Raman
probes for biological imaging and sensing [47].

An altered glassy carbon electrode (GCE) with immobilized hemoglobin has
been combined with a multiwalled carbon nanotube/zinc oxide (MWCNT/ZnO)
mixture to create an incredibly sensitive and accurate amperometric hydrogen per-
oxide sensor. Biosensor for (H2O2). The developed biosensor has a low detection
limit of 0.02 M, good sensitivity, a large linear range, and an incredibly fast re-
action time (>2 seconds) to H2O2. Along with excellent conductivity, MWCNT’s
straightforward electron mobility, and ZnO’s great biocompatibility, the constructed
biosensor also stood out for its high selectivity, appropriate stability, respectable re-
producibility, and repeatability. A representation of the typical chemical reaction
structure of graphene nanodots driven by the NIR, which are employed for optical
imaging and therapy among other things, is shown by graphene nanodots [CGQDS]
with carboxyl functionalization and an excitation wavelength of 655 nm. These sci-
entists conducted a number of experiments, including one in which they visualized
MDA-MB231 in breast cancer–bearing mice both in vivo and in vitro. The exper-
iment’s findings demonstrated that graphene nanodots might help visualize tumor
tissue in mice and could be used as a tool for noninvasive imaging of cancer in
deep tissue and organs. Another work employed imaging to develop a serum albu-
min (BSA)-cis-aconitylpheophorbide-a (c-PheoA) functionalized GO nanocomplex
using the cancer cell line and the MCF-7 cell line (human breast adenocarcinoma)
[48].

A straightforward process has been created for the mass production of water-sol-
uble green carbon nanodots (Gdots), which may be made from a number of sources
and come from massive volumes of food waste. The G-dots’ high level of water
solubility is a result of the abundance of oxygen-containing functional groups that
surround their surface. These G-dots are excellent sensors for in vitro bioimaging
because of their low cytotoxicity and high photo stability. The outcomes clearly
showed that over the course of 24 hours, Gdots (at concentrations up to 2 mg/mL)
had no negative effects on the cell lines [48]. The search for microscopic biomark-
ers with stable fluorescence served as the impetus for research on fluorescent semi-
conductor nanocrystals. The use of quantum dots (QDs) was one of the alterna-
tives examined. They provide organic dyes and proteins with much improved optical
properties compared with a high photobleaching limit, broad excitation, and narrow
emission spectra, as well as very high quantum efficiency. However, there are two
issues with QDs: They are moderately cytotoxic, lack fluorescent properties, and
show nonstable fluorescence rather than a nonlinear blinking feature. As a result,
interest is currently concentrated on carbon-based nanomaterials, especially nanodi-
amonds. When applied to cells, nanodiamonds did not appear to produce reactive

Green carbon nanomaterials and their application in foo…

92



UN
CO

RR
EC

TE
D

PR
OO

F

3.4 Applications of green nanomaterials 17

oxygen species (ROS) or be harmful to the majority of cell types, as suggested by
Schrand and colleagues. Nanodiamonds have a better possibility of becoming bio-
markers than QDs since they seem to be biocompatible, a critical trait of biomarkers.
Nanodiamonds’ carbon structure can be easily functionalized by binding biological
molecules like proteins in addition to its optical and biocompatible properties. As
a result, there is a greater chance of producing bio conjugates, which could aid in
the development of cellular and molecular imaging studies. As intracellular mark-
ers, antibodies may be linked to green fluorescent nanodiamonds, which has been
demonstrated to be possible. The results show that cellular auto fluorescence and
nano diamond–mediated fluorescence may be separated based on fluorescence in-
tensity and photobleaching. The nano diamond immunoconjugates can be efficiently
transported intracellularly using a number of transfection techniques, including den-
drimers and protamine. With the correct antibody, nano diamond conjugates can be
directed to intracellular components such as the mitochondria. Nanodiamonds are
a promising substance for testing in living intracellular cells due to their high pho-
tobleaching resistance and purported lack of cytotoxicity. According to these re-
sults, nanodiamonds might someday be used as biological biomarkers for human
cells. The use of nanoparticles offers a potential substitute for avoiding drug efflux
routes. Nanoparticle pharmaceutical delivery can increase intracellular drug concen-
tration and therapeutic effectiveness by entering the cell through endocytosis. Due to
chemical modifications, several important cancer therapies, including water-insolu-
ble medications, may now be delivered by NDs. Additionally, NDs have been used
to optimize the drug release qualities in a variety of implanted devices for localized
tumor therapy.

For the advantage of the biological analyzer, a carbon nanotube biosensor in-
cludes specific bio-inspired receptor links that are similar to the DNA of bacteria or
viruses and proteins produced by infected live organisms [49]. Due to their excep-
tional enzyme resistance and highly smooth adsorptive qualities on the surface of
nano carbon, small proteins are employed for gene release. It is excellent for cancer
drug delivery systems since it can self-assemble and move between cells to migrate
toward nucleic acids (DNA and RNA). One material that might have a better affin-
ity for the improved biosensor is nano carbon tubes. The influenza virus has been
recognized by a nano carbon-based biosensor that has been modified with glycans
[50]. Due to their extraordinary capacity to quench radicals, fullerenes have gener-
ated a lot of interest as possible medicinal antioxidants. Single electrons from rad-
icals are quickly incorporated into their extended conjugated form. Aqueous solu-
tions of C60 had no detrimental effects on Chinese-hamster V79 cells [51]. How-
ever, it was shown in another investigation that the cytotoxicity of C60 in aqueous
solution was brought on by the generation of singlet oxygen. The study’s most sig-
nificant finding is that cytotoxicity is sensitive to the number of functional addends
attached to the cage, and that higher hexahedral functionalization can reduce cyto-
toxic effects by almost seven orders of magnitude. Through a one-step, additive-free
hydrothermal treatment of grape juice, fluorescent carbon nanoparticles (CPs) pro-
duction has been made simpler, more affordable, and environmentally friendly.
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The human Hela cells were incubated at 37°C in a humid incubator with 100 g/mL
penicillin/streptomycin, 10% fetal bovine serum, and DMEM. The CPs suspension
was applied to a chamber slide well at a final concentration of 20 g/mL. After a
day of incubation, the cells underwent three phosphate-buffered saline rinses. The
long-pass filter in use had a wavelength of 530 nm, and 488 nm was the excitation
wavelength used to capture the fluorescence images. The results show that grape
juice-derived CPs can work well as a bioimaging probe [52].

Wu et al. created a novel one-step solvothermal technique to produce fluorescent
CNPs using triple-distilled water as the carbon source, glycol as the solvent, and
L-ascorbic acid as the carbon source. When subjected to UV light, the created CNPs
were found to be water-soluble, monodispersed, and capable of emitting persistent
green fluorescence over a wide excitation wavelength range. Within a certain range,
there was a significant linear relationship between the fluorescence intensity and the
solution’s pH. It was found that the created CNPs might be used as a tool for bio-
logical analytical applications [53]. Muesli was hydrothermally treated to produce
extremely photo luminescent and 37.40% quantum yield carbon nanoparticles with-
out the need of any surface passivation or oxidizing chemicals. Due to their potent
fluorescence, superior photo stability, low toxicity, and other properties, the carbon
nanoparticles that have been produced have proven to be effective biocompatible
probes for bioimaging [54].

A simple method for producing photo luminescent carbon nanoparticles (CNPs)
from waste plastic bags (WPBs) uses hydrothermal treatment in low-concentra-
tion H2O2 solutions (5.0 wt.%). Risky regulators, difficult synthetic conditions, and
time-consuming steps weren’t necessary for this method. The size of the CNPs can
be precisely controlled by simply raising the H2O2 concentration; higher H2O2 con-
centrations lead to smaller CNP particle sizes. CNPs are fascinating candidates for
cellular imaging because of their strong photoluminescence, superior optical stabil-
ity, low cytotoxicity, and exceptional water dispersibility. This simple technique sat-
isfies the intriguing “waste-to-treasure” conversion and offers a creative plan for the
effective reuse of WPBs [55]. Various applications of carbon nanoparticles in the
healthcare sectors have been describes in Fig. 3.4.

3.4.3 Agriculture

As a result of nanotechnology’s potential to provide new tools for the molecular
control of illnesses, quick disease diagnostics, enhancing plant nutrient absorption,
etc., the food and agriculture industries may experience a total makeover. The agri-
culture business will be assisted in combating viruses and other crop problems by
smart sensors and smart delivery systems. Nanostructured catalysts will soon im-
prove the efficacy of fertilizers and herbicides, enabling the use of lesser amounts
[56,57]. Both organic and synthetic fertilizers contain chemical components that
encourage plant development and productivity. The majority of contemporary fer-
tilizers are composed mostly of the three macronutrients nitrogen, potassium, and
phosphorus. The fundamental goal of fertilizer is to improve plant development.
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FIGURE 3.4

Applications of carbon nanoparticles in the healthcare sector.

One of two methods is used to achieve this goal: historically, nutrient-rich additives
are given to plants. Altering the soil’s water retention and aeration could also in-
crease the usefulness of the soil [58].

It has been found that the activation of water channel and cell wall expansion
proteins by CNMs at low concentrations is responsible for the improvement of wa-
ter intake, seed germination, seedling growth, and nutrient absorption. High concen-
trations of CNMs increased the production of free radicals and certain antioxidant
enzymes, but this also resulted in oxidative stress events and cell damage. Addi-
tionally, CNMs improved the adsorption of beneficial medicinal (carotenoids) mol-
ecules in a dose-dependent manner. The synthesis of secondary metabolites may be
controlled by CNMs altering the genes linked to those pathways, according to re-
search [59].

Chloroplast photosynthesis is the method used by plants to transform solar en-
ergy into chemical energy. Chloroplasts, which can only use light in the visible spec-
tral range (400–700 nm), mostly in the blue and red, use less than 10% of sunshine.
Plant photosynthesis does not use UV or IR light sources. In order to maximize the
utilization of solar energy and broaden the light spectrum for plant photosynthe-
sis, high-performance light conversion materials with blue and red broadband emis-
sions may be feasible. The use of various light-trapping nanomaterials to transform
weakly absorbed UV light into well-absorbed visible light to speed up plant pho-
tosynthesis has boosted the efficiency of the light utilized by chloroplasts. Due to
their consistent emission and diverse photoluminescence spectrum, CNMs are com-
monly used as down-conversion nanomaterials (DCNMs) to transform ultraviolet
(UV) light into photosynthetically active radiation [57].
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Nanofertilizers are nanomaterials that give plants a particular nutrient or a combi-
nation of two or more nutrients, resulting in an increase in growth and the yield of
the crop. All those nanomaterials that enhance conventional fertilizers without di-
rectly feeding crops nutrients are also referred to as nanofertilizers [60]. Future agri-
cultural productivity may surely be significantly impacted by carbon nanoparticles,
particularly if they increase food production and enhance agricultural sustainability.
However, depending on the plant species, CNM type, and dosages, these effects may
differ. Because the majority of the current research on CNMs in agriculture is done
in labs, considerable field application data must be obtained before CNMs can be
used widely in agriculture in the future. Scientists recently created monitoring tech-
niques based on nanosensors to improve plant health, including parasite connections
and disease identification and control. The use of nanosensors in molecular biology
applications, such as the detection of plant illnesses, the prevention of soil and wa-
ter pollution, the management of harvested crops and flowers, the reclamation of
contaminated soil, etc. Nano biosensors can be used to detect various fertilizers and
plant diseases using a system for regulating plant nutrients, reducing nutrient loss,
and increasing crop yields [61]. In this context, a CNT-based digital sensor may be
used in remote sensing systems for plant diseases to identify dangerous gases that
can be consumed by insects or plants in real time. An acetylcholinesterase biosensor
for the detection of organophosphate herbicides was created through the fabrication
of multiwalled carbon nanotubes onto liposome bioreactors. SWCNT-based hybrid
nanosensors for gases, including ammonia, nitrogen oxide, hydrogen sulfide, sulfur
dioxide, and volatile organics, may be used to measure agroecosystem contaminants,
assess the effects on living things or health, and improve agricultural output. SW-
CNT-based hybrid nanosensors for gases, including nitrogen oxide, ammonia, sulfur
dioxide, hydrogen sulfide, and volatile organics. This may be used to evaluate agroe-
cosystem pollutants and increase agricultural productivity [61]. The utilization of a
variety of readily available carbon nanomaterials, such as graphene oxide, allows for
the mass production of encapsulated fertilizers with a controlled release strategy and
can be sold for less money [62]. Carbon nanotubes can carry both macro- and mi-
cro-elements, and they can even be utilized as slow-release fertilizers to cut back on
the excessive amounts that are generally used [63]. Because of its antifungal quali-
ties, carbon nanoparticles are an exciting material to utilize in the creation of vari-
ous nano insecticides. CNTs greatly reduced the mycelium’s ability to form spores
when the effects of industrial MWCNTs on the entomopathogenic Paecilomyces fu-
mosoroseus fungal conidia were investigated [64,65]. In the agricultural sector, pes-
ticide residues in the soil are a major issue. Researchers have looked into the possi-
bility of employing carbon dots to detect pesticides in various food and agricultural
products [66,67]. The ability of CNT-based optical and electrochemical sensors to
detect extremely low amounts of pesticide residues, particularly on the surface of the
plant, may be of considerable use to the food sector [68,69]. Various applications of
nanoparticles in the field of agriculture have been illustrated in Fig. 3.5 (Table 3.1).
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FIGURE 3.5

Applications of nanoparticles in agriculture.

3.5 Conclusion

In recent years, there has been a significant increase in interest in and focus on the
field of nanotechnology and nanoparticles. Although there are several methods for
creating these nanoparticles, scientists are worried about the harm that they can do to
the environment if they are created through traditional methods. Consequently, there
has been a lot of interest recently in a new field called green production of nanopar-
ticles. This chapter largely concentrated on the various methods for creating green
carbon nanoparticles and their applications in significant industrial domains. This
chapter gives a brief overview of the uses of environmentally friendly technologies
to create carbon nanoparticles in food, biomedicine, and agriculture.
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TABLE 3.1 Carbon nanoparticles, their applications in various domains.

S.L

No

Types of carbon

nanomaterial

Domain of

application

Key findings References

1 Carbon QD
Carbon nanotubes
Nanowires

Food Detection of contami-
nants in food with
nano based sensors
Early detection of egg-
borne pathogen

[70,71]

2 Carbon QD
Carbon nanotubes

Food Vegetarian meat produced
in large quantities in
laboratories, preserving
the flavor and texture of
genuine meat without any
of the risk

[72]

3 Carbon nanotubes Food Customized eggs with
desired antibodies, more
significant vitamins, and
low cholesterol

[73]

4 Carbon nanotubes Food Nanomaterials with
high permeability for
packaging food to
shield it from UV rays
Giving the food more
vigor to keep it pro-
tected from the envi-
ronment, extending its
shelf life

[74]

5 Zeolites and nanoclays Agriculture Zeolites and nanoclays are
used to retain water or
liquid agrochemicals in
the soil or to release them
gradually to the
vegetation.

[75]

6 Nanomaterials and
nanoclays
CNT filters

Agriculture Filters are employed in
water purification and
pollutant remediation to
remove contaminants from
the environment.

[76]
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S.L

No

Types of carbon

nanomaterial

Domain of

application

Key findings References

7 Nanomaterial-based
gene-delivery sys-
tems
Liposomes nanoma-
terial

Biomedicine Using nanomaterials
to deliver deoxyri-
bonucleic acid in plant
breeding
Ribonucleic acid,
which is triggered by
pathogens, is used to
plant cells for genetic
transformation or to
cause defense re-
sponses.

[77]

8 QDS nanoparticles Biomedicine Detection of
neurodegenerative
disease-related compounds

[78]

9 Nanomedicine and
“nanorobots”

Biomedicine detection of pathogenic
microbes and viruses, such
as the human
immunodeficiency virus,
fungus, and morbific
bacteria.

[79]

12 Liposomes, compound
nanoparticles,
nanocrystals, and
specialty compounds
such as dendrimers,
fullerenes, carbon
nanotubes and inorganic
nanowires

Biomedicine Therapeutic drug delivery
systems.

[80]

13 Carbon nanotubes Biomedicine Applied in medical
implants and scaffolds for
grafts.

[81]

14 Quantum dots Biomedicine Used for experimental
medical imaging
applications bioimaging
applications.

[82]

15 Dendrimers Biomedicine Applied in regenerative
medicine

[83]
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7.1 Introduction

“Nutrition isn’t just about eating, it’s about learning to live.” beautifully written by
Patricia Compton, illustrates the prime necessity to fully understand the food product
we consume. To understand the properties associated with the complex food mole-
cules, food science is applied; whose scope grays the line between agricultural and
nutritional science(s) and focuses on the development of food safety, food process-
ing, food packaging, how molecules such as carbohydrates, lipids, proteins, and wa-
ter interact with each other under storage conditions. Additionally, the birth of food
technology has given numerous opportunities to improve the fields explored by food
science and to understand the concentrations of various components present in var-
ious foods. This is where the exponential advancement of nanotechnology provides
limitless potential toward the improvement of food sciences, food sensing biosen-
sors, and food properties such as texture, taste, and nutritional value [1–3].

One of the 21st century’s most promising technologies is nanotechnology (NT).
NT is defined as “a science, engineering, and technology conducted at the nanoscale
(1–100 nm), where a unique phenomenon enables novel applications in a wide
range of fields, ranging from chemistry, physics and biology, to medicine, engi-
neering and electronics” according to National Nanotechnology Initiative (NNI),
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USA. In short, any technology that works at the nanoscale is called NT. Among the
varied applications of such technology, the brightest gem of all is its role in the agri-
cultural and food sector. Due to the increased surface-to-volume ratio and unique bi-
ological, chemical, and physical properties, nanomaterials have gained much inter-
est in agro-food, medicine sectors, and other industries compared with macro-sized
particles [3,4].

Nanomaterials such as CNT play a significant role in the food industry. CNTs are
tube-like structures that are composed of carbon and have a diameter of nanometers.
CNTs are one-dimensional nanostructured carbon materials, formed when graphene
sheets are rolled up to form a cylindrical tube-like structure. Laboratory investiga-
tions have found nanometer-wide hexagonal lattices, which are light, biocompatible,
conductive, and had the strongest tensile strength. In a wide range of fields start-
ing from academia to industry, CNTs have attracted a lot of researchers as they are
promising materials in NT in the future [5–7]. Recent breakthroughs in the use of
CNTs in food sensing and applications have led to the development of several inno-
vative solutions. These include the rapid detection of various analytes [8–12], food-
borne pathogens, monitoring of food contaminants [13–15]; to enforce food safety
and packaging applications [16–18]. Additionally, CNTs are being used for the mi-
croextraction of specific particles, such as heavy metals in food samples and phtha-
late acid esters in beverages and alcoholic samples, to enhance food safety and qual-
ity control [19–21].

7.1.1 History

Carbon was first discovered in the form of graphene in 1779, and then diamond was
discovered 10 years later. The year 1985 saw the discovery of fullerenes by Kroto,
Smalley, and Curl. CNTs were discovered in 1991, a few years later, by Sumino
Iijima. Although CNTs had been developed and investigated in a variety of settings
before to 1991, Iijima’s report is particularly significant since it made the scientific
community aware of CNTs. A Japanese physicist named Sumio Iijima carried out
an experiment in which he put an electric current across two graphite rods, causing
a spark to form between them and a puff of carbon gas to be released, vaporizing
the anode rod’s tip. The carbon-rich air landed on the chamber walls, forming a thin
layer of black soot. It was discovered that the unusual substance that had grown was
a tiny, single-layer carbon straw known as a multiwalled carbon nanotube (MW-
CNT). The initial MWCNTs are always closed at both ends and have outside diam-
eters between 3 and 30 nm. By scanning a few MWCNTs in 1993 that were thinner
than most MWCNTs, a new class of CNTs with a single layer was found. These
were known as Single-walled Carbon Nanotubes (SWCNTs), which were curved
rather than straight and had a diameter in the range of 1–2 nm [6,22–24].

This chapter describes the distinct types of CNTs and their properties. CNTs
have emerged as a crucial element in food science and sensing technology, con-
tributing significantly to food preservation and the measurement of analyte concen
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trations in food samples. Their unique properties make them ideal for these applica-
tions. Additionally, the article provides an overview of the current state and future
possibilities of CNTs in the field.

7.2 Classification of carbon nanotubes and their
properties

Carbon allotropes are different forms of carbon resulting from the arrangement of
carbon atoms. Some common types of carbon allotropes include Graphene, Dia-
mond, Nanotubes, and Fullerenes. One specific type of carbon allotrope is called
CNT, which has a nanostructure with an incredibly high length-to-diameter ra-
tio, sometimes exceeding 1,000,000. These nanotubes consist of concentric carbon
shells with an adjacent separation of 0.34 nm. Graphene, a component of CNTs,
forms a honeycomb-like network of carbon shells. This unique structure enables
CNTs to possess high Young’s modulus, exceptional electrical and mechanical
properties, and impressive tensile strength. CNTs can be further divided into SWC-
NTs and MWCNTs based on their structure and characteristics. Each type of CNT
exhibits distinct features due to their structural differences [5,25–27].

7.2.1 Single-walled carbon nanotubes and their properties
(SWCNT)

SWCNTs, commonly known as graphene nanotubes, are allotropes of sp2-hybridized
carbon. A sheet of graphene that has been rolled into a tubular form can be used to
represent the structure of SWCNTs as illustrated in Fig. 7.1. A buckyball or fullerene
structure may be used to cap the ends of these tubular constructions. Depending on
the chirality of the nanotube, several characteristics, such as orientation and the di-
ameter to which the graphene sheet must be rolled, alter. The characteristics of dif-
ferent SWCNTs are determined by the nanotube’s chirality [6,25,28].

7.2.1.1 Properties of SWCNTs
SWCNTs have several unique properties across different domains. SWCNTs are
100 times stronger than steel in terms of mechanical qualities, and they weigh only
1/16th its weight [29,30]. For electrical properties, SWCNTs have a high current-

FIGURE 7.1

Rolling of a graphene sheet to form SWCNT.
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carrying capacity, exceeding that of copper and gold, and semiconducting species
have higher mobility than silicon [29–31]. In terms of optical properties, SWCNTs
have unique optical absorption and fluorescence properties depending on their chi-
rality, and coatings made with SWCNTs are transparent in the visible region, mak-
ing them useful in displays and solar cells [29,30]. SWCNTs have high thermal con-
ductivity, comparable with that of diamond or in-plane graphite that is thought to
be the greatest thermal conductivity yet seen in a material at moderate temperatures
[29,30].

7.2.2 Multiwalled carbon nanotubes and their properties
(MWCNT)

When numerous layers of graphene are concentrically rolled into a cylindrical struc-
ture as demonstrated in Fig. 7.2, to create MWCNTs, their structure can be com-
pared with the concentric arrangement of SWCNTs [5]. The structures of SWCNTs
and MWCNTs are quite similar as sp2-hybridized six carbon rings as in graphene
forming a tubular structure (SWCNTs). MWCNTs are a series of these cylindrical
structures that can be viewed as a series of SWCNTs concentrically arranged one
after the other. The MWCNTs’ diameter may be as high as 30 nm when compared
with SWCNTs, which have 0–2 nm diameters [25,28].

7.2.2.1 Properties of MWCNTs
MWCNTs possess diverse properties that make them valuable in various applica-
tions. When incorporated into composites, MWCNTs demonstrate high conductiv-
ity; however, it is crucial to remember that just the outer wall of the nanotubes is
responsible for this conductivity. Morphologically, MWCNTs have a high aspect ra-
tio, with diameter lengths significantly larger than their width. Their performance is
influenced by factors such as aspect ratio, straightness, degree of entanglement, and
the presence of flaws in the tubes. In terms of physical properties, individual MW-
CNTs exhibit remarkable tensile strength, which can be further enhanced when they

FIGURE 7.2

Rolling of graphene sheets to form MWCNT.
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7.2 Classification of carbon nanotubes and their properties 5

are included in thermoplastic or thermoset compounds. Moreover, MWCNTs
demonstrate thermal stability up to temperatures exceeding 600°C, although this de-
pends on the level of imperfections and purity. However, it is worth noting that
any remaining catalyst in the product can catalyze breakdown at high temperatures.
Chemically, MWCNTs, akin to fullerenes and graphite, possess high stability due to
their composition of sp2-hybridized carbon. Nevertheless, it is possible to function-
alize nanotubes to elevate their strength and dispersibility in composite materials,
expanding their potential for tailored applications [6,32]. The comparisons between
SWCNTs and MWCNTs are displayed in Table 7.1 [33] and based on properties are
discussed in Table 7.2 [30].

TABLE 7.1 Comparison between SWCNTs and MWCNTs.

SWCNTs MWCNTs

1. There is only one layer of graphene. 1. There are several layers of graphene.
2. For SWCNT synthesis, a catalyst is
required.

2. It does not require a catalyst for
MWCNTs synthesis.

3. Large-scale synthesis is difficult. 3. Large-scale synthesis is easy.
4. In the functionalization process, defect
probability is high.

4. In the functionalization process, defect
probability is low.

5. Purity is low. 5. Purity is high.
6. It has a simple structure. 6. It has a complex structure.
7. Easy to twist. 7. Cannot be twisted.
8. Less accumulation occurs within the body. 8. High accumulation occurs within the

body.

TABLE 7.2 Comparison of SWCNTs and MWCNTS based on their properties.

S.L No Parameters SWCNTs MWCNTs

1 Diameter 1–2 nm 7–100 nm
2 Length Up to 1 mm Up to 1 mm
3 Aspect ratio Up to 10,000 50–4000
4 Tensile strength 50–100 GPa 10–50 GPa
5 Elastic modulus 50–100 GPa –1000 GPa
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7.3 Role of carbon nanotubes in food science

7.3.1 Role of CNTs in food packaging and preservation

The ability to transport and preserve food for an extended period is made easier by
proper packaging, which has become a standard procedure for extending the shelf
life of food. Food can be packed using containers made of glass, plastic, metal,
and paper. However, to reduce the environmental contamination caused by petro-
leum-derived components (plastics), which are widely utilized to package and pre-
serve food, there has been a great focus on using NT to help preserve food and at
the same time reduce the pollution produced by the food packaging industry. CNTs
have a significant presence in the food sector because of their small size and unique
physiochemical characteristics [34–36].

Recent advances in NT have demonstrated that CNTs possess outstanding me-
chanical, thermal, and electrical qualities that support the strengthening of polymers.
The ability of CNTs to strengthen polymers, particularly biopolymers, can aid in the
creation of novel uses for CNTs in food packaging. Additionally, CNTs can be used
as filler for nanocomposite materials due to their high tensile strength. Due to their
role in developing biodegradable polymers for the packaging sector and their contri-
bution to increasing mechanical and barrier qualities, CNTs are essential materials
[34,35,37].

Yu et al. [38] produced bionanocomposites by reinforcing 3-hydroxybutyrate
and 3-hydroxyvalerate (Polyhydroxybutyrate-co-valerate—PHBV) with MWCNTs.
They used the solution casting technique and found that the resulting PHBV-g-MW-
CNTs were evenly distributed throughout the PHBV matrix, leading to improve-
ments in thermal stability and various properties. Compared with clean PHBV,
PHBV-g-MWCNTs exhibited an 88% increase in tensile strength, a 172% increase
in Young’s modulus, and a maximum decomposition coefficient of greater than
23°C [38]. In their study, Kang et al. [17] described the relationship between SW-
CNTs and Escherichia coli 12. The study demonstrated that the plasma membrane
damage caused by the SWCNTs caused the E. coli 12 cells to lose their cellular in-
tegrity. The damage produced by the formation of SWNCT aggregates on incuba-
tion with cells resulted in the loss of cellular content by the cells. This characteris-
tic of SWCNT supports the notion that CNTs have antimicrobial action. CNTs’ an-
timicrobial properties aid in the packaging and preservation of food [17]. In a study
on “the effect of nanocomposite packaging carbon nanotube base on organolep-
tic and fungal growth of Mazafati brand dates” conducted by Asgari et al. [39],
low-density polyethene films incorporating nanocomposite CNTs were produced by
solution casting from boiling xylene. These films contained the Mazarati dates in
sterile, ambient settings. Microbiological analysis proved that the antibacterial ac-
tivity increased with the CNT content. The uniform distribution and lack of ag-
glomeration of CNTs have led to an increase in antimicrobial effect. It was con-
cluded that nanofilm decreases fungal growth [39]. In 2013, Dias et al., described
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7.3 Role of carbon nanotubes in food science 7

the creation of CNT with allyl isothiocyanate-based antimicrobial packaging. These
films developed have shown antimicrobial activity, decreased impact on the color
of food, and helped in controlling oxidation. The most effective combination was
concluded to be more than 28% allyl isothiocyanate concentration incorporated with
CNT higher than 0.02% concentration. The films created could extend food’s shelf
life by up to 40 days [18].

Mohammad et al. [16] provided an explanation for the microbial decrease
brought about by CNTs against E. coli, and Staphylococcus aureus. This study re-
vealed significant antibacterial efficacy against Staphylococcus and E. coli. MW-
CNT and SWCNT-coated TiO2/Ag nanostructures were created using the situ
sol–gel method. It was observed that the MWCNTs-TiO2/Ag were less hazardous
than the SWCNTs-TiO2/Ag. Nanocomposites prepared were also described to have
less toxicity than pure TiO2 [16]. CNTs and their derived composites have antimi-
crobial activities and can be used in food packaging, but migration and bioaccumu-
lation of nanoparticles can cause safety and health hazards [28,40]. Therefore, it may
be said that CNTs are crucial for food preservation and packaging. The role of CNTs
in food packaging and preservation has been summarized in Fig. 7.3.

FIGURE 7.3

Role of CNTs in food packaging and preservation.
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7.3.2 Role of CNTs in removing heavy metals from food samples

Since the dawn of the industrial revolution, the world has been continuously ex-
ploited for the treasures it holds. But just as all that glitters is not gold, the exploita-
tion process has led to the contamination of food on various levels. The industrializa-
tion of societies throughout the world has caused a severe environmental crisis. One
of the major pollutants and ubiquitous component of the environment are heavy met-
als (HMs). The mining and processing of metal ores significantly contaminate the
environment with HMs. Although these metals naturally occur in the earth’s crust
human activities such as industrialization and urbanization are leading to the intro-
duction of HMs into the biosphere [41,42].

HMs are metals with a unit weight exceeding 5 g/cm3, and they are often found
scattered within rock formations. They include transition metals, certain metalloids,
lanthanides, and actinides. Examples of HMs are Mercury, Lead, Chromium, Cad-
mium, Arsenic, Manganese, Gallium, Cobalt, etc. These metals are known to be
toxic and can lead to various diseases and health issues, including poisoning and
cancer. While trace amounts of these metals are necessary for organisms, exceed-
ing certain thresholds can make them contaminants and pose significant health risks
[43,44]. The migration of HMs from industrial effluents, agricultural wastes, and
various processes is causing environmental damage and pollution of soil, water, and
air. These metals accumulate in the food chain, leading to harmful effects on hu-
mans, plants, and other organisms. Exposure to HMs can result in serious diseases
such as cancer, kidney dysfunction, and organ damage, even at lower levels of toxi-
city. Lead, for example, can cause short-term symptoms such as headaches and ner-
vous system irritation, while long-term exposure may lead to memory loss and de-
creased reflexes. Overall, the discharge of HMs into the environment poses signifi-
cant health risks and has detrimental impacts on ecosystems [26,43,45].

Detecting HMs in food, water, and other items is crucial to ensure they are
free from toxins. Various methods are employed in the food industry for detection,
including smartphone-based techniques, electrochemical Apta sensors, surface-en-
hanced Raman spectroscopy, and laser-induced breakdown spectroscopy. However,
the challenge of low extraction efficiency persists in these methods, and each ap-
proach may have limitations in specific circumstances [45–47]. To address these
issues, research groups are exploring the application of CNTs to enhance the effi-
ciency of extracting HMs from food samples. The unique properties of CNTs are
being harnessed to improve the detection and removal of HMs, offering potential so-
lutions to enhance food safety [41,42].

Nanoparticles, specifically CNTs, play a crucial role in addressing environmen-
tal contamination, particularly in the removal of dangerous contaminants such as
HMs. CNTs possess remarkable chemical, electrical, mechanical, and optical prop-
erties, making them a promising material in NT. In the realm of adsorbents, CNTs
stand out for their ability to rapidly absorb and eliminate harmful contaminants
from aqueous sources. By combining CNTs with activated carbon, nanoparticles,

Role of different types of carbon nanotubes in food scie…
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7.3 Role of carbon nanotubes in food science 9

and nanocomposites, the effectiveness and potential of the adsorbent are further en-
hanced. The extensive surface area of CNTs, along with their small size and versa-
tile functionalization, contributes to their superior sorption capabilities. Moreover,
their chemical modifiability and recyclability make them highly promising for the
removal of HMs [19,26,47,48]. The techniques involved in the extraction of HMs in
CNTs are quite appealing. The advantages of solid-phase extraction (SPE) material
include its high strength, broad surface area, thermal stability, and capacity for pro-
ton–proton (p-p) interactions. Metals have a higher binding capacity and selectivity
when attaching to either as-grown CNT or functionalized CNT [19,41,48].

MWCNTs can improve the efficiency of extraction processes due to their ex-
treme stability. Therefore, they can be used as solid-phase extractors to extract HMs
such as Cu (II), Cd (II), Pb (II), Zn (II), Ni (II), and Co (II) ions as ammonium
pyrrolidine dithiocarbonate (APDC) chelates. Additionally, the extraction proper-
ties of MWCNTs can be further improved by combining them with certain com-
pounds. The following are some of the combinations that are being practiced cur-
rently [19,48]. The use of MWCNT impregnated with 2-(2-benzothiazole) orcinol as
an SPE method has been shown to have a high potential for eliminating trace levels
of metal ions in various food and water samples. This method is characterized by be-
ing simple, sensitive, cost-effective, time-saving, and eco-friendly [48]. Gouda et al.
[19] developed an SPE method using MWCNT as a solid sorbent and quinalizarin
(1,2,5,8-tetrahydroxyanthracene-9,10-dione) for the removal of HMs such as Cd,
Cu, Ni, Pb, and Zn in food, water, and environmental samples [19].

HMs removal using magnetic MWCNTs functionalized with 8-aminoquinoline
is the most straightforward, speedy, and repeatable method. The magnetic sorbent
exhibits the benefits of extraordinary sorption capacity, low limit of detection, and
high enrichment element when compared to other solid phases [44] L-cysteine func-
tionalized MWCNT exhibits very quick Cd2+ adsorption kinetics for online SPE of
Cd2+ and improves the allowed concentrations of coexisting metal ions by up to
1600 times [20]. In the study by Ozcan et al. [21], a column SPE method utilizing
MWCNT was recommended in the elimination of HMs includes Fe, Cu, Mn, and Pb
from food, water, and plant samples. This approach demonstrated speed, precision,
and simplicity [21]. This leads to the conclusion that CNTs are essential in the ex-
traction of HMs from a range of dietary samples due to their potential to improve
stability, rapid response time, selectivity, sensitivity, and detection limits.

7.3.3 Implementation of CNTs for enzyme immobilization in
food science

The food sector is constantly looking for newer, more innovative solutions to sat-
isfy consumer demands. And to answer them, over the years, enzymes have been
used for the processing of raw materials into valuable products. Ranging from the
enhancement of food attributes to producing cheese to pectinases for juice clari-
fying in the 1930s, and the employment of invertase to synthesize inverted sugar
syrup using a methodology that revolutionized the use of immobilized enzymes in

114



UN
CO

RR
EC

TE
D

PR
OO

F

10 CHAPTER 7

the sugar market [49,50]. The term “immobilized enzymes” refers to enzymes that
have been physically localized or encapsulated within a specific area of space whilst
retaining their catalytic functions, which can be deployed frequently and persis-
tently. Immobilized enzymes are therefore preferable over their free equivalent due
to their higher availability, which minimizes the requirements for downstream and
purification processes. Several industrial processes, including the manufacturing of
high fructose corn syrup (HFCS) in the sugar industry, require immobilized en-
zymes. Additionally, they help to catalyze the manufacture of various drinks like
lactose-free milk and debittered beverages in addition to active packaging materials
and biotechnological products [49–51].

The immobilization approach is determined by the type of enzyme and the
carrier. Various methods of immobilization frequently used are: Covalent immo-
bilization (Cross-Linking and Covalent Bonding) and noncovalent immobilization
(Chelation/Metal Binding and Physical/Ionic Adsorption) are the two methods for
immobilizing industrially significant enzymes on CNTs [49,52]. Immobilizing en-
zymes is a remarkably successful and economical process. However, due to their
high price and storage issues, immobilized enzymes have limited industrial applica-
tion. The spectrum of uses for these immobilized enzymes should be expanded by
more research aimed at overcoming these restrictions. Thus, research projects have
ignited the exploration of the possibilities of immobilizing enzymes using NT. With
the development of NT, CNTs are being employed for enzyme immobilization in
addition to the methods indicated above. Among these, the role of CNTs strikes the
most given their chemical inertness, CNTs are the chosen nanomaterial for immo-
bilizing enzymes. The chemistry of nanotubes and the technique used to immobi-
lize an enzyme on a CNT affect the conjugated enzyme’s activity [49,52,53]. To
demonstrate the importance of CNTs for enzyme immobilization, Vrutika and Datta
[52] conducted a study to illuminate the importance of nanoimmobilization systems
in organic synthesis. They functionalized an MWCNT with a solution of concen-
trated acids. The production of flavor-enhanced ester ethyl butyrate in the presence
of n-heptane was evaluated using the immobilized lipase enzyme. The functional-
ized MWCNT showed great enzyme stability and reusability. Hence, proving its ca-
pacitance in the applications of organic synthesis [52]. Coming to the applications
of CNTs in the enhancement of enzyme immobilization in food science and for food
sensing applications. One of the research projects conducted: was the study per-
formed by Goh et al. [54], where the researchers immobilized Amyloglucosidase on
magnetic SWCNT using covalent immobilization and noncovalent immobilization.
They combined iron oxide nanoparticles with SWCNTs to create magnetic SWCNT
(physical adsorption). The study discovered that even after being utilized for numer-
ous cycles during starch hydrolysis, immobilized enzymes might retain up to 40%
of their catalytic activity. This implies that the enzyme is recyclable, making indus-
trial-scale biofuel production a viable and affordable option [54].

Similarly, the study carried out by Ong and Annuar [53] revealed that MW-
CNT-tannase composite served as an immobilized biocatalyst, which was created
by physically adsorbing cross-linked tannase enzymes (obtained in the presence of
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7.4 Role of carbon nanotubes in food sensing applications 11

glutaraldehyde) onto MWCNT. Tannase is frequently used to prepare green tea
to improve its flavor. However, the research in question used a cross-linked tan-
nase-CNT composite to increase the antioxidant capacity of green tea. The outcomes
showed that the antioxidative property of green tea extract has successfully been im-
proved through bioconversion employing an MWCNT-tannase combination. Addi-
tionally, the MWCNT-tannase composite could be recycled several times and was
simple to separate from the finished product [53].

In order to enhance a tannase enzyme’s catalytic behavior, Ong and Annuar
worked on immobilizing it onto a MWCNT in 2018. The immobilized enzyme out-
performed the free enzyme in terms of pH, temperature, and recycling, and it was
able to maintain its biocatalytic activity even after 10 different applications. Strong
hydrophobic interactions between the glutaraldehyde-cross-linked tannase and the
MWCNT led to the immobilization [55]. Fructose is a safe and low-caloric alter-
native to conventional sugar and can be produced using inulinases to form fructose
syrup and fructose oligosaccharides. 3-Aminopropyl-triethoxysilane (APTES) was
added to MWCNTs by Singh et al., in 2019 to immobilize inulinase for effective
fructose synthesis. In comparison to the free form, the immobilized inulinase shown
improved thermodynamic and kinetic properties, but it did not show increased oper-
ational stability when making high fructose syrup in a batch system [56]. The imple-
mentation of CNT for immobilization in food science has been summarized in Fig.
7.4.

7.4 Role of carbon nanotubes in food sensing applications

7.4.1 Analysis of food by using CNTs detectors

Due to the rapid population growth and the subsequent rise in environmental pollu-
tion, ensuring the production of uncontaminated food has become increasingly im-
portant. As a result, food safety has become a significant focus of research in recent
years. It is essential to develop diverse methodologies for food analysis to identify
potentially harmful substances in food products, thereby reducing health risks. Food
contaminants, including pesticide residues, food additives, and pathogens, can have
serious implications for human health. Therefore, the development of new tech-
niques for detecting hazardous materials in food is necessary to prevent foodborne
illnesses and ensure the safety of the food we consume [57–59].

Recently, carbon-based nanoparticles have demonstrated promise for the cre-
ation of high-performance sensors with improved food analysis accuracy. The fab-
rication of biosensors using CNTs, and other carbon-based nanomaterials is used
to analyze food. These Sensors have shown improvement in ease of construction
and accuracy of detection by various chemical or biological agents in food. CNTs
have unique electrical properties in addition to a high ratio of surface to volume
and good conductivity. The creation of CNT-based detectors for the identification of
various analytical substances in food is aided by all these properties. CNTs are uti
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FIGURE 7.4

Implementation of CNT for enzyme immobilization in food science.

lized to create a range of sensors for food safety because of their catalytic properties,
biocompatibility, stability, and electric conductivity [57,60–62].

Acetylcholinesterase (AChE) was suggested as a sensor component for an elec-
trochemical detector for pesticide testing based on CNT associated with the prod-
ucts-enhanced acetylcholinesterase activity by Chen et al. [63]. They noted that the
MWCNTs increased surface area when they were loaded on glassy carbon elec-
trodes (GCE) and then assisted in accelerating the enzymatic product’s electrochem-
ical oxidation. The enzymatic activity of AChE was also elevated by the MWC-
NTs. The biosensor was particularly sensitive to pesticides as well as stable and re-
sponsive as a result of these two interactions between MWCNTs. We can use this
sensor to identify pesticide residue in food samples [63]. An ecologically friendly
electrochemical immunosensor for the detection of S. aureus in food samples was
created using antibody (Ab-SWCNTs) bio-conjugates. After the antigen-antibody
combination was created, the Ab-SWCNTs bio-conjugate was immobilized on the
electrode to detect the presence of S. aureus. The immunological sensor was dis-
covered to be S. aureus specific. Pathogens can be found in food samples using the
immunosensor that was created [64,65]. Solanki et al. [66] investigated the devel-
opment of a total cholesterol sensor by immobilizing the cholesterol esterase and
oxidase using glutaraldehyde as a crosslinker onto sol–gel generated silica (SiO2)/
chitosan-based MWCNTs bio-composite on an indium-tin oxide glass electrode.
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With the use of this sensor, the esterified cholesterol in food samples can be deter-
mined [66].

Using a fiber optic surface plasmon resonance (FOSPR) dependent probe with
the coatings of CNT-Cu nanocomposites and silver over an unclad fiber, Parveen et
al. [67] created a nano-sensor that can detect nitrate in food samples. The dielectric
properties of the CNT-Cu nanocomposite materials alter as a result of the interaction
between the nitrate and copper nanoparticles to create ammonium ions. The shift in
resonance wavelength is used to determine this change, allowing for quick and ac-
curate detection of nitrate in each sample within 30 seconds with only 20 mL of the
analyte [67]. Azo dyes are the most used coloring agents in the food industry, but
these azo dyes can have harmful effects on organisms. So, there is a need to deter-
mine the presence of azo dyes in the food sample which can result in the reduction
of foodborne illness due to azo dyes. Karimi-Maleh et al. [68], described that nano-
materials made of CNTs, and graphene have shown potential to detect these dyes in
food samples by use of electroanalytical techniques [68].

The molecularly imprinted electrochemical sensor is a biosensor that uses mole-
cularly imprinted polymers (MIPs) as a recognition component. This type of biosen-
sor has high responsiveness, selectivity, dependability, ease of planning, low cost,
scaling down, and ease of robotization. A GCE modified with MWCNTs and Au
nanoparticles was used to build a MIP electrochemical sensor for a study on the de-
tection of cholesterol. The MWCNT material was used to increase the detecting re-
sponsiveness of microscopically created biomimetic sensors after the MIP layer was
electropolymerized onto the terminal surface. This type of biosensor has potential
applications in analyzing complex food items [69]. Due to their significant surface
area and distinctive electrical properties, the study by Malhotra et al. [62] showed
that the detection of mycotoxin (aflatoxin) can be accomplished by utilizing biosen-
sors based on CNTs and graphene. MWCNTs and graphene-based biosensor have
shown high sensitivity and low detection limit these properties helps in the detection
of food toxins during food analysis [62].

7.4.2 Role of CNTs in the detection of contaminants and toxins
present in food samples

The main risks to food safety are a variety of foodborne illnesses, algae toxins
which primarily cause acute illness, fungal toxins that may cause acute toxicity,
as well as long-term effects like teratogenic, immune-toxic, nephrotoxic, and estro-
genic effects. Food is never completely safe, and as a result, numerous complica-
tions are created. The exposure to hazardous metals like lead, cadmium, mercury,
and arsenic has increased significantly as a result of industrial activity throughout
the past century and beyond; these metals are now found across the food chain
and demonstrate a variety of toxicities. Additionally, industrial operations gener-
ate chemicals that are outlawed, hence continuing to pollute the environment and
our food. These include dioxins, various insecticides, and organochlorine substances
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such as Dichlorodiphenyltrichloroethane (DDT) etc. Hence, monitoring the presence
of contaminants and toxins in food is very much required [43,57–59].

Numerous scientific organizations have emphasized the importance of address-
ing this issue and developing the necessary detecting tools. A research team fabri-
cated an SWCNT biosensor with gold electrodes on the silicon wafer to identify S.
aureus, a pathogen that commonly causes gastroenteritis by invading our system via
the consumption of tainted food [70]. Similarly, in the agricultural industry, pesti-
cides are usually employed to prevent pests from interfering with crop production.
A frequently used pesticide is organophosphorus (Ops), however, after performing
its function it leaves residues in crops which are hazardous to human health. An
MWCNT-based biosensor was created for the rapid and accurate detection of Ops
to overcome this issue (displaying the ability to detect low-concentration amounts
as well) [15,59]. Moving on, primary food goods like nuts, cereals, and fruits can
develop hazardous fungal metabolites like mycotoxins due to mold growth, some of
which have been proven to serve as potent carcinogens like aflatoxin B1. Some of
the most notable mycotoxins that are now recognized are aflatoxins, deoxynivalenol
(DON), zearalenone, ochratoxin, fumonisin, and patulin. The Aspergillus, Penicil-
lium, and Fusarium genera are frequently responsible for producing these toxins.
Modified Quick Easy Cheap Effective Rugged and safe (QuEChERS) adsorbents
with Fe3O4-MWCNTs were used to detect 20 mycotoxins in grains, with accept-
able linearity, good recovery, accuracy, and sensitivity [14]. Additionally, CNTs
have been employed to build electrochemical enzyme sensors and immunosensors
due to their ability to enable electron transfer processes with electroactive species at
low overpotentials. In order to make Electrochemiluminescence (ECL) more prac-
tical for immunoassays, a study group developed a straightforward and portable
point-of-care immunosensor using a straightforward cooled charge-coupled device
(CCD) detector in conjunction with CNTs for primary antibody immobilization. A
combination of ECL, CNT, and CCD detector technologies improves the detection
of Staphylococcal enterotoxin B in food [13]. Henceforth, the exploitation of modi-
fied CNTs by combining them with varied techniques, for the efficient detection of
food contaminants and toxins that got deposited into food products has proven quite
successful [13–15]. Thus, concluding that CNTs play an important role in the deter-
mination of contaminants and toxins in various food samples.

7.4.3 Role of CNTs in the detection of amino acids (glutamate) in
food samples

L-Glutamate or also known as monosodium glutamate (MSG), is a nonessential
amino acid and a neurotransmitter that is naturally present in protein-rich foods such
as mushrooms, milk, meat, cheese, fish, and various vegetables. It is essential for
several physiological and pathological processes in the brain, including stabiliza-
tion, synapse formation, learning, and cognition. Apart from its acquisition from ex-
ternal sources, it can also be produced in our body as it is vital for brain function
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and metabolism. MSG also acts as a taste enhancer and a flavoring agent. Therefore,
it is added to several food items such as snacks, poultry, soups, processed meats, and
seafood, etc. However, excessive amounts of glutamate intake may cause overex-
citation of the nerve cells which in turn damages brain cells causing psychiatric
disorders like Parkinson’s disease, schizophrenia, depression, Alzheimer’s disease,
and death in extreme scenarios. Oddly, the presence of lower amounts of glutamate
in our body may result in insomnia, mental exhaustion, and low energy levels and
might hinder our concentration efficiency. Hence, it is necessary to determine its
concentration in the items we consume; to better understand how much we are con-
suming in our daily life and what is the optimal amount of glutamate levels within a
human body [71–76]. There are numerous ways to measure glutamate levels, how-
ever they are frequently expensive and require experienced operators. A quick, easy,
and sensitive alternative is provided by electrochemical biosensors; however, these
have drawbacks such poor charge transfer and low sensitivity. Although nonenzy-
matic biosensors have been created, their selectivity for detecting low MSG amounts
is weak. To create more precise and sensitive biosensors for glutamate detection, im-
provements are required. [71–75,77].

By incorporating nanomaterials in the electrochemical sensors, even minute con-
centrations of analytes can be detected. Thus, improving the electrical conductiv-
ity and surface area. Recent studies have shown that CNT promoted the efficient
transfer of electrons between electrodes and biomolecules. Furthermore, they also
enhanced the electroanalytical reactivity of biomolecules. Biosensors made with
polypyrene (PPy), polyaniline, reduced graphene oxide, and metal nanoparticles
have improved electrocatalytic activity compared to pure PPy. Maity et al. [72], re-
ported that a biosensor made with glutamate oxidase immobilized platinum nanopar-
ticle decorated MWCNT/PPy composite showed lower detection level, faster re-
sponse, better storage stability, and high sensitivity [72]. Similarly, the biosensor
fabricated on the surface of thionine-SWCNT by immobilizing glutamate dehydro-
genase, showed a low detection limit, high sensitivity, good stability, a rapid re-
sponse, higher biological affinity, and repeatability [73]. Additionally, Chakraborty
et al. [77] managed to develop a biosensor for the detection of glutamate by incorpo-
rating MWCNT and using glutamate dehydrogenase, redox mediator meldola’s blue,
biopolymer chitosan [77]. In 2012, Gholizadeh et al., developed a biosensor for the
detection of glutamate in various food samples and healthcare fields. The biosensor
was fabricated using glutamate dehydrogenase/vertically aligned CNTs and demon-
strated a low detection limit, high sensitivity, stability, and good selectivity [75]. It
has been demonstrated that a biosensor made with glutamate oxidase adsorbed on a
MWCNT is a straightforward and trustworthy device with a low detection limit in
the nanomolar range, good stability, operation, and a quick response time. As a re-
sult, it appears that CNTs are essential for identifying amino acids like glutamate in
various food samples [12].
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7.4.4 Role of CNTs in the determination of vitamins (Vitamin B9
and Vitamin C) concentration in various food samples

Vitamins are essential micronutrients that the body requires to function regularly
and to sustain excellent health. Vitamins come in two varieties: fat-soluble and wa-
ter-soluble. Vitamin C and the B vitamins are two examples of water-soluble vita-
mins. There are four fat-soluble vitamins: A, D, E, and K [78]. Folic acid (FA) and
ascorbic acid (AA) are essential water-soluble vitamins that cannot be produced by
humans and are found in fruits and vegetables. FA is crucial for cell division and
growth, while AA is an antioxidant important for collagen maintenance in the body.
Deficiencies in AA lead to scurvy, while FA deficiency can lead to psychiatric disor-
ders, cancer, coronary heart disease, metabolic syndromes, diabetes, etc. However,
excessive levels of both vitamins can also have side effects. Therefore, it is impor-
tant to maintain proper levels of these vitamins in the body by checking their con-
centrations in food samples before consumption [10,11,79–83].

The quantities of AA and FA in food can be detected by several methods, includ-
ing fluorimetry, chemiluminescence, chromatography, spectroscopy, and enzymatic
approaches. These techniques can, however, be expensive and require complicated
steps. Using CNTs can increase sensitivity and make it easier to find AA and FA
in a range of dietary samples [10,11,79,81–85]. The electrochemical method was
proven to be effective for the determination of AA [86]. Conducting oxidation at a
higher potential detects the AA level at the GCE. However, due to the possibility
of some electroactive species (dopamine and uric acid) being present in biological
fluids, they may oxidize and produce an interfering current at that potential. Dehy-
droascorbic acid is created when AA is oxidized; however, because it is highly ab-
sorbed onto the electrode surface, it causes fouling of the electrode and has poor pre-
cision [80]. Although there was an effort to improve the performance by film-mod-
ified electrodes using nanomaterials and conducting polymers to detect AA levels,
it showed some better results, but despite this, there were some drawbacks such as
poor long-term stability, contamination, and passivation of electrodes [81].

These can be avoided if the electrodes are carbon composite electrodes. These
are commonly employed in electrochemical sensors since they are inexpensive to
produce and simple to do so. Due to their sizable surface-specific area, superior elec-
tronic conductivity, and robust mechanical strength, CNTs are appropriate for elec-
tro-analysis. Additionally, it can make the electrode and electrochemical species’
electron transfers easier [84]. A composite electrode made of MWCNT, and ionic
liquid (IL) was also used in another work by Liu et al., in 2019 to measure the
amounts of FA in edible oils. Due to the composite electrode’s superior electro-
catalytic activity and stability, FA could be detected with a high degree of sen-
sitivity and selectivity. This method could be used to determine FA quickly and
precisely in a variety of dietary samples, including edible oils. Therefore, combin

Role of different types of carbon nanotubes in food scie…

121



UN
CO

RR
EC

TE
D

PR
OO

F

7.4 Role of carbon nanotubes in food sensing applications 17

ing the usage of CNTs with ILs can provide a useful and efficient method for deter-
mining the quantities of AA and FA in food samples [10].

To determine the levels of AA in oranges, Motsaathebe and Fayemi [85] ob-
served that screen-printed carbon electrodes built with MWCNT-antimony oxide
nanoparticles enhanced electron transport and electrocatalytic reaction. The sensor
showed a long shelf life, antiinterference behavior, and was simple, inexpensive,
highly selective, and gave accurate results quickly [85]. The composite electrode
created by combining MWCNT and cobalt phthalocyanine on a GCE demonstrated
outstanding electrocatalytic, low detection level, high repeatability, quick reaction,
and good stability in the detection of AA, according to Zuo et al. study [82]. Ngai et
al., created a technique for the volumetric detection of AA using a GCE altered with
SWCNT/Zinc Oxide in 2013, and it has demonstrated excellent sensitivity [31]. An
MWCNT/polyaniline-modified Au electrode was created by Chauhan et al. [83] to
detect AA in fruit juices, vitamin C supplements, etc. This biosensor has a quick re-
sponse, quick detection, and stable storage [83]. Moreover, it is stated that through
oxidation and reduction processes the FA concentration can be determined with the
anodic and cathodic intensities of current as it is an electroactive compound. MW-
CNT-modified electrodes are easy to use in electrochemical applications such as FA
and AA because of their excellent mechanical characteristics, outstanding electrical
conductivity, and bending strength [83,87].

The research by Winiarski et al. [79] found that the determination of FA us-
ing a composite material made of MWCNTs and nickel hydroxide (f-MWCNT-Ni
(OH)2) produced accurate results when compared to molecular absorption spec-
trometry. The 1-octyl-3-methylimidazolium hexafluorophosphate-based biosensor
(OMIMPF6-SWCNT) on a GCE demonstrated good sensitivity and repeatability to
detect FA in a variety of food samples, including milk and fruit juices [88]. The
nanocomposite made of MWCNT on a GCE helps in the determination of FA [87].
Application of MWCNT (on GCE) in ion chromatographic electrochemical detec-
tion of FA improved the detection sensitivity and eliminated the procedures of com-
plicated derivatization [11]. Therefore, it can be said that CNTs are crucial in deter-
mining the presence of vitamins (AA and FA) in different dietary samples.

7.4.5 Role of CNTs in the determination of carbohydrates
(glucose and fructose) in various food samples

Along with proteins and lipids, carbohydrates are one of the necessary macronu-
trients in the human diet. They are an essential source of energy for various meta-
bolic activities. Naturally, they are present in vegetables, fruits, legumes, and fibers.
Some examples of carbohydrates are glucose, fructose, sucrose, lactose, etc. A high.
amount of carbohydrate intake may cause tooth decay, plaque formation, obesity,
and disorders such as cardiovascular disease, etc. Whereas a low amount of car-
bohydrates in the diet corresponds to hypoglycemia, leading to ketosis where the
body starts burning fat for energy. Both metabolic and physiological processes are
affected by taking increased or decreased levels of carbohydrates in the diet. There
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fore, it is necessary to take the right amount of carbohydrates in the human diet for a
healthy life and need a good biosensor that can give accurate results quickly [89–92].

Traditional glucose detection techniques including electrophoresis, chromatog-
raphy, microchip, spectrophotometry, and titration take a lot of time, require expen-
sive equipment, and are labor-intensive. The lack of fluorophore and chromophoric
ligands in glucose also limits the use of spectrophotometric approaches. Utilizing
biosensors is a more straightforward, affordable, and selective method for detect-
ing sugars, which can quickly monitor raw materials and food processing activities.
[9,93–95]. The incorporation of nanomaterials like CNT in the Copper electrode for
capillary electrophoresis microchip for carbohydrate detection displayed stability,
bulk modification, surface renewability, flexibility, and increased sensitivity when
compared to detectors based exclusively on copper or CNT. This sensor can iden-
tify carbohydrates in a variety of dietary samples, including glucose, galactose, fruc-
tose, sucrose, etc. [89]. Glucose (Glc) is a common monosaccharide found in var-
ious food samples and is detected through enzyme-less or enzyme-based sensors.
Enzyme-based sensors, particularly those using glucose oxidase (GOx) enzyme, are
commonly used due to their stability and affordability. In the presence of oxygen,
the GOx enzyme initiates the oxidation of glucose to gluconolactone, which subse-
quently undergoes hydrolysis to produce gluconic acid. Copper-based electrodes are
preferred for glucose detection due to their higher catalytic activity, stability, detec-
tion limits, and response ranges [93,96].

CNTs and glucose oxidase were combined to create enzyme-based biosensors,
which demonstrated properties like simplicity, low cost, durability, sensitivity, se-
lectivity, and versatility in the determination of Glc concentration in soft drinks and
beverages [8]. There are certain limitations to using enzyme-linked biosensors, such
as instability, poor repeatability, and an insufficient electrical connection between
the electrode and the enzyme active site. Pulsed electrodeposition of copper metal
particles in self-assembled CNT films produced an enzyme-free biosensor with im-
proved stability, sensitivity, and reproducibility [93]. But the Platinum-lead alloy
nanoparticles electrode deposited on MWCNT can be used to detect the Glc con-
centration. In neutral solutions, this combination showed good sensitivity, electro-
catalytic activity, and selectivity with a low detection limit [94].

A biosensor utilizing CNTs in the electrode with fructose dehydrogenase and
osmium redox polymer was developed to detect fructose concentration in various
food samples. Excessive consumption of fructose can lead to obesity, nonalcoholic
fatty liver disease, and type 2 diabetes. The biosensor is appropriate for use in the
food industry to measure the quantity of fructose in various fruit juices, honey, en-
ergy drinks, and soft drinks since it is straightforward, affordable, and produces ac-
curate results in a shorter amount of time [95]. In the Tominaga et al. [9] work,
an MWCNT composite that was produced on a platinum electrode was used to de-
termine the fructose concentration. Biosensors made of immobilized enzymes are
a fast and selective method for fructose determination. For instance: A CNT paste
electrode is combined with a 3,4-dihydroxy benzaldehyde electropolymerized film,

Role of different types of carbon nanotubes in food scie…
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7.4 Role of carbon nanotubes in food sensing applications 19

and fructose dehydrogenase enzyme is immobilized at the top of the electrode sur-
face on an immobilon membrane to create a biosensor. This biosensor exhibits su-
perior accuracy, strong sensitivity, high stability, low detection limit, and good re-
peatability for determining the presence of fructose in food samples like honey when
compared to GCE and graphite electrodes. This is due to the CNTs’ substantial sur-
face area, which improved the sensor’s performance [97]. Therefore, it can be said
that CNTs are crucial for identifying carbohydrates (such as fructose and glucose) in
a variety of food samples. The role of CNTs in food sensing applications have been
summarized in Fig. 7.5 and CNT’s role in food science and food sensing applica-
tions have been tabulated in Table 7.3.

FIGURE 7.5

Role of CNTs in food sensing applications.
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TABLE 7.3 Role of CNTs in food science and food-sensing applications.

S.L

No

CNT-based nanocomposite Applications References

1 CNTs coated on Ag-doped TiO2
nanoparticles

High efficacy against
Staphylococcus aureus and
E. coli germs. Aids in
extending the food’s shelf
life.

[16]

2 PHBV-grafted MWCNTs It is used in food packaging [38]
3 The antimicrobial packaging used

CNTs and allyl isothiocyanate.
Aids in extending the food’s
shelf life.

[18]

4 Nanocomposites with low-density
polyethene films of CNTs

Helps in Food preservation [39]

5 SWCNTs Aids in the packaging of
food and its preservation.

[17]

6 Acetylcholinesterase (AChE)
incorporated with MWCNT sensor

Aids in finding pesticide
residues in food samples.

[63]

7 Immobilization of Ab-SWCNTs Assists in finding residual
pesticides in food samples.

[64]

8 MWCNT/chitosan/silica-derived sol-
gel composite

Estimation of esterified
cholesterol in food samples.

[66]

9 A fiber optic SPR(FOSPR)-based
probe with silver and CNT-Cu
coatings

Aids in nitrate determination
in food sample

[67]

10 CNT-based, molecularly imprinted
electrochemical sensor

Analysis of iodine and
fluorine traces in complex
food products’ matrix

[69]

11 MWCNTs and graphene-based
biosensor

Helps in the detection of
food toxins during food
analysis

[62]

12 MWCNT impregnated with
2-(2-benzothiazole) orcinol

Helps to remove heavy
metals from different food
and water samples.

[48]

13 Magnetic MWCNTs functionalized
with 8-aminoquinoline

Helps in the extraction of
heavy metals

[44]

14 MWCNT as a solid sorbent and
quinalizarin

Helps in the extraction of
HMs from environmental,
water, and food samples.

[19]

15 L-Cysteine functionalized MWCNT Helps in the adsorption of
Cd2+ in food samples

[20]

Role of different types of carbon nanotubes in food scie…
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S.L

No

CNT-based nanocomposite Applications References

16 Incorporation of MWCNT in column
SPE

Helps in the elimination of
HMs in food, water, and
plant samples

[21]

17 Antimicrobial enzymes immobilized
on the surface of food packaging
material

Increasing the food’s shelf
life if it is not sanitary, cold,
or scarcely processed

[98]

18 Immobilized amyloglucosidase on
magnetic SWCNT

Helps in the hydrolysis of
starch

[54]

19 Immobilized MWCNT-tannase Increase the antioxidant
capacity of green tea.

[53]

20 SWCNT biosensor with gold
electrodes on the silicon wafer

Helps in the determination of
S. aureus in food samples.

[70]

21 Acetylcholinesterase-MWCNT
biosensor

Helps in the detection of
pesticides (Ops)

[15]

22 Modified QuEChERS adsorbents
made of a variety of magnetic (Fe3O4)
nanoparticles with MWCNT

Aids in the identification of
20 mycotoxins in cereals,
including aflatoxin B1,
aflatoxin A, aflatoxin B2,
ochratoxin, fumonisin, and
patulin.

[14]

23 ECL, CNT, and CCD mix sensor Helps in the detection of
Staphylococcal enterotoxin
B in food samples

[13]

24 Biosensors fabricated with MWCNT/
PPy composite

Helps in the determination of
glutamate in various food
samples.

[72]

25 Thionine-SWCNT by immobilizing
glutamate dehydrogenase

Helps in the determination of
glutamate in various food
samples

[73]

26 Biosensor made of Glutamate oxidase
by adsorbing on an MWCNT.

Helps in the determination of
glutamate in various food
samples

[12]

27 Biosensor made of glutamate
dehydrogenase/vertically aligned
CNTs

Helps in the detection of
glutamate concentration in
various food samples, and
healthcare fields.

[75]

28 Incorporating MWCNT and using
glutamate dehydrogenase, redox
mediator meldola’s blue, biopolymer
chitosan.

Helps in the determination of
glutamate.

[77]
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S.L

No

CNT-based nanocomposite Applications References

29 IL-SWCNT electrode Helps in the detection of AA
in food samples.

[10]

30 Carbon electrodes fabricated with
MWCNT-antimony oxide
nanoparticles

Helps in the detection of AA
in food samples.

[85]

31 MWCNT with cobalt phthalocyanine
on a GCE

Helps in the detection of AA [82]

32 MWCNT/polyaniline-modified Au
electrode

Helps in the detection of AA
in fruit juices, vitamin C
tablets

[83]

33 GCE modified with SWCNT/zinc
oxide

Helps in the volumetric
detection of AA

[31]

34 Composite material made by
MWCNTs and nickel hydroxide

Helps in the detection of FA
in food samples

[79]

35 Incorporation of CNT in the Copper
electrode for capillary electrophoresis
microchip

Helps in the detection of
carbohydrates such as
glucose, galactose, fructose,
and sucrose.

[89]

36 Ionic liquid OMIMPF6-SWCNT on a
GCE

Helps in the detection of FA
in different samples such as
fruit juices, milk, etc.

[88]

37 MWCNT on a GCE Helps in the detection of FA [87]
38 MWCNT (GCE) in ion

chromatographic electrochemical
Helps in the detection of FA [11]

39 Incorporating CNTs and glucose
oxidase in a conventional GCE

Helps in the detection of Glc
in soft drinks and beverages

[8]

40 Pulsed electrodeposition of copper
metal particles in self-assembled CNT
films results in an enzyme-free
biosensor.

Helps in the detection of Glc
in food samples.

[93]

41 Platinum-lead alloy nanoparticles
electrode deposited on MWCNT

Helps in the detection of Glc
in food samples.

[94]

42 Incorporating CNT in the electrode
with fructose dehydrogenase and
osmium redox polymer

Helps in the detection of
fructose in various fruit
juices, honey, energy, and
soft drinks

[95]

43 Synthesized MWCNT composite on a
platinum electrode

Helps in the detection of
Fructose concentration

[9]
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S.L

No

CNT-based nanocomposite Applications References

44 Combining a 3,4-dihydroxy
benzaldehyde electropolymerized
sheet with a CNT paste electrode and
immobilizing fructose dehydrogenase
enzyme

Helps in the detection of
fructose in food samples
such as honey.

[97]

7.5 Carbon nanotubes: current scenario and prospects

Recent NT developments have the potential to completely transform the food and
agriculture industries by enabling the exact manipulation of food molecules to en-
hance a variety of food quality factors. By understanding the structure and interac-
tions of food components, scientists can create healthier, tastier, and safer food prod-
ucts. NT might assist in developing low-cost, environmentally friendly processes, as
well as more accurate, lightweight food processing equipment and “smart” packag-
ing materials. Additionally, NT enables the creation of innovative delivery systems
and sensors for pathogen detection in agricultural products, ensuring food safety.
Additionally, in order to solve environmental issues, NT can help transform agricul-
tural resources and food waste into energy and usable byproducts. These develop-
ments may enhance agricultural production and agricultural research, which would
be beneficial to the food system [99,100].

The National Science Foundation (NSF) predicted that in less than 10 years,
goods manufactured with NT will have a $1 trillion economic impact on the world
and that two million people will be employed in the NT sector alone [101]. Many
of the top food corporations in the world, including Kraft, Unilever, Heinz, Nestle,
and Hershey, are now making significant investments in NT-related projects [102].
Although food applications of NT are still in their infancy, there is a lot of excite-
ment and expectation surrounding this technology, individuals at the First Interna-
tional Food Nanotechnology Conference in 2006 (which was hosted by the Institute
of Food Technologists) agreed. The food sector is currently looking for prospects
and the most promising advances in NT in order to greatly improve food production
and food products. Future applications of NT in the food industry look very promis-
ing, particularly in the following areas:

• Promotion of health through diet by transporting bioactive substances in food
matrices.

• The development of new, more useful ingredients that might be used to make
dishes with unique flavors and sensations.

• The creation of foods with improved functionality that might be used to create
dishes with novel flavors and textures.
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• The creation of materials with microbial resistance that could be utilized to make
surfaces that come into touch with food.
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5.1 Introduction
Graphite and diamond are two examples of the many different forms that carbon

may take in the natural world. Carbon is the most abundant element on Earth.

Fullerenes are the fourth type of allotrope that carbon can take. Fullerenes

are spherical molecules that are soluble in a wide variety of organic solvents.

This is in contrast to the extended solid-state structures of graphite and diamond.

This characteristic enables a wide variety of chemical manipulations to be

carried out [1].

A fullerene is a structure made of carbon that has a fused ring system and is

composed of pentagons and hexagons (see Fig. 5.1). EijiOsawa of Japan is

credited with making the initial suggestion for the buckyball. He noticed that

corannulene, which is a cyclopentane ring fused with five benzene rings, was a

component of the football framework, and he postulated that the full structure

could actually exist. At Rice University in 1985, a group of researchers led by

Harold Kroto and including Richard Smalley, Robert Curl, James Heath, and

Sean O’Brien [3] successfully created the first fullerene molecule by synthesizing

Carbon-Based Nanomaterials in Biosystems. DOI: https://doi.org/10.1016/B978-0-443-15508-6.00008-7
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buckminsterfullerene (C60). These researchers chose to honor R. Buckminster

Fuller, an architect who designed a geodesic dome with a similar shape, by

naming the newly found molecule after him.

Fullerenes are made up of fused pentagons and hexagons (see Fig. 5.1 for a

visual representation). Two of its members, C60 and C70, are particularly easy to

get your hands on. This molecule’s great symmetry is an essential characteristic.

According to research by Roger Taylor and Walton, the C60 molecule is made up

of 60 carbon atoms, 12 pentagons, and 20 hexagons. Double bonds (6�6 and

5�6 in C60) are extensively conjugated, and all rings are fused. There are 120

symmetrical operations, such as rotation about an axis and reflection in a plane,

that map the molecule onto itself, contributing to the molecule’s high degree of

symmetry. When a carbon atom is inserted at each vertex of a molecule, the

structure of the C60 molecule, which is stabilized by resonance and seems to be

aromatic, is produced. This structure has all valences met by a pair of single

bonds along with a double bond [4]. Fullerane, a fully saturated fullerene

(e.g., the hydrocarbon C60H60) and fullerene-like compounds, such as

Heterofullerene, Norfullerene, Homofullerene, and Secofullerene (Fig. 5.2), are

other variants of fullerene [6].

5.2 Fullerenes: basic characteristics
When compared with impure fullerenes, pure ones have superior close packing.

C60 derivatives exhibit a broad solubility spectrum [7]. Some bromo compounds

are very poorly soluble, while fluorinated derivatives are substantially more so.

When compared with diamond (3.51 g/cc), the density of fullerenes is quite low

at only 1.65 g/cc. Fullerenes have a stability window of up to 1000�C. As fuller-
enes are composed entirely of sp2-hybridized carbons, they exhibit a high

electron-attracting -I effect, making them reactive with nucleophiles. Reactivity

FIGURE 5.1

Schematic representation of a fullerene C60 molecule contains two different kinds of

bonds: 6-6 and 5-6. Courtsey: Rondags et al., [2].

From Mojica M, Alonso JA, Méndez F. Synthesis of fullerenes. J Phys Org Chem. 2013;26(7):526�539.
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increases with increased strain energy. There are several types of reactions that

can occur with fullerenes [8], including reduction, oxidation, hydrogenation,

halogenation, nucleophilic reactions, radical reactions, transition metal complex

reactions, regioselective reactions, and more. Light and oxygen can cause fuller-

enes to deteriorate or break down [9]. C60 decays as a result of the intersystem

crossing from the higher-energy singlet excited state to the lower-energy triplet

excited state. Multiple deactivation mechanisms, such as ground state quenching,

quenching by molecular oxygen, and electron transfer to molecules, are capable

of removing the triplet excited states from their excited states.

5.2.1 Stability of fullerenes

The stability of fullerenes is affected by electron localization and ring strain.

Using the Huckel rule [10], we can predict that only C50 and C70, out of a total of

five fullerene derivatives (C50, C60, C70, C80, and C84), are aromatic, with C60

being the least aromatic. Only C60 was shown to be more aromatic and extremely

stable than any other molecule tested, consistent with Huckel’s rule, which states

that aromaticity is more likely to occur in spherical systems than in planar ones.

The isolation of C60 12 pentagons from one another contributes to the molecule’s

FIGURE 5.2

Derivatives of fullerene that are structurally distinct from one another.

Courtsey: Piotrowski et al. [5].

From Malhotra BD, Srivastava S, Ali MA, Singh C. Nanomaterial-based biosensors for food toxin detection.

Appl Biochem Biotechnol. 2014;174(3):880�896.
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exceptional stability [11]. If there are no double bonds in a five-membered ring,

but there are minimal bond orders in a six-membered ring, then the inverse is

true. Bond order minimization in five-membered rings is achieved through the

fusion of rings at meta positioning (a) with a hexagonal ring, as seen in Fig. 5.3.

Due to the para connection between the two pentagonal rings, C60 will become

unstable if the criteria of minimizing of bond orders are not met. Type (b)

arrangements are substantially more common in higher fullerenes such as C70, but

they are less stable than the five-arrangement structure of C60. What this means is

that the more carbon atoms there are, the less stable the compound will be.

Diamond and graphite are two allotropic forms of carbon that can be found in

nature. Fullerenes, a third type of carbon, were found in 1985 [3]. Researchers led

by Smalley, Kroto, and Curl tried to recreate the conditions seen in red giant star

atmospheres, where carbon nucleates. The solid graphite surface was evaporated

into plasma consisting of atoms and free ions after being irradiated by the laser in

the experiment. The impact with the helium atoms cooled down the unbound

atoms and ions. The collision resulted in the formation of clusters of carbon

atoms with varying densities. Mass spectrometry analysis revealed that 60 and 70

carbon clusters predominated, with the majority consisting of 60 carbon atoms.

Scientists initially struggled to mass-produce enough fullerenes. Only about

10�15 g had been successfully prepared. However, after another 5 years, new

high-yielding preparative procedures for fullerenes were established by

Kratschmer and Huffmannand H. W. Kroto, Allaf, and Balm [12,13].

The scientists have given the newly discovered carbon cluster the name

“Buckminsterfullerene” in honor of the architect Richard Buckminster Fuller,

who designed a dome in 1967 with the same form as the molecule. Due to the

widespread acclaim and enthusiasm for fullerenes among researchers, the three

scientists responsible for their discovery shared the 1996 Nobel Prize in

Chemistry. Subsequent research revealed that fullerenes can be found in trace

FIGURE 5.3

Stability of fullerenes.
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amounts in both interplanetary dust and Earth’s geological formations. Shunga

(Russia), New Zealand, and Sudbury (Canada) are only a few of these locations

[14�16].

5.2.2 Types of fullerenes

S.
No. Types Description Representation References

1. Buckyball
clusters

The C20 is the
least common
number, and
the C60 is the
most
common.
Since the
sphere of the
buckyball is
hollow, it is
possible for
additional
atoms to
become
caught inside
of it.

Buckyball clusters.

[17]

2. Nanotubes Electronics
manufacturing
often makes
use of hollow
tubes of very
small
diameters with
either a single
wall or several
walls.

Nanotubes.

[18]

3. Mega
tubes

Nanowires are
characterized
by more
variable
dimensions
than
nanotubes,
including a
bigger
diameter and
walls of
varying
thicknesses;
their
applications
include the
transport of a
wide range of
molecules of
varying sizes.

Mega tubes.

[19]

(Continued )
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Continued

S.
No. Types Description Representation References

4. Polymers Under
conditions of
high pressure
and
temperature, a
chain, either
two or three
dimensional, is
created.

Polymers.

[20]

5. Nano
“onions”

Buckyballs are
spherical
particles that
are composed
of many layers
that surround
the core. The
diameter
ranges from 3
to 5
nanometers
on average;
this range is
advised to
used as a
lubricants.

Nano “onions.”

[21]

6. Linked
“ball-and-
chain”
dimers

Two
buckyballs
connected to
one another
by a chain of
carbon.

Linked ball and chain dimers.

[22]

5.2.3 Synthesis of fullerenes

As part of their research into how long-chain carbon molecules develop in space,

Kroto et al. [3] evaporated graphite using laser irradiation, resulting in a remark-

ably stable cluster of 60 carbon atoms [3]. The chemistry of C60 has become

widely studied because of this experiment. Krätschmer and colleagues [12]

established the first way to obtain C60 in useable amounts, some 5 years after its
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discovery. Graphite rods are heated resistively in an atmosphere of He until they

evaporate. Access to large quantities of C60, thanks to the efforts of Krätschmer

and colleagues, revolutionized the study of fullerenes. The development of fuller-

ene chemistry was also made possible by their synthesis.

Nonetheless, the yields from this approach are poor (about 1%), and the reac-

tion conditions are severe (approximately 1300�C and 1 kbar) [23]. While C60

and C70 can be made with this technology, larger fullerenes such as C84 are only

produced in negligible quantities and must be purified using extensive procedures

(more than 20 HPLC cycles for C84). The reaction is too chaotic to allow for the

isolation of a single fullerene or the isolation of a single isomer [24].

Since then, there has been a push in the scientific community to develop more

precise techniques for the efficient, low-cost synthesis of bigger fullerenes and

targeted isomers. Today, however, graphite is vaporized by pyrolysis, radio-

frequency-plasma, or arc-discharge-plasma processes to generate fullerenes on a

commercial scale [25]. Similar drawbacks to Krätschmer’s approach are shared

by all of these alternatives. Several procedures, including synthesis of the fuller-

enes, separation, purification, and functionalization, are shown in Fig. 5.4 for the

creation of functionalized fullerenes for application, for example, in organic solar

cells. The economic and environmental effects of fullerene synthesis have been

examined by Anctil and colleagues [26], who quantified the total raw material

and the embodied energy required for fullerene manufacture. Fullerenes are

expensive to produce due to the large amount of energy required for their synthe-

sis and separation (up to 106.9 GJ/kg of C60); for comparison, the average annual

electricity consumption for a US home in 2010 was about 41 GJ [27], and the

even larger amount of energy required for their purification and functionalization,

FIGURE 5.4

A schematic showing how modified fullerene compounds can be made and used in

organic solar cells. The fullerenes must first be synthesized before they can be separated,

purified, and functionalized. Here, C60 fullerenes are functionalized by adding one or two

methyl ester functional groups, yielding [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)

or bis [6,6]-phenyl-C61-butyric acid methyl ester (bis-PCBM), and C70 is functionalized in

a similar fashion.

Anctil A, Babbitt CW, Raffaelle RP, Landi BJ. Material and energy intensity of fullerene production. Env Sci

Technol. 2011;45(6):2353�2359.
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the total energy can increase by a factor of 3. For this reason, many various

approaches have been tried to synthesize C60, and many different theoretical

approaches have been offered to account for the synthesis process.

5.2.3.1 Models to explain the formation of fullerenes
Scientists have attempted to explain fullerene production ever since their discov-

ery. According to general theory, fullerenes are created when carbon is vaporized

into its smallest units, carbon atoms and, most likely, carbon dimers. These smal-

ler units then undergo a series of processes and, within a narrow pressure and

temperature window, reunite to form fullerenes [3]. However, this straightforward

concept does not provide a sufficient description of the process by which

fullerenes are formed, and alternative theories have been presented. Goroff [28]

previously reported on models for fullerene production.

Fullerenes were first explained using the icospiral particle nucleation method

[29,30]. As can be seen in Fig. 5.5, the icosahedral nucleation in this model

begins with a C20 molecule that resembles corannulene but has a pentagon sur-

rounded by five hexagons. By accumulating microscopic carbon particles that are

cleaned up by adsorption on the surface of such shells, this highly reactive struc-

ture expands and tends to form nautilus-like open spirals [31,32]. Fullerenes can

be explained by the fact that they occur only statistically rarely, when a network

FIGURE 5.5

The creation of fullerenes begins with an icosahedral nucleation mechanism. The

procedure begins with a C20 (A) corannulene in the shape of a saucer. Small carbon

fragments accrete into this reactive cluster, allowing it to expand. In (B), a shell is split in

half. As seen in (C), the second shell is growing under epitaxial control, and in (D), the

second shell has formed after an edge bypass has occurred. The production of fullerene

is hypothesized to be the result of statistical closure at stage (C).

With the permission of Nature Publishing Group, Mojica M, Alonso JA, Méndez F. Synthesis of fullerenes.

J Phys Org Chem. 2013;26(7):526�539 reprint the following from H. W. Kroto and K. McKay’s 1988 issue

of Nature: 331�328.
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is closed with the proper arrangement of pentagons. Iijima [33] used high-

resolution electron microscopy to discover embryos that did not close and contin-

ued to develop into quasi-spiral soot particles (Fig. 5.6).

FIGURE 5.6

Images of particles captured by Iijima’s high-resolution electron microscope. A polyhedral

concentric shell structure may be seen in the photos. The outline is shown in more detail below.

With the permission of the American Association for the Advancement of Science, Mojica et al. (2013)

reprint the following article from H. Kroto’s 1988 issue of Science: 242, page 1139, Mojica M, Alonso JA,

Méndez F. Synthesis of fullerenes. J Phys Org Chem. 2013;26(7):526�539.
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There are, however, data that challenge this theory. In addition, the fullerene

creation that takes place in an expanding He jet according to the icospiral model

takes 10�4 seconds to complete, whereas the experimental work that was done to

conclude that fullerenes are generated on a significantly shorter timescale of

10�12 to 10�9 seconds [34] suggests that fullerenes are created on a much more

rapid timescale.

5.3 Applications of fullerenes in food science and safety
The fact that NOLFs, also known as nanocarbon onion-like fullerene, are compat-

ible with the cells and tissues of animals led to their use in agricultural settings. It

has been demonstrated that the presence of nanocarbon fullerenes in plants con-

siderably increases the amount of fruit that the plant produces [35]. Additionally,

the capacity of NOLFs to retain water is enhanced, which contributes to ongoing

productivity. According to Jain et al. [36], nanocarbon fullerenes have antifungal

effects in plants and assist in the elimination or amelioration of various plant dis-

eases [36]. In plants and animals, materials containing fullerene have been intro-

duced, which has led to an increase in the biomass of such creatures. It has been

demonstrated that the use of fullerene materials can boost the output of tomatoes

as well as a variety of citrus fruits. These findings have given researchers new

insights into the rapid growth of plants and, by extension, animals, which can be

used to improve agricultural productivity and production. According to Zhao

et al. [37], the deployment of these technologies in horticulture has led to an

increase in revenue in this sector [37].

5.3.1 Food toxin detection

The first synthetic allotrope of carbon, known as fullerene, was discovered in

1985 by H. W. Kroto and colleagues (who later won the Nobel Prize in

Chemistry for their work) [3]. This marked the beginning of the field of carbon

nanomaterials (CNMs). The vast majority of fullerenes are nonbiodegradable

compounds, the potential toxicity of which has not been completely researched up

to this point. Concerns about biosafety and the environment have been stoked by

the rising demand for and manufacturing of fullerenes in large quantities. Testing

for toxicity in living organisms, often known as in vivo testing, offers entire mod-

els for predicting the responses of biological systems. The results of these in vivo

study models include a wide range of cellular, anatomical, and physiological

aspects. In addition, the fact that they are relatively small in size, have a relatively

rapid development rate, and a relatively brief life cycle makes them appealing for

the purpose of studying the toxicological effects of nanomaterials. At different

levels of these in vivo model systems, several ways of toxicity evaluations have

been established. Some examples of these methods include morphological
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alterations measured under a microscope, cellular alterations, altered gene or pro-

tein expression, biochemical analyses, and behavioral alterations [38].

CNMs’ usefulness and high electrochemical qualities make it possible that

they might be used to selectively immobilize biomolecules for the detection of

toxic substances in food. Electrochemical detection of dietary contaminants relies

heavily on CNMs, as seen above [38].

The use of carbon nanoparticles in biosensors is a relatively new development

in the field. Due to their superior sensitivity and selectivity, ease of use, low cost,

portability, and downsizing in some situations, biosensors have emerged as a

dependable and promising alternative analysis tool to those of classical methods

[39]. A biosensor is a device that uses a transducer of choice to detect a physio-

chemical change brought on by a predetermined interaction between a target ana-

lyte and a biological element. Point-of-care diagnostics and environmental

monitoring, including for food hazards, have both seen a rise in interest in biosen-

sing devices during the past decade. Biosensors typically consist of three main

parts: a biorecognitionelement (DNA, enzyme, antibody, etc.) for recognizing an

analyte (also called a bioreceptor), an immobilization matrix and self-assembled

monolayers [40] for immobilizing a biomolecule, and a transducer unit for trans-

forming the product of a biochemical reaction into an easily interpretable signal.

It might take anywhere from several hours to many days for conventional cul-

ture, immunological, or molecular approaches to detect infections and spoilage

organisms in food. Recently, “nano-biosensors” have emerged as a result of the

integration of nanotechnology with existing biosensing techniques; these sensors

exhibit fast response times alongside high sensitivities [5,41,42].

Biosensors for evaluating food quality and safety are increasingly being built

on top of aptamers originally developed for toxin detection [43]. The fascinating

features of carbon nanomaterials including carbon nanotubes (CNTs), graphene

quantum dots (GQDs), graphene, and fullerenes are attracting a lot of attention

[44] (Figs. 5.7 and 5.8).

FIGURE 5.7

Schematic presentation of biosensors.

Malhotra BD, Srivastava S, Ali MA, Singh C. Nanomaterial-based biosensors for food toxin detection. Appl

Biochem Biotechnol. 2014;174(3):880�896.
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5.3.2 Shelf life extension

Agriculture and the food sciences are being more integrated with nanotechnology.

Preservative sprays and other food-related applications of nanomaterials are

already on the market [45]. For instance, nanocoating sprays are used to preserve

fruits and vegetables, and packaging material containing silicate nanoparticles has

been produced to limit the oxygen penetration and lengthen food shelf life [46].

Nanoparticles and nanoemulsions are being used to improve the quality of foods

in a variety of ways, including making them easier to pour, boosting their flavor,

and providing more efficient nutrition delivery [47]. Nanomaterials based on car-

bon (carbon black, fullerenes, carbon nanotubes), silver, silicon, tin oxide, zinc

oxide, and cerium oxide are among the most popular on the market today [48].

5.3.3 Agricultural improvement

The use of nanomaterials (NMs) has gradually expanded in the agricultural sector

due to the unique size of NMs, their capacity for absorption/penetration and trans-

location within cells, and the low cost of formulation of NMs. An astounding suc-

cess of nanotechnology in the agricultural industry has been the discovery that

FIGURE 5.8

Photoexcitation of fullerene generates singlet oxygen, as depicted in this schematic. Inter

System Crossing (ISC). In the presence of an electron donor, 1C60 and
3C60, both of which

are good electron acceptors, are reduced to C60
ı̈ -. This causes singlet oxygen radicals to

be produced.
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fullerene, C60, and carbon nanotubes (CNTs) can boost the water-retaining capac-

ity, biomass, and fruit output in plants. This is an example of the use of nanotech-

nology. There was also a roughly 200% rise in tomato output after CNTs were

applied. Carbon-based NMs, both functionalized and nonfunctionalized, have the

potential to boost crop yields by improving a plant’s capacity for water absorption

and retention within its cells, boosting the plant’s physiological and metabolic

activities, and also by fostering the growth of cellular defense mechanisms [49].

Proteins, surfactants, polysaccharides, lipids, phospholipids, and fatty acids are

only some of the natural food-grade macromolecules that make up nanoparticles.

Different combinations of these food-grade substances can generate composite

nanoparticles, such as lipid core with a protein (also known as “nanoemulsions”)

or lipid droplets inserted in the biopolymer microspheres [50]. These food-grade

nanoparticles can assist in improving the efficiency, utilization, and stability of

bioactive food ingredients by encapsulating, protecting, and releasing the bioac-

tive food constituents [51]. The nanoformulation approach is used to create nano-

nutraceuticals, which combine nutrition and pharmaceuticals and include things

such as dietary supplements, bioactive chemicals, functional foods, and herbal

products [52]. Various strategies were used to administer the nutraceuticals.

Liposomes, cubosomes, microemulsions, solid lipid nanoparticles (SLNs), biopo-

lymeric nanoparticles, nanosensors, monolayers, microgels, and fibers are just

some of the vehicles used to transport nanotubes, nanofibers, fullerenes,

nanosheets, and nanowhiskers [53].

5.3.4 Polymer/fullerene nanocomposites coating for corrosion
resistance intended for

5.3.4.1 Biomedical applications
Metal surfaces can be protected against corrosion by applying a corrosion coating

[54�56]. Coatings’ resistance to corrosion is affected by many variables [57,58].

Polymers with embedded carbon or metal nanoparticles improve coating perfor-

mance even more [59�61]. The resulting high-performance polymer/nanocarbon-

nanocomposite coatings are lightweight, cheap, and highly processable [62�64].

It has also been found that coatings made of polymer nanocomposite materials

that contain fullerenes can improve corrosion resistance [65�67]. A polymer/

nanocarbon nanocomposite’s anticorrosion process is predicated on the develop-

ment of a homogeneous covering, the dispersion of nanoparticles, and the genera-

tion of diffusion routes for corrosive species [68�70]. Fullerenes, like other

nanocarbons, offer excellent anticorrosion properties [71]. When interacting with

polymers, fullerenes can form electrostatic interactions, π-π interactions, van der

Waals interactions, and hydrogen bonds. These bonds aid in charge transfer,

which in turn improves corrosion resistance [72]. Different polymers have been

filled with fullerenes. Anticorrosion coatings made from polyaniline, one form of

conducting polymer, have seen widespread use in recent years [73,74].
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Polyaniline’s low level of toxicity, hydrophilicity, excellent electrical conductiv-

ity, biocompatibility, and in vivo stability make it useful in biomedical applica-

tions. Despite its degradability and modest processing capabilities, polyaniline has

few practical applications. Biosensors, medication delivery, antimicrobials, and

tissue regeneration/engineering are just few of the biological applications of nano-

materials that Zare et al. [75] investigated. Epoxy coatings that resist corrosion

have been documented as one sort of thermo set [76�78]. In this case, epoxy/

nanocarbon nanomaterials have excellent chemical/mechanical/heat stability

[79,80] in addition to good hydrophobicity, contact angle, and moisture-resistance

qualities. Epoxy nanocomposites’ anticorrosion characteristics have been studied

extensively [81�83]. Composites of thermoplastic polymers and C60/C70 mole-

cules have also been developed [84,85]. Nanomaterials made of polyurethane and

fullerene were investigated for their corrosion-resistant properties [86]. As another

example, poly (methyl methacrylate)/fullerene nanocomposites were employed as

a corrosion barrier [87,88].

Research on the use of fullerene nanoparticles with anticorrosion properties in

biomedical implants is ongoing. Anticorrosion bioimplants made from fullerenes

have shown the most promise [89,90]. Effective use of fullerenes in magnesium-

based metal implants has been demonstrated. Sodium dodecyl sulfate was utilized as

a surfactant by Samadianfard et al. [91] to stabilize fullerene materials before they

were incorporated into nanocomposites. The Mg implants had an anticorrosion coat-

ing applied to them using the sol�gel technique. In order to evaluate the resistance

of the implants against corrosion, electrochemical impedance spectroscopy was car-

ried out in a solution containing 3.5 wt% NaCl. The corrosion tests concluded with

scanning electron microscopy and energy-dispersive X-ray spectroscopy, which

showed that the surface of the implants made of a polymer/fullerene nanomaterial

was the least damaged by the corrosion. The potential of fullerene nanoparticles for

an orthopedic magnesium (Mg)-based bionanocomposite was later examined by

Jayasathyakawin et al. [92]. The cytocompatibility of bioimplants covered in nano-

materials was investigated by Wang and colleagues [93]. Bioimplants were tested

for their resistance to corrosion and osteoporosis. Furthermore, Pourhashem et al.

[94] investigated the durability of corrosion-resistant fullerene nanostructures in bio-

logical systems. Biocompatibility and biostability were improved when Mg metal

was covered with anticorrosion fullerene nanoparticles. Therefore, bioimplants have

shown to be one of the most fruitful areas of use for anticorrosion fullerene-based

materials in the field of biomedicine.

5.4 Biomedical applications of fullerenes
Fullerenes can be altered indefinitely and are both solid and hollow. Water-

soluble forms are not absorbed when taken orally, but they are rapidly dissemi-

nated to different tissues after being injected intravenously. The kidneys flush
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them out unaltered [95]. Studies on the acute toxicity of water-soluble fullerenes

have yielded surprisingly positive results [96]. These intriguing features point to a

promising future for fullerenes as therapeutic agents in the fields of biology and

medicinal chemistry.

However, there is a huge obstacle in the way of this possibility, and that obsta-

cle is the intrinsic repulsion that fullerenes have toward water. In order to circum-

vent this constraint, a variety of other approaches are now being developed.

These include the synthesis of fullerene derivatives with a changed solubility pro-

file, the encapsulation of C60 in cyclodextrins [97], or in calixarenes [98], as well

as preparations for water suspension [99].

Several fullerene analogs have been successfully synthesized. Numerous

fullerene-related patents have been filed, and the corresponding database is

expanding rapidly. As fullerenes and their derivatives showed promising prelimi-

nary activity in a variety of medical fields, researchers are devoting a great deal

of time and energy to learning more about them.

5.4.1 Diagnostic applications

The fullerenes known as endohedral metalofullerenes are those that have a metal

ion trapped inside the fullerene cage. In the field of diagnosis, these have

demonstrated promising usefulness. As an illustration, water-soluble forms such

as M@C82(OH)30 are currently being utilized as contrast agents for MRI

(M5Gd31) [100], X-ray (M5Ho31) [101], and radiopharmaceuticals

(M5 166Ho31 and 170Tm21) [102,103]. One of these compounds, known

as 166Ho31@C82(OH)30, has been the subject of a significant amount of research

as a radioactive tracer for the purpose of visualizing sick organs and destroying

cancerous tumors. The radioactive metal is held securely within the carbon shell,

which is extremely stable and resistant to being metabolized by the body. It has

been discovered that metallofullerenes are nontoxic, and because they remain in

the body for around 1 hour, imaging of the circulatory system can be performed

with them.

5.4.2 Anti-HIV activity

It has been demonstrated that the protease enzyme that is unique to HIV-1 can

serve as a useful target for antiviral treatment. It is possible to think of the active

site of this enzyme as an open-ended cylinder lined almost entirely by hydropho-

bic amino acids, with the exception of two catalytic aspartic acids. This is a very

general description. It was suggested by Wudl and colleagues that because the

C60 molecule has a radius that is nearly the same as the cylinder that characterizes

the active site of HIV-P, there is the potential for a powerful hydrophobic contact

between C60 derivatives and the surfaces of the active site. The molecular model-

ing studies and experimental findings that were carried out by Simon H.

Friedman and colleagues in 1993 indicated that the presence of C60 inhibited
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HIV-P replication [104]. The effectiveness of fullerene derivatives in inhibiting

HIV-1 and HIV-2 replication was demonstrated by virus inactivation experiments

[105,106]. In acute and chronically infected human lymphocytes, it was discov-

ered that a water-soluble derivative was active against HIV-1 and HIV-2 (with an

EC50 of roughly 6 M). At the same time, it was found to be noncytotoxic up to

100 M in peripheral mononuclear cells as well as H9, Vero, and CEM cells [107].

As the empirically determined binding constant for HIV-P contact was not

very high [104], research into structural optimization of C60 derivatives for HIV-P

interaction was undertaken. On the basis of this observation, a number of writers

have developed ideal inhibitors consisting of two ammonium groups directly con-

nected to C60 at a distance of 5.5 or 5.1. Fitting well into the HIV-P cavity and

able to interact with aspartic acid carboxylic residues, these derivatives were the

subject of molecular modeling investigations [108].

5.4.3 DNA photocleavage

It was discovered that a carboxylic acid derivative of fullerene that is soluble in

water is cytotoxic when exposed to sunlight. C60 carboxylic acid was first treated

with cultivated cells for 3 days in the first experiment. There was no evidence of

any kind of life. However, the chemical was lethal to cells when exposed to weak

visible light. Cleavage of DNA was later found to be the mechanism by which

C60 derivatives caused cytotoxicity [108]. As fullerenes are so simple to photoex-

cite [109], photodynamic drugs based on fullerenes are currently being researched

for the treatment of cancer. Many different types of fullerene conjugates are being

studied for their potential anticancer effects. These conjugates feature units with

biological affinities for nucleic acids or proteins. In order to boost cytotoxicity

and sequence selectivity, researchers have produced conjugate between C60 and

specific compounds that interact with nucleic acids, such as acridine47 or comple-

mentary oligonucleotide [109,110]. Although sequence selectivity was low, DNA

cleavage was discovered to take place at a guanine residue [110]. A C60-PEG

conjugate, when exposed to light, induces tumor necrosis strongly without damag-

ing the overlying normal tissue, resulting in complete cure at a C60-PEG dose of

0.424 mg/kg and irradiation power of 1011 J/m2 [111]. After 2 weeks of exposure

to UV radiation, the cytotoxicity of dendritic C60 monoadduct and malonic acid

C60 trisadduct on Jurkat cells was studied, and the results showed a reduction in

cell number to around 19% [112]

5.4.4 Free radical scavenger

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, and

other forms of neurodegeneration in the developing brain have been related to

free radicals. Because of their unusual cage structure and large number of conju-

gated double bonds [30] in the core, fullerene compounds are highly reactive

toward free radicals and can interact with biomolecules. For instance,
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Buckminster fullerenes can incorporate several radicals into a single molecule;

one C60 sphere has been shown to incorporate as many as 34 methyl radicals. As

a result, they are called a “free radical sponge” [113]. Several fullerene deriva-

tives have been developed, nevertheless, and these are said to have a protective

effect in a number of systems, as well as an improved solubility profile compared

with the native fullerenes. In vitro and in vivo studies have demonstrated that

fullerenol, a water-soluble C60 derivative, can neutralize free radicals. Hydrogen

peroxide inhibits population spikes in the rat hippocampus, while fullerenol

prevents this effect [114,115].

Carboxy-fullerene is another water-soluble derivative of fullerene that has effec-

tive neuroprotective antioxidant activity in vitro and in vivo (hundreds of times

more powerful than vitamin E) and has been shown to prevent apoptotic injury

evoked by N-methyl D-aspartate (NMDA) without interfering with NMDA-induced

Ca21 influx in cortical cell cultures [116]. The protective effect of fullerene deriva-

tives as a free radical scavenger has been shown in a number of different systems.

These include a decrease in ischemia reperfusion intestine injury [117], protection of

various cell types from apoptosis, a lower concentration of free radicals in organ

perfusate, and a neuroprotective effect [116,118�121]. The fact that both water- and

lipid-soluble derivatives of fullerene are possible, in addition to the positive results

seen in pretoxicity studies, greatly increases the usefulness of fullerene derivatives

as antioxidants in health and personal care products such as skin creams, burn

creams, and nutritional supplements.

5.4.5 Antimicrobial activity

Fullerenes were thought to contain antibacterial activity based on the notion that

C60 might create membrane disruption by inserting itself into phospholipid

bilayers [122]. This led to the expectation that fullerenes would possess antibacte-

rial activity. The disruption of the membrane, which results in altered permeabil-

ity, ultimately results in the release of metabolites and the death of the cell. For

instance, fulleropyrollidines with monomethoxytriethylene glycol (mTEG) substi-

tutions completely inhibited Mycobacterium avium at a dose of 260 μg/mL and

Mycobacterium tuberculosis at a dose of D50 μg/mL [123]. It has been suggested

that the presence of a carbon cage destabilizes the tubercular cell wall by interca-

lating in the hydrophobic region of the structure. This is a viable explanation for

the antitubercular activity. The affinity of carbon cage for the hydrophobic consti-

tuents of Mycobacterium cell wall, that is, ceramide, has been further proven by

the intraperitoneal injection of mTEG fullerene derivative that was given to mice.

Ceramide is the hydrophobic component of the Mycobacterium cell wall.

According to Tsao and colleagues’ 2001 research, it was discovered that the

derivative was deposited on Tyson’s gland, which is another tissue that is

abundant in ceramide [122]. Carboxyfullerenes, which are another fullerene deriv-

ative, have been subjected to extensive research for their potential antimicrobial

properties.
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Carboxyfullerenes were discovered to decrease Escherichia coli�induced

meningitis; however, they did not do so by directly inhibiting E. coli; rather, they

inhibited the disease by lowering the damage produced by invading neutrophils

on the blood�brain barrier. The growth of Streptococcus pyrogens strain A-20

was shown to be suppressed by the carboxyfullerenes (MIC 5�50 mg/L) accord-

ing to Tsao et al. [122] findings. Because these derivatives had varied effects on

Gram1 ve and Gram2 ve bacteria, additional research led to the discovery that

carboxyfullerenes can insert themselves into the cell wall of Gram1 ve cocci,

causing the cell wall structure to become disrupted and ultimately leading to the

death of the Gram1 ve bacteria. According to Tsao et al. [122], fullerenes are

unable to penetrate the cell wall of Gram2 ve organisms because these species

have an outer membrane that is composed of lipoproteins, lipopolysaccharides,

and phospholipids [122]. According to this evidence, carboxyfullerenes have the

potential to become novel antimicrobial drugs that target Gram1 ve cocci

(Fig. 5.9).

5.4.6 Osteoporosis

The medications that are now utilized for the treatment of osteoporosis and other

bone problems are fluoride anions and biphosphonate compounds. However, the

FIGURE 5.9

Antibacterial activity of a polyaniline nanomaterial [124,125].

Kausar reproduced this figure with permission from Elsevier, Kausar A. Potential of polymer/fullerene

nanocomposites for anticorrosion applications in the biomedical field. J Compos Sci. 2022;6(12).
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former cannot be absorbed through the digestive tract, while the latter are highly

poisonous. The preferential localization of fullerene derivatives in bones is being

exploited for its potential medical benefits. Accordingly, polyfluorobiphospho-

nated fullerene derivatives are currently in the process of being developed as a

bimodal medication for the treatment of osteoporosis [126].

However, fullerenes must be measured in terms of dosage and serum levels

using sensitive and straightforward immunological protocols in order to be used

as biological or pharmacological agents. This, in turn, necessitates the availability

of fullerene-specific antibodies. Because of this need, the question of whether or

not these carbon-based spheres can stimulate the immune system to generate tar-

geted antibodies was raised. The immune system is diverse enough to recognize

and process fullerenes as protein conjugates, as demonstrated by the fact that

immunizing mice with a water-soluble C60 fullerene derivative conjugated to

bovine thyroglobulin resulted in a population of fullerene-specific antibodies of

the IgGisotype [127]. The light and heavy chain sequences of a monoclonal

fullerene-specific antibody have been disclosed [128]. These results add weight to

the argument that fullerenes have real-world applications as therapeutics, diagnos-

tics, and imaging vectors.

5.4.7 Fullerenes in drug and gene therapy

Due to the cell membrane, the endosomal membrane, and the nuclear membrane,

transporting any substance into the nucleus of an intact cell is extremely difficult.

Nanoparticles are just one type of carrier that has been developed to facilitate

transfer. Fullerenes are a type of inorganic nanoparticles with a size of less than

1 nm [129]. The fullerene core is highly hydrophobic, but by adding hydrophobic

moieties, fullerenes can become water-soluble and contain medicines and genes

for cellular delivery. Fullerene derivatives can enter the cells and bind to the

mitochondria. It has been revealed that Amphotericin B can be targeted to cells

using a variety of carbon nanotubes with varying functions. Doxorubicin

combined with nanotubes improved the drug’s ability to enter the cells. Carbon

nanotubes, being nanosized, have a use in the production of tablets as lubricants

or glidants [129].

5.4.8 Pristine C60 fullerene nanoparticles ameliorate
hyperglycemia-induced disturbances via modulation of
apoptosis and autophagy flux

Neuropathy, memory loss, and cognitive impairment are all consequences of

diabetes mellitus, a common metabolic condition. Despite decades of research

into the effects of diabetes, we still lack effective therapeutic methods for

neuroprotection. Cell viability in brain tissue may decrease due to

hyperglycemia-induced disruptions in planned cell death. Depending on their
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composition and surface properties, certain nanomaterials can either kill or sus-

tain cells. C60 fullerene in its purest form is a nanomaterial with antioxidant

and cytoprotective capabilities that is safe for human use [130]. C60 nanoparti-

cles have been shown to have a cytoprotective effect in diabetic individuals;

however, the underlying molecular mechanism is still unclear. The study car-

ried out by the Demir and coworker [130] set out to clarify the potential path-

ways by which C60 fullerene protects oxidative stress impairment in diabetes

mellitus by investigating its effects on apoptosis and autophagy [130]. C60 ful-

lerene, which was derived from olive oil, was tested for its effects on the hip-

pocampus of STZ-induced diabetic rats. The brains of STZ-diabetic rats

showed upregulation of Caspase-3, Beclin-1, and oxidative stress indices and

downregulation of Bcl-2. After 12 weeks of treatment with C60 fullerene, oxi-

dative stress, hyperglycemia-induced apoptotic abnormalities, and autophagy

fux were all reduced by changes in the levels of the proteins Caspase-3, Bcl-2,

Beclin-1, and LC3I/II. C60 fullerene also reduced the LC3I/II ratio and the

autophagy flux to keep it from being too high. In contrast, in nondiabetic indi-

viduals, pure C60 fullerene did not have any moderating effect on any of the

apoptotic or autophagy markers tested. Therefore, C60 fullerene derived from

oil has a cytoprotective effect in hippocampus cells subjected to hyperglycemia

stress. Using their antioxidant, antiapoptotic, and autophagy-enhancing

properties, Demir and coworkers confirm in their study that pure C60 fullerene

nanoparticles can shield hippocampus cells from hyperglycemic stress.

Hippocampal functional disruptions may be avoided thanks to C60 fullerene’s

ability to regulate autophagy via BCL-2/Beclin-1 reciprocal expression [130].

5.5 Consumer exposure
As fullerenes aren’t widely used in consumer goods, cosmetics are likely to be

the major way people are exposed to them [131]. For more information on the

antioxidant characteristics of fullerenes, see Table 5.1. Fullerenes are utilized in a

variety of cosmetic goods, including antiaging treatments and sun creams.

Vitamin C60 BioResearch Corporation, a manufacturer of fullerenes used in

cosmetics, describes their product on their website as “fullerene-containing

vegetable squalane” or “polyvinylpyrrolidone wrapped fullerenes.” CosIng, a

database maintained by the European Commission, identifies fullerenes and

hydroxyfullerenes as acceptable substances for use in cosmetics for their antibac-

terial and skin-conditioning properties, as specified in the “Cosmetics Directive”

(76/768/EEC).

In recent years, fullerenes have also garnered a lot of interest as a potential

treatment for neurodegenerative disorders and cancer, both of which have been

linked to reactive oxygen species (ROS) or radical formations as their underlying

mechanism [136�138].
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As a result of its high stability, high repulsion, and low weight, fullerenes find

use in sporting products such as tennis rackets. It is anticipated that fullerenes

will be encapsulated within a matrix in such items, and that their exposure will be

negligible or nonexistent under normal use conditions (e.g., wear and tear).

Unfortunately, we have been unable to locate data that quantify exposure due to

such consumer products.

Because of this, dermal exposure, even over a longer length of time, might be

predicted from the use in cosmetics, and the skin is thus considered the primary

exposure route for customers. It is uncommon for the amounts of fullerenes in

beauty products to be specified. Concentrations of fullerenes in liposomes in such

products typically range from 0.2% to 0.5% [131,139]. Although the concentra-

tion of fullerene in skin cream is unlikely to be precisely known, it can be safely

assumed to be lower than 0.5%, given the wide range of liposome concentrations

that may be present.

5.6 Fullerenes as a human health hazard
Fullerenes’ toxicity and toxicokinetics were examined in depth by Johnston et al.

[140]. This chapter expands on previous studies by explaining and extracting data

useful for risk assessment, and it features updated, cutting-edge information.

Research on toxicokinetics and toxicity yielded the results summarized in

Table 5.2.

Table 5.1 Fullerene use and its function in cosmetic products.

Application Function Fullerene type References

Skin rejuvenation
(antiaging,
antiwrinkle) skin
care products

Skin nutrient,
antioxidant, free
radical scavenger

C60 and derivates: fullerene-
containing
vegetable squalane
polyvinylpyrrolidone
wrapped fullerenes
hydroxyfullerenes

[131]

Skin whitening
agent

Inhibition of
melanogenesis

Radical sponge_
(polyvinylpyrrolidone
wrapped fullerene)

[132]

Sun creams Protection of
oxidative skin
damage caused by
UV(A) and UV(B)

Fullerenes and derivates [133]

Makeup Fillers and pigments Not specified [131]
Hair care products Potentiate hair

growth
Fullerene derivatives [134]

Antimicrobial Inhibition of
microbial cell growth

Fullerenes and hydroxylated
derivatives

[135]
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5.6.1 Absorption, metabolization, distribution, and elimination of toxins

Research on the toxicokinetics of fullerenes after inhalation, ingestion, or skin

contact is crucial for determining potential target organs for fullerenes’ toxicity.

Several barriers prevent subsequent targets from taking in radiation that has been

absorbed at the primary site of exposure. However, fullerenes can become sys-

temically accessible and exert their harmful effects throughout the body if they

are able to circumvent these barriers.

Table 5.2 Summary of hazard assessment of fullerenes.

Absorption Inhalation No/limited systemic absorption from
lung, fullerenes are phagocytosed by
macrophages

[141]

Oral Limited absorption (,3%) [96,142]
Dermal No penetration into dermis; solvents can

modulate fullerene penetration deep into
the stratum corneum

[143,144]

Distribution Pulmonary
exposure

Limited/no translocation to liver, brain,
kidney, spleen

[145]

Intraperitoneal/
intravenous

Transport to and accumulation mainly in
liver, but also in kidney, lung, spleen,
heart and brain

[96]

Elimination Oral,
intraperitoneal

Via feces and urine, probably depending
on water solubility

[96,146]

Acute/repeated
dose toxicity

Oral exposure Very low acute toxicity; no data on
repeated exposure

[127,146]

Inhalation Low acute and subchronic toxicity [96]
Dermal
exposure

Low acute toxicity, no data on chronic
exposure

[135]

Irritation Highly purified fullerenes and fullerene
soot were not irritating to skin and eye
in animals and in human studies

[135]

Sensitization Highly purified fullerenes and fullerene
soot were not sensitizing in animals and
in human studies

[135]

Mutagenicity Indirect genotoxic effects via formation
of ROS possible

[147]

Carcinogenicity Antiinflammatory and antitumor effects
of certain fullerene types reported; not
carcinogenic after intraperitoneal
exposure for 25 weeks; no cancer
assay viaphysiologically relevant routes
available

[148]

Reproductive/
developmental
toxicity

Inhalation
dermal
exposure

Developmental effects at high doses in
mice; relevance for human exposure
situationsis questionable.

[149]
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5.6.1.1 Absorption
Oral—Oral administration of radiolabeled 14C fullerene derivatives (trimethyle-

nemethane) to rats and mice showed that the majority (97%) were eliminated in

the feces within 48 hours, despite the fact that the animals were exposed to the

compound for up to 160 hours. Some fullerenes were found in small concentra-

tions in the urine, indicating that they made it past the intestinal wall [96].

Folkmann et al. also suggested that fullerenes are absorbed after oral exposure

because oxidative damage was seen in a dose-dependent manner in the liver and

lungs after oral treatment by gavage [142]. The significance of these results is

unclear because the same effect was shown when using the solvent maize oil, and

fullerenes’ presence in these organs was not established.

Inhalation—Baker et al. found that fullerenes, both nano and microparticulate

forms, did not appear in inhaled rats’ blood, suggesting that they do not cross the

blood�brain barrier. Exposure to C60 fullerene nanoparticles resulted in

pulmonary deposition fractions (14.1%) higher than those of microparticles

(9.3%). The shorter half-life of 26 days may be due to the same elimination

processes in the lungs. After 130 and 145 days, steady-state lung loads were not

predicted to be reached in rats [141].

It has been proven that specific nanoparticles can be transported to different

parts of the brain via the olfactory nerve. Fullerenes have been shown to cause

oxidative stress in the brains of fish after exposure, which may indicate that they

are transported there [150]. However, as no reports of fullerene translocation have

come from investigations involving mammals, it is unclear whether these results

are applicable to human exposure circumstances. After intratracheal instillation

(3.3 mg/kg) and inhalation exposure (0.12 mg/m3) in rats, Shinohara et al. found

no transfer of C60 particles to organs other than the lung, indicating that fullerene

absorption is insignificant [145].

Fullerene nanoparticles, on the other hand, were hypothesized to cross the air-

�blood barrier (ABB) via diffusion and caveolae-mediated pinocytosis, leading

to rapid translocation into the circulatory system and subsequent distribution to

various organs and tissues by Naota et al. [151]. Suspension-induced edema in

the lung may have altered the physiological transportation mechanism in the lung

and into the systemic circulation, which could have contributed to the observed

translocation of particles. As a result, it’s possible that the results obtained under

these conditions aren’t applicable to inhalation exposure.

Dermal—Primitive fullerene nanoparticles can permeate deeply into the stra-

tum corneum and be modulated by solvent, as demonstrated in vivo (tape strip-

ping and skin tissue biopsies in weanling pigs) and in vitro (stratum corneum the

absorption and flow through diffusion cell experiments). Hill Top Chambers were

used to apply a 500 lL solution containing 200 lg/mL C60 in different solvents to

specific skin areas for 24 hours, with daily dosing with freshly produced solutions

over the course of 4 days. Toluene, cyclohexane, and chloroform all facilitated

C60 uptake into the stratum corneum, but mineral oil had a little effect. After
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1 hour, the stratum corneum’s rapidly absorbing superficial layers (stratum dis-

junctum) slowed down, perhaps due to a slow transportation process through the

lipid bilayers. The scientists stated that the risk assessment for C60 in industrial

organic solvents should take into account solvent effects because they are critical

in the skin penetration of fullerenes.

Kato et al. studied skin permeability of C60 dissolved in LF-SQ for 24 hours

using a modified Bronaugh’s diffusion chamber [144]. They found that low con-

centrations of C60 were undetectable on the epidermis and dermis. Human skin

biopsies showed that C60 can penetrate the epidermis at doses as high as 223 ppm

but not the dermis. This suggests that systemic toxicity is not an issue when C60

is dissolved in LF-SQ [152].

Distribution, metabolism, and elimination—For this reason, it is likely that

nothing is known about the distribution of fullerenes after their inhalation, oral, or

cutaneous absorption. Under situations of lung particle overload accompanied by

an inflammatory state, it has been demonstrated that some nanoparticles can be

translocated to secondary organs from the respiratory tract via uptake into pulmo-

nary lymphatics and blood circulation [153].

Recent research has shown that fullerenes, including C60, are not metabolized

due to their low pulmonary clearance and the link between C60 and 13C distribu-

tion [145]. Alveolar macrophages in the lungs ingest fullerenes, which can lead to

oxidative or inflammatory processes [154]. Fullerenes can accumulate in the liver,

kidney, and spleen after intraperitoneal injection. Keratinocytes, epithelial cells,

and eye lens cells are some cell types that internalize fullerenes in vitro, often

with oxidative and fatal repercussions. Derivatized fullerenes and C60/C70 fuller-

ene mixtures have been excreted in the feces after intravenous and oral adminis-

tration to rats, but the excretion of derivatized fullerenes is slow [155,156].

Fullerenes have a tendency to remain at the deposition location, notably within

the lungs and gut [157]. They can be removed through alveolar macrophages, the

mucociliary escalator, or through the feces and urine [127,158,159]. Surface

alterations, surface coatings, and skin characteristics all play a role in determining

the extent of fullerene absorption through the skin. Further research is needed to

confirm whether fullerenes can be absorbed through relevant exposure routes and

reach organs that are remote from the deposition site. Surface alterations can

affect toxicokinetics, and information on the toxicokinetics of fullerenes is essen-

tial for understanding the effects of exposure, particularly after intraperitoneal and

intravenous application. Radioisotope or fluorescence labeling is suggested to

facilitate accurate identification of fullerenes [96,146].

5.7 Acute and repeated dose toxicity
Since there aren’t many well-accepted acute or repeated dosage toxicity tests for

fullerenes, the few that do exist are summarized here.
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5.7.1 Oral exposure

After 14 days of observation following oral administration of 2000 mg/kg fullerite

(a combination of C60 and C70), no toxicity in terms of mortality or other behav-

ioral or body weight indicators was observed in rats [146]. Chen et al. found that

after a single oral dose of 2500 mg/kg, polyalkylsulfonated (water soluble) C60

had no effects in rats; hence, it was concluded that it was not acutely hazardous

[160]. The results of these two investigations reveal that the acute No-observed

adverse-effect-levels (NOAEL) for fullerite (a combination of C60 and C70) and

polyalkylsufonated (water soluble) C60 are 2000 and 2500 mg/kg bw, respec-

tively. The true acute oral NOAEL is probably higher than what was reported in

either study because only one dose was examined. In conclusion, fullerenes have

low acute oral toxicity; however, data on chronic oral exposure are lacking.

5.7.2 Pulmonary/inhalation exposure

The greatest cause for concern with (airborne) nanoparticles is their inhalation.

Deposition of individual NP in the respiratory tract, where they can have local

impacts, is dependent on the particle size (aerodynamic diameter).

Studies have revealed that nanometric particles, which are extremely small in

size, can cause more inflammation and tumor growth than bigger particles of the

same mass. Although it has been demonstrated that some pulmonary nanoparticles

are distributed to other organs, no broad conclusions can be drawn from these

studies [153]. Multiple studies have shown that many nanoparticles cause inflam-

mation in the lungs [161], although this is not always the case with fullerenes.

Summary of inhalation and intratracheal instillation experiments’ findings.

5.7.3 Inhalation

Fischer 344 rats were exposed to fullerenes via nasal inhalation at 2.22 mg/m3

(nanoparticle, 55 nm diameter) and 2.35 mg/m3 (microparticle, 0.93 lm diameter)

for 3 hours per day for 10 days straight. The number of C60 particles in the lungs

of rats exposed to nanoparticles was higher than that of rats exposed to micropar-

ticles [141]. Protein levels in the bronchoalveolar lavage fluid (BALF) of rats

exposed to nanoparticles were found to be significantly elevated. Necroscopy

revealed no abnormalities, and serum chemistry showed minimal modifications.

Although C60 was taken up by alveolar macrophages, no cellular infiltration was

seen within the lung, indicating no inflammatory response had occurred. No

steady-state lung burdens were obtained in this investigation, despite the predicted

levels being reached after 130 and 145 days for nano and microparticles, respec-

tively [155,157].

Fullerenes (4.1 _ 104 particles/cm3, 96 nm diameter, specific surface area

0.92 m2/g) were inhaled by male Wistar rats at a concentration of 0.12 mg/m3 for

6 hours a day, 5 days a week, for 4 weeks. There was no evidence of severe
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inflammation or tissue harm during the 28-day inhalation exposure period or the

subsequent 3-month observation period. Histopathological results showed no

evidence of foreign body granuloma [162].

The researchers hypothesized that the tested dose was lower than the NOAEC

for lung inflammation. Gene expression profiles showed upregulation of genes

involved in the inflammatory response, oxidative stress, apoptosis, and metallo-

endo-peptidase activity, as well as some genes linked to the immune system process,

including major histocompatibility complex (MHC)-mediated immunity. This upre-

gulation was likely an adaptive physiological reaction rather than a harmful one.

5.7.4 Intratracheal instillation

A study by Sayes et al. found no significant differences in lung toxicity for under-

ivatized C60 (160 nm) and a highly water-soluble derivative C60(OH)24 when

intratracheally infused into rats [163]. Quartz, on the other hand, elicited a proin-

flammatory and profibrotic reaction. Fulleroles, or polyhydroxylated fullerenes,

may have safeguarding, antiinflammatory qualities at low concentrations, as they

have been shown to attenuate a-quartz-induced neutrophilic inflammation

[141,164]

Morimoto et al. analyzed neutrophil infiltration and expression of the

chemokinecytokine-induced neutrophil chemoattractant (CINC) in the lung after

3 days, 1 week, 1, 3, and 6 months [157]. Xu et al. found that intratracheal instil-

lation of 1 mg polyhydroxylated fullerenols C60(OH)n per rat did not induce

adverse pulmonary damage [165].

Inhalation and intratracheal instillation research has looked into the impact of

fullerenes on the lungs, but few laboratories have access to the expensive equip-

ment and large quantities of test substance necessary to undertake inhalation stud-

ies [166]. Intratracheal instillation once mimics higher exposure over a longer

period, but the means by which underlying effects induced by a high dose rate

(bolus delivery) are likely distinct from those induced when the same dose gets

administered by inhalation over a longer period (months) [167]. Bolus-type dose

delivery results should not be employed for risk assessment, and instead, inhala-

tion study results are preferred for obtaining an INEL.

There has been one subchronic investigation on fullerenes, but no chronic

studies have been reported as of yet. Subchronic studies indicate minimal lung

damage of fullerenes, and the NOAEC is predicted to be substantially greater

than the dose evaluated in the subacute investigations 28 days [162]. For the risk

assessment of both short- and long-term exposure, it is suggested that the

NOAEC from the 10-day study by Baker et al. [141] be used. Studies with post-

exposure follow-up periods of 3 months after inhalation and 6 months after intra-

tracheal instillation of up to 1 mg/animal did not show a persistent inflammation,

so this seems justified and still conservative enough [141].

For a regulatory risk assessment, it would be helpful to have data on either

subchronic or chronic exposure to the fullerene of interest.
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5.8 Biological mechanisms and target organ toxicity

5.8.1 Inflammation, cytotoxicity, pro- and antioxidant properties

Nanoparticles exposed via inhalation can cause oxidative stress, inflammation, and

chronic lesions such as fibrosis or cancer. Fullerenes, which are hydroxylated fuller-

enes, have been found to have proinflammatory effects at larger concentrations in

the mouse lung [168]. In vitro studies suggest that inflammation may play a key

role in the toxicity of fullerenes. Nano-C60 (0.24�2400 ppb) has been shown to be

cytotoxic in multiple cell lines, causing increased reactive oxygen species (ROS)

generation, lipid peroxidation, and membrane damage. However, fullerenes have

potent free radical�scavenging activity, which is determined by factors such as

water solubility and administered concentration [152,156,164,166,169,170].

Water-soluble derivatives of fullerene are more likely to be absorbed by the

body and exercise their free radical�scavenging activity. Vitamin C, a well-known

antioxidant, exhibits prooxidative activity at high levels. The antioxidant behavior of

fullerenes is negatively impacted when exposed in high concentrations, as they are

more likely to interact and form larger structures [133,168,171�173].

5.8.2 Cardiovascular effects

Several epidemiological and experimental studies [174] have reported a positive

connection between exposure to ultrafine particles(especially from air pollution) and

adverse cardiovascular consequences; such effects are also considered for manufac-

tured nanoparticles. Endothelial cells internalized C60(OH)24 (1�100 lg/mL) after an

acute exposure in vitro, and cell viability decreased with increasing concentrations

of the compound [175]. Exposure to fullerenes for 10 days had a negative effect on

cell adhesion and inhibited cell proliferation. Therefore, fullerene exposure may pro-

vide a risk for the onset or worsening of cardiovascular disease. Evidence presented

by Radomski et al. suggests that fullerenes are less thrombogenic than other nano-

particles because they are less successful at eliciting the aggregation of platelets

[176]. Protective benefits of C60(OH)24 against doxorubicin-induced chronic

cardiotoxicity and hepatotoxicity were described by Injac et al. in rats with

colorectal cancer [177]. However, there is currently no evidence that fullerenes can

translocate from the site of exposure into the circulation, so exposure of the vascula-

ture to fullerenes is currently only expected after direct administration into the blood,

typically through injection. However, carbon nanotubes and other examples suggest

that inflammatory mediators released from the lung may also induce cardiovascular

consequences [178].

5.8.3 Immune effects

There may be immunological repercussions from being exposed to nanoparticles

or ultrafine particles [179]. Using carbon nanotubes as an example, Mitchell et al.
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demonstrated that lung inflammation can trigger the production of inflammatory

mediators with systemic effects on the immune system [180]. However, due to

their activity as radical scavengers, fullerenes have been demonstrated to be

(also) antiinflammatory. Polyhydroxy C60, also known as N-ethyl C60, was shown

to play an unexpected role as a negative regulator of allergic responses, as

reported by Ryan et al. [181]. In the presence of fullerene particles, antigen-

challenged cells (mast cells and peripheral blood basophils) demonstrated a con-

siderable reduction in mediator release and an attenuation of IgE-mediated cyto-

plasmatic ROS levels. These fullerenes also blocked histamine release and

temperature drop. In vivo and in vitro studies by Liu et al. found that water-

soluble C60(OH)20 has particular immunomodulatory effects on immune cells

such T cells and macrophages [148]. They had little to no effect on immune cell

viability but did increase production of cytokines such tumor necrosis factor

alpha, which aids in the cellular immune response by killing off malignant cells.

C60(OH)20 inhibited the progression of Lewis lung cancer in vivo, an effect likely

linked to an improved CD4/CD8 lymphocyte ratio.

5.9 Conclusion

A new and intriguing scientific topic has been developing over the past few years

as a result of the accumulation of a large number of new findings and significant

aspects of these carbon molecules. Fullerenes were at first thought to be inert

molecules; however, due to their one-of-a-kind cage structure and their ability to

dissolve in organic solvents, it was discovered that fullerenes are susceptible to

exodehedral and endohedral functionalization. Redox reactions, on the other

hand, yield endohedral adducts, which can include polymer films. Addition reac-

tions result in the development of exohedral adducts. The correct knowledge of

the principles that regulate the functionalization of the most prevalent fullerene

(C60) continues to be the major pivot to the ever-expanding openings that are

available for the utilization of this third allotrope of carbon. It is recommended

that additional research be conducted into the use of functionalized fullerenes in

the storage of methane, in the catalysis process, and in the study of the environ-

ment. The direct application of fullerene and its derivatives to biological targets

has the potential to have beneficial uses in the field of medicine. It is necessary

for the related low toxicity of fullerenes to attract the attention of researchers who

are interested in investigating these fascinating chemicals. The preceding studies

suggest that fullerenes are less likely to cause inflammation than other nanoparti-

cles, and there have been no reports of any systemic side effects. Under the

assumption that fullerene-induced side effects indeed have a threshold, a risk

assessment can be carried out.

Anticancer drug delivery systems utilizing photodynamic therapy (PDT), HIV

drugs, and skincare products to slow down human skin aging are just some of the
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many potential commercial applications that have resulted from the recent surge

in global research and development efforts. Industries will benefit from advance-

ments in the fullerene industry. The high cost of producing fullerenes has histori-

cally been the primary restraint on the growth of the fullerene market. The

current rate of price drop is unprecedented and will enable several new uses.

Also, various commercial uses of fullerenes in industry have recently emerged.
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[12] Krätschmer W, Lamb LD, Fostiropoulos K, Huffman DR. Solid C60: a new form of

carbon. Nature. 1990;347(6291):354�8.

[13] Kroto HW, Allaf AW, Balm PS. C60 buckminsterfullerene. Chem Revs

1991;91:1213�35.

[14] Buseck PR, Tsipursky SJ, Hettich R. Fullerenes from the geological environment.

Science (80-) 1992;257(5067):215�17.

[15] Heymann D, Chibante LPF, Brooks RR, Wolbach WS, Smalley RE. Fullerenes in

the Cretaceous-Tertiary boundary layer. Science (80- ) 1994;265(5172):645�7.

[16] Becker L, Bada JL, Winans RE, Hunt JE, Bunch TE, French BM. Fullerenes in the

1.85-billion-year-old sudbury impact structure. Science (80- ) 1994;265(5172):642�5.

[17] Shriver WA DF. Inorganic chemistry. 3rd ed. Pearson Education; 2004.

[18] Wang X, Li Q, Xie J, Jin Z, Wang J, Li Y, et al. Fabrication of ultralong and electri-

cally uniform single-walled carbon nanotubes on clean substrates. Nano Lett 2009;9

(9):3137�41.

[19] Mitchell DR, Brown JM, Spires TL, Romanovicz DK, Lagow RJ. The synthesis of

megatubes: new dimensions in carbon materials. Inorg Chem 2001;40(12):2751�5.

[20] Hiorns RC, Cloutet E, Ibarboure E, Khoukh A, Bejbouji H, Vignau L, et al.

Synthesis of donor-acceptor multiblock copolymers incorporating fullerene backbone

repeat units. Macromolecules. 2010;43(14):6033�44.

[21] Sano N, Wang H, Chhowalla M, Alexandrou I, Amaratunga GAJ. Synthesis of car-

bon “onions” in water. Nature. 2001;414(6863):506�7.

[22] Shvartsburg AA, Hudgins RR, Gutierrez R, Jungnickel G, Frauenheim T, Jackson

KA, et al. Ball-and-chain dimers from a hot fullerene plasma. J Phys Chem A

1999;103(27):5275�84.
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[42] Reverté L, Prieto-Simón B, Campàs M. New advances in electrochemical biosensors

for the detection of toxins: nanomaterials, magnetic beads and microfluidics systems.

A review. Anal Chim Acta 2016;908:8�21.

[43] Rhouati A, Yang C, Hayat A, Marty JL. Aptamers: a promosing tool for ochratoxin a

detection in food analysis. Toxins (Basel) 2013;5(11):1988�2008.

[44] Jariwala D, Sangwan VK, Lauhon LJ, Marks TJ, Hersam MC. Carbon nanomaterials

for electronics, optoelectronics, photovoltaics, and sensing. Chem Soc Rev 2013;42

(7):2824�60.

[45] Singh J, Sengar R. Nanotechnology in agriculture and food. Ann Hortic 2020;13

(1):14.

[46] Stebounova LV, Morgan H, Grassian VH, Brenner S. Health and safety implications

of occupational exposure to engineered nanomaterials. Wiley Interdiscip Rev

Nanomed Nanobiotechnol 2012;4(3):310�21.

[47] Greiner R. Current and projected applications of nanotechnology in the food sector:

[review]. Nutr Rev Soc Bras Aliment Nutr 2014;34(1):243�60.

[48] Maynard AD. Nanotechnology: a research strategy for addressing risk. Woodrow

Wilson Int Cent Scholars 2006;.

[49] Jha S, Yadav A. Assessment of carbon and fullerene nanomaterials for sustainable

crop plants growth and production. Eng Nanomater Sustain Agric Prod Soil Improv

Stress Manag 2022;145�60.

[50] Ravi Kumar MN. Nano and microparticles as controlled drug delivery devices.

J Pharm Pharm Sci 2000;3(2):234�58.

[51] Quintanilla-Carvajal MX, Camacho-Dı́az BH, Meraz-Torres LS, Chanona-Pérez JJ,
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CHAPTER 10 

i n Vitro Protocols f or Micropropagatirnru of 
Catharanthus roseus (L.) G. Don 
Govindugari Vijaya Laxmii.- and K. Dharmalingam' 
' Depar1men1 of Biolechno/ogy, Cha11anva Bhara1l11 /11 .1·11111/e of Tec/1110/ogy. Hyderahad. Telangana-50007 5, India 

Abstract: Ca1hara111hus roseus ( C roseus) is an important alkalo1d-yield111g medicinal 
and omamental plant belonging to the fa mily Apocynaceae The genus Cathara11 1l111s is 
welt studied and reported to conta in bwlogically ac t1 ve terpenmd 1ndole alka lo1ds 
(T!As) with over 130 compounds 1solated and 1dentili ed I t has grea t medtctnal 
importance in treating vanous atlments 10 trea t d1 seases as diabetes. malaria, 
menorrhagia , Hodgk111 's di seasc, e/c In view or the immense importance 111 the 
pharmaceutical mdustry, micropropagation of C roseus has been the best alternati ve 
for continuous source of plants and also for in vilro production of secondary 
metabolites. Various explants have been studied fo r micropropagation ; however, nodal 
explants were the most suitable. For surface sterili za tion. 0.1 % HgCI: or 70% ethanol . 
followed by sodium hypochlorite and Bav 1s1111 (carbendazim). was optimum to control 
the microbial contamination. Murash1ge and Skoog (MS) medium was the most w1del y 
used for its success rate. 2.4-D for callus initiation and 131\P, along with zea 11n and 
activated charcoal , were reported to be promising for regeneration of plantlets . The 
100% acclimatization of plantlets on transfer 10 field depends on the so it mixture and 
environmental conditions and humidity in the initia! stages of transfer l'rom in vitro 
cultures. 

Keywords: Acclimatization, Catharanthus roseus , In vitro Studies, Micropro
pagation, Organogenesis, Plant Regeneration, Somatic Embryogenesis . 

INTRODUCTION 

Catharanthus roseus (L.) G. Don, commonly known as Madagascar periwinkle, is 
an important medicinal plant . lt belongs to the family Apocynaceae. It contains 
several commercially valuable secondary metabolites, making it the most 
demanding medicinal plant. The secondary metabolites are used in the treatment 
of various ailments and disorders like Hodkin 's disease, lymphoblastic leukaemia, 
breast and skin cancer and cancerous tumours [ I ]. The periwinkle has been repor-

· Corrcsponding nul hor Govindui:ari Vijnyn Laxmi : Dq-,anmcn1 or B,otèdrnolo~y. Chn11nnya Bharnthi lnst1l11t~ o l 
Technology, 1 lyderahad, Tdangana- 500075 . India, l d • 'l 1 -040-2-11 l/1 27/1 , 1.-mall drgvlJx1111 _h1111 t'ch(11 cb1t ac in 

L l'ullniah (Ed.) 
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CHAPTER 8 

A Recen t Update on Sponge Bioprospecting and its 

Antimicrobial Properties : Their Biologica) Mode of 

Actiolfll 

Balraj Sudha 1
, Kanagaraj Suganya 1, 

Vijaya Laxm i2, Sanjeeb Kuma r 

Sundaravadivelu Sumathi 1 

Bishwambha r Mishra1, Govinduga ri 

Mandal2·', Sanjay Kuma r3 and 

1 
Department of Biochemist1y. Biotechnology and Bioi11for111a1ics. Avinashilingam lns1i1111e /or 

Home Science and Higher Educationfor Wamen. Coi111ha10re-64 /04] , Tamil Nadu. India 

: Department of Biotechnology, Chaitanya Bharathi lnstitllle u/ TechnuloKJ1. Hyderuhud-5000 7 5. 

Telangana, India 
3 

Department of Biochemica/ Engineering and Biotechnology, Indian lnst1t11te oj Technology, 

Delhi-l /00/6, India 

Abstract: In recent decades, both the growing global resistance to ex isting antibiotics 

and the shortage of new groups of compounds identifïed ha ve become a public health 

concern . In order to solve it , researchers are now focusing their attention on 

unconventional sources, including microbes from harsh environments . In this context. 

the aim of this study was to determine whether marine sponges have the ability to 

inhibit the growth of microorganisms that are terrestrial in origin and pathogenie to 

hum,!llS. The majority of these chemicals have so far been found in marine 

invertebrates, primarily sponges. Marine sponges are a rich source of structurally 

specific natura! substances, some exhibiting a diverse variety of biologica! activities . 

Also, excellent sponge drug candidates are often overlooked because the sponges are 

either rare or difficult to obtain . or both . Sponges have piqued the interest of scientists 

who want to Jeam more about the associated microbial community and the useful 

metabolites they produce, which can be used in pharmaceutical and biotechnological 

applications. The ecological importance of mutualistic relationships between marine 

sponges and their related microbes cannot be overstated. These bioactive compounds 

from microbes proleet their hosts from a variety of microbial diseases. These results 

indicate that the antim icrobial properties of marine spon ge extracts may be used as a 

complementary or replacemenl method for treating microbial infec tions. 

· Corresponding aulhor Sanjeeh Kumar :\lam.la_l: Dcpartrnc111 o f' 0101cch11ology~ Cha11Un) a Oharn1h1 
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Abstract

Reactive distillation (RD) is a method where the reaction and the separation cooccur. This

is one of the best intensified procedures. The present chapter aims to discuss the

mathematical model for RD. The various kinetic models have addressed the formation of

the rate equation in the reactors. The RD process can use the kinetic rate expression. For

the temperature and composition profiles, the esterification of acetic acid with methanol

has been discussed in the form of a case study. There is another case study regarding the

esterification of acetic acid with ethanol. The temperature and composition

characteristics of acetic acid and ethanol esterification to yield ethyl acetate have been

studied. The profiles in the synthesis of methyl acetate and ethyl acetate have been

determined as a function of the number of steps. The basic principles of reactive dividing

wall columns and enzymatic RD and their advantage over RD are reviewed. The chapter

also discusses about the reactive extraction and absorption methods.
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Increasing demand for clean and renewable energy due to environmental impact and
demand for advanced implantable and portable electronic devices motivate the need for
developing technologies that can harvest energy at an a�ordable cost. Pencil graphite
leads can be a promising electrode material due to its background currents, sensitivity,
cost-e�ectiveness, and ease of disposal when compared to conventional electrodes. This
work focuses on developing a simple method to deliver high-performance pencil
graphite electrodes (PGEs) by coating green synthesized nanomaterials onto pencil leads.
Green synthesized nanomaterials prepared from natural plant-based sources like
Azadirachta indica (neem), Rosa indica (rose), and Ocimum tenui�orum (basil) are coated to
modify the surface of the pencil lead, which renders better electrochemical activity. This
iron nanoparticle (NP)-coated PGEs (FeNP/PGE) from rose and neem extract exhibited
good conductivity when compared to the bare and treated PGEs. The polarization curves
obtained from cyclic voltammetry resulted in an open circuit potential (OCP) of 0.648 V
for (FeNP/PGE) from rose extract when compared to bare (0.492 V) and treated (0.532 V),
respectively. The maximum current density was obtained for FeNP/PGE from R. indica
(1484.8 μA cm  ). Hence, FeNP/PGE (rose extract) electrode exhibits fast electron
transfer kinetics and proved to be a better-modi�ed electrode and exhibits high
performance.
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Abstract

Polymer nanocomposite (PNC) represents the reinforcement of polymer matrix using

nanosized additives. These PNCs are becoming a common approach for enhancing

polymer matrices' stiffness and mechanical strength. PNCs' high surface-to-volume ratio

allows them to outperform micro- and macrocomposites. Incorporating stimuli functions

into these materials is gaining popularity as a new generation of advanced polymer-

based nanomaterials. Stimuli-responsive PNCs are mobile and can respond to internal or

external stimuli. Stimuli-responsive polymer nanocomposite films and coatings are a

challenging research area in the technological community, with better future

applications available for several decades. Applications such as coatings, controlled drug

delivery, self-repair, and self-healing behavior, and other applications based on

biomedical devices have benefited from using these polymer nanocomposite coatings

and films. This chapter outlines the concept of PNCs, the importance of stimuli

responsiveness, the preparation of PNC coatings and films, and the change in properties

of PNCs when subjected to stimuli responsiveness and applications thereof.
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…Stimuli-responsive composite films are fabricated to respond to specific triggers, notably in pH

changes. They possess distinctive attributes like robustness, sensitivity to chemicals, and the

capacity to form in reaction to external stimulations [38]. Their primary advantage lies in their

ability to precisely transport drugs to targeted sites, decreasing side effects and boosting treatment

efficacy [39].…
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Abstract

Knowledge of molecular mechanisms (MM) has been attracted globally due to its

potential application in the �eld of drug delivery. In the past decades, several MM

methods were identi�ed with an extensive range of excipients for the reason of poor

solubility of drugs. The MM has been scrutinized with complex formulations where the

drugs are encapsulated into responsive excipients so that the drug delivery process has to

be improved. This review gives brief information on mechanisms used in drug delivery

such as swelling, diffusion, and erosion. In swelling controlled; the drug molecules

permeate due to the formation of a hydrogel matrix. Impacting parameters in swelling

controlled are temperature pH, light, pressure, ionic strength, magnetic and electric �eld,

etc. In diffusion-controlled; the drug is released via excipient

disintegration/cracks/leakages without a change in size. While erosion-controlled
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materials erode in the form of monomers and oligomers from excipient on the surface or

bulk. These mechanisms depend on drug dose, drug type, quantity and type of excipient,

and environmental conditions at the time of drug delivery. It also depends on the

geometry and dimension of the administration routes. On the whole, this piece of

information is useful to researchers for developing the drug delivery process.
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Abstract

Plastic is a material that cannot biodegrade and is hazardous for the environment since it

takes thousands of years to break down. Plastic remains cause acute health issues

through land and water pollution. Municipal solid waste contains a considerable quantity

of plastic waste in the form of plastic carry bags, sachets, bottles, and primary packaging

materials. Recycling, reusing, or converting plastic waste into value-added products has

been a topic of attention in the present day in both urban and rural places. One of the

sustainable and practical solutions for managing plastic waste is to convert it into plastic

bricks that can be applied as building materials. These plastic bricks are lightweight and

have higher strength than standard bricks. But, manufacturing pure plastic bricks is
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tedious, and a single brick requires large amounts of waste plastic. Thus, an economical

way of utilizing plastic waste is to convert it into composite material consisting of cement

brick and plastic, ‘Poly Brick.’ Other than replacing conventional building materials, such

as bricks, tiles, concrete blocks, etc., with pure plastic bricks, these composite materials

show enhanced properties and renewed strength. Poly Bricks provide the consumer with

various bene�ts, in extension to being eco-friendly. Studies on poly bricks showed

enhanced properties such as porosity, compressive strength, tensile strength, chemical

reactivity, and durability compared to a standard brick. Many researchers have carried out

active research to address the problem of plastic waste by processing it into Poly Bricks.

Thus, poly bricks are an excellent alternative to clay bricks, minimizing plastic waste.

This chapter discusses the effects of plastic waste, methods for converting the plastic

waste into poly bricks, the testing methods, and the comparison of properties of poly

bricks with conventional building materials, thus concluding how ef�ciently the plastic

waste converts into value-added products.
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Abstract

Fertilizers are an important component added to plants to enhance food production. They

provide crops with nutrients like potassium, phosphorus, and nitrogen for their growth.

But eventually, The presence of chemicals in fertilizers has an impact on soil fertility and

the survival of bene�cial microbes. To address this issue, the emergence of biofertilizers

has provided a solution. Biofertilizers, which are derived from organic waste, serve as a

successor to synthetic fertilizers, given that they are free of any potentially dangerous

substances and their ability to enhance soil quality. By utilizing natural products like

biofertilizers in agricultural practices, we can protect soil health and ensure the

production of high-quality crops. Agricultural wastes like coconut husks, wheat bran,

paddy husk, banana stalks, etc. can also be a potential source for K, P, N, and many macro

and micronutrients. As banana stalk can be considered a waste recycling product,
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fertilizer derived from it is of low cost. It helps degrade pesticide residues, improve soil

fertility, and promote plant growth. This can increase the yield by 3.5%, and therefore a

rise in economic bene�t can be observed. Therefore, this study aims to explain the

different production methods of biofertilizers using banana stalk as a feedstock, increase

in the nutrient quality, and its effect on enriching the soil fertility. It also provides insight

into the potential management of banana waste that can be converted into biofertilizers

and the superiority of substituting chemical fertilizer with sustainable organic fertilizer

derived from banana stalks.
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Abstract

Using animal waste as a valuable resource to produce fertilizers, biogas, bio-oils, and

other value-added products has gained signi�cant attention due to its potential to address

environmental and economic challenges. This chapter comprehensively overviews the

methods and technologies of converting animal waste into these valuable products. It

explores the different waste treatment, conversion, and product extraction processes and

each approach's potential environmental bene�ts and economic feasibility. Furthermore,

the chapter examines the challenges and limitations associated with the utilization of

animal waste and proposes potential solutions to overcome these hurdles. The aim is to
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provide readers with valuable insights into the sustainable utilization of animal waste,

fostering resource ef�ciency, and contributing to a circular economy.

 This is a preview of subscription content, log in via an institution  to check

access.

Access this chapter

Subscribe and save

Springer+ Basic €32.70 /Month

Buy Now

Chapter EUR 29.95

Price includes VAT (India)

Log in via an institution

Get 10 units per month

Download Article/Chapter or eBook

1 Unit = 1 Article or 1 Chapter

Cancel anytime

Subscribe now

Available as PDF
Read on any device

Instant download

Own it forever

Buy Chapter

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 2/26343

https://wayf.springernature.com/?redirect_uri=https%3A%2F%2Flink.springer.com%2Fchapter%2F10.1007%2F978-981-99-7552-5_12
https://wayf.springernature.com/?redirect_uri=https%3A%2F%2Flink.springer.com%2Fchapter%2F10.1007%2F978-981-99-7552-5_12
https://link.springer.com/product/springer-plus


eBook EUR 171.19

Hardcover Book EUR 199.99

Tax calculation will be �nalised at checkout

Purchases are for personal use only

Institutional subscriptions 

Similar content being viewed by others

References

Abubakar, B. S. U. I., & Ismail, N. (2012). Anaerobic digestion of cow dung for biogas

production. ARPN Journal of Engineering and Applied Sciences, 7(2), 169–172.

Google Scholar

Ahn, H. K., Smith, M. C., Kondrad, S. L., & White, J. W. (2010). Evaluation of biogas

production potential by dry anaerobic digestion of switchgrass–animal manure

Biomass Waste and

Bioenergy Production:

Challenges and

Alternatives

Chapter © 2024

Conversion of

Agriculture Residues for

Bioenergy Production

Chapter © 2024

Transforming food

waste into animal

feeds: an in-depth

overview of conversio…

Article 17 October 2023

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 3/26344

https://www.springernature.com/gp/librarians/licensing/agc/ebooks
https://www.springernature.com/gp/librarians/licensing/agc/ebooks
https://scholar.google.com/scholar_lookup?&title=Anaerobic%20digestion%20of%20cow%20dung%20for%20biogas%20production&journal=ARPN%20Journal%20of%20Engineering%20and%20Applied%20Sciences&volume=7&issue=2&pages=169-172&publication_year=2012&author=Abubakar%2CBSUI&author=Ismail%2CN
https://link.springer.com/10.1007/978-3-031-52485-1_3?fromPaywallRec=true
https://link.springer.com/10.1007/978-3-031-52485-1_3?fromPaywallRec=true
https://link.springer.com/10.1007/978-3-031-52485-1_3?fromPaywallRec=true
https://link.springer.com/10.1007/978-3-031-52485-1_3?fromPaywallRec=true
https://link.springer.com/10.1007/978-3-031-61133-9_12?fromPaywallRec=true
https://link.springer.com/10.1007/978-3-031-61133-9_12?fromPaywallRec=true
https://link.springer.com/10.1007/978-3-031-61133-9_12?fromPaywallRec=true
https://link.springer.com/10.1007/s11356-023-30152-0?fromPaywallRec=true
https://link.springer.com/10.1007/s11356-023-30152-0?fromPaywallRec=true
https://link.springer.com/10.1007/s11356-023-30152-0?fromPaywallRec=true
https://link.springer.com/10.1007/s11356-023-30152-0?fromPaywallRec=true
https://link.springer.com/10.1007/s11356-023-30152-0?fromPaywallRec=true
https://link.springer.com/10.1007/s11356-023-30152-0?fromPaywallRec=true


mixtures. Applied Biochemistry and Biotechnology, 160, 965–975.

Article CAS Google Scholar

Akbulut, A. (2012). Techno-economic analysis of electricity and heat generation from

farm-scale biogas plant: Çiçekdağı case study. Energy, 44(1), 381–390.

Article Google Scholar

Ali, M. F., Hossain, M. S., Moin, T. S., Ahmed, S., & Chowdhury, A. M. (2021). Physico-

mechanical properties of treated chicken feather-reinforced unsaturated polyester resin

based composites. Nano Hybrids and Composites, 32, 73–84.

Article Google Scholar

Aragaw, T., Andargie, M., & Gessesse, A. (2013). Co-digestion of cattle manure with

organic kitchen waste to increase biogas production using rumen �uid as inoculums.

International Journal of Physical Sciences, 8(11), 443–450.

CAS Google Scholar

Aranberri, I., Montes, S., Azcune, I., Rekondo, A., & Grande, H. J. (2017). Fully

biodegradable biocomposites with high chicken feather content. Polymers, 9(11), 593.

Article Google Scholar

Araya-Letelier, G., Gonzalez-Calderon, H., Kunze, S., Burbano-Garcia, C., Reidel, Ú.,

Sandoval, C., & Bas, F. (2020). Waste-based natural �ber reinforcement of adobe

mixtures: Physical, mechanical, damage and durability performance assessment. Journal

of Cleaner Production, 273, 122806.

Article CAS Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 4/26345

https://link.springer.com/doi/10.1007/s12010-009-8624-x
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXisFyltrk%253D
https://scholar.google.com/scholar_lookup?&title=Evaluation%20of%20biogas%20production%20potential%20by%20dry%20anaerobic%20digestion%20of%20switchgrass%E2%80%93animal%20manure%20mixtures&journal=Applied%20Biochemistry%20and%20Biotechnology&volume=160&pages=965-975&publication_year=2010&author=Ahn%2CHK&author=Smith%2CMC&author=Kondrad%2CSL&author=White%2CJW
https://doi.org/10.1016%2Fj.energy.2012.06.017
https://scholar.google.com/scholar_lookup?&title=Techno-economic%20analysis%20of%20electricity%20and%20heat%20generation%20from%20farm-scale%20biogas%20plant%3A%20%C3%87i%C3%A7ekda%C4%9F%C4%B1%20case%20study&journal=Energy&volume=44&issue=1&pages=381-390&publication_year=2012&author=Akbulut%2CA
https://doi.org/10.4028%2Fwww.scientific.net%2FNHC.32.73
https://scholar.google.com/scholar_lookup?&title=Physico-mechanical%20properties%20of%20treated%20chicken%20feather-reinforced%20unsaturated%20polyester%20resin%20based%20composites&journal=Nano%20Hybrids%20and%20Composites&volume=32&pages=73-84&publication_year=2021&author=Ali%2CMF&author=Hossain%2CMS&author=Moin%2CTS&author=Ahmed%2CS&author=Chowdhury%2CAM
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3sXmtlGqtro%253D
https://scholar.google.com/scholar_lookup?&title=Co-digestion%20of%20cattle%20manure%20with%20organic%20kitchen%20waste%20to%20increase%20biogas%20production%20using%20rumen%20fluid%20as%20inoculums&journal=International%20Journal%20of%20Physical%20Sciences&volume=8&issue=11&pages=443-450&publication_year=2013&author=Aragaw%2CT&author=Andargie%2CM&author=Gessesse%2CA
https://doi.org/10.3390%2Fpolym9110593
https://scholar.google.com/scholar_lookup?&title=Fully%20biodegradable%20biocomposites%20with%20high%20chicken%20feather%20content&journal=Polymers&volume=9&issue=11&publication_year=2017&author=Aranberri%2CI&author=Montes%2CS&author=Azcune%2CI&author=Rekondo%2CA&author=Grande%2CHJ
https://doi.org/10.1016%2Fj.jclepro.2020.122806
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXhsFegsb3L
https://scholar.google.com/scholar_lookup?&title=Waste-based%20natural%20fiber%20reinforcement%20of%20adobe%20mixtures%3A%20Physical%2C%20mechanical%2C%20damage%20and%20durability%20performance%20assessment&journal=Journal%20of%20Cleaner%20Production&volume=273&publication_year=2020&author=Araya-Letelier%2CG&author=Gonzalez-Calderon%2CH&author=Kunze%2CS&author=Burbano-Garcia%2CC&author=Reidel%2C%C3%9A&author=Sandoval%2CC&author=Bas%2CF


Balázsi, C., Wéber, F., & Kövér, Z. (2007). Preparation of calcium–phosphate bioceramics

from natural resources. Journal of European Ceramic Society, 27, 1601–1606.

Article Google Scholar

Baloch, H. A., Nizamuddin, S., Siddiqui, M. T. H., Riaz, S., Jatoi, A. S., Dumbre, D. K.,

Mubarak, N. M., Srinivasan, M. P., & Grif�n, G. J. (2018). Recent advances in production

and upgrading of bio-oil from biomass: A critical overview. Journal of Environmental

Chemical Engineering, 6(4), 5101–5118.

Article CAS Google Scholar

Batzias, F. A., Sidiras, D. K., & Spyrou, E. K. (2005). Evaluating livestock manures for

biogas production: A GIS-based method. Renewable Energy, 30(8), 1161–1176.

Article CAS Google Scholar

Bedoić, R., Smoljanić, G., Pukšec, T., Čuček, L., Ljubas, D., & Duić, N. (2021). Geospatial

analysis and environmental impact assessment of a holistic and interdisciplinary

approach to the biogas sector. Energies, 14(17), 5374.

Article Google Scholar

Bhunia, S., Bhowmik, A., Mallick, R., & Mukherjee, J. (2021). Agronomic ef�ciency of

animal-derived organic fertilizers and their effects on biology and fertility of soil: A

review. Agronomy, 11(5), 823.

Article CAS Google Scholar

Brandelli, A., Sala, L., & Kalil, S. J. (2015). Microbial enzymes for bioconversion of poultry

waste into added-value products. Food Research International, 73, 3–12.

Article CAS Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 5/26346

https://doi.org/10.1016%2Fj.jeurceramsoc.2006.04.016
https://scholar.google.com/scholar_lookup?&title=Preparation%20of%20calcium%E2%80%93phosphate%20bioceramics%20from%20natural%20resources&journal=Journal%20of%20European%20Ceramic%20Society&volume=27&pages=1601-1606&publication_year=2007&author=Bal%C3%A1zsi%2CC&author=W%C3%A9ber%2CF&author=K%C3%B6v%C3%A9r%2CZ
https://doi.org/10.1016%2Fj.jece.2018.07.050
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC1cXhsVGjtb%252FO
https://scholar.google.com/scholar_lookup?&title=Recent%20advances%20in%20production%20and%20upgrading%20of%20bio-oil%20from%20biomass%3A%20A%20critical%20overview&journal=Journal%20of%20Environmental%20Chemical%20Engineering&volume=6&issue=4&pages=5101-5118&publication_year=2018&author=Baloch%2CHA&author=Nizamuddin%2CS&author=Siddiqui%2CMTH&author=Riaz%2CS&author=Jatoi%2CAS&author=Dumbre%2CDK&author=Mubarak%2CNM&author=Srinivasan%2CMP&author=Griffin%2CGJ
https://doi.org/10.1016%2Fj.renene.2004.10.001
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2MXht1ejtrY%253D
https://scholar.google.com/scholar_lookup?&title=Evaluating%20livestock%20manures%20for%20biogas%20production%3A%20A%20GIS-based%20method&journal=Renewable%20Energy&volume=30&issue=8&pages=1161-1176&publication_year=2005&author=Batzias%2CFA&author=Sidiras%2CDK&author=Spyrou%2CEK
https://doi.org/10.3390%2Fen14175374
https://scholar.google.com/scholar_lookup?&title=Geospatial%20analysis%20and%20environmental%20impact%20assessment%20of%20a%20holistic%20and%20interdisciplinary%20approach%20to%20the%20biogas%20sector&journal=Energies&volume=14&issue=17&publication_year=2021&author=Bedoi%C4%87%2CR&author=Smoljani%C4%87%2CG&author=Puk%C5%A1ec%2CT&author=%C4%8Cu%C4%8Dek%2CL&author=Ljubas%2CD&author=Dui%C4%87%2CN
https://doi.org/10.3390%2Fagronomy11050823
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3MXitFSrtrjI
https://scholar.google.com/scholar_lookup?&title=Agronomic%20efficiency%20of%20animal-derived%20organic%20fertilizers%20and%20their%20effects%20on%20biology%20and%20fertility%20of%20soil%3A%20A%20review&journal=Agronomy&volume=11&issue=5&publication_year=2021&author=Bhunia%2CS&author=Bhowmik%2CA&author=Mallick%2CR&author=Mukherjee%2CJ
https://doi.org/10.1016%2Fj.foodres.2015.01.015
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2MXitFCksbg%253D
https://scholar.google.com/scholar_lookup?&title=Microbial%20enzymes%20for%20bioconversion%20of%20poultry%20waste%20into%20added-value%20products&journal=Food%20Research%20International&volume=73&pages=3-12&publication_year=2015&author=Brandelli%2CA&author=Sala%2CL&author=Kalil%2CSJ


Brun, L. R., Lupo, M., Delorenzi, D. A., Di Loreto, V. E., & Rigalli, A. (2013). Chicken

eggshell as suitable calcium source at home. International Journal of Food Sciences and

Nutrition, 64(6), 740–743.

Article CAS Google Scholar

Bustillo-Lecompte, C. F., & Mehrvar, M. (2015). Slaughterhouse wastewater

characteristics, treatment, and management in the meat processing industry: A review

on trends and advances. Journal of Environmental Management, 161, 287–302.

Article CAS Google Scholar

Cantrell, K. B., Ducey, T., Ro, K. S., & Hunt, P. G. (2008). Livestock waste-to-bioenergy

generation opportunities. Bioresource Technology, 99(17), 7941–7953.

Article CAS Google Scholar

Cavigelli, M. A., & Parkin, T. B. (2012). Cropland management contributions to

greenhouse gas �ux: Central and Eastern U.S. In Managing agricultural greenhouse

gases (pp. 129–165). Academic Press.

Google Scholar

Chakraborty, R., Bepari, S., & Banerjee, A. (2010). Transesteri�cation of soybean oil

catalyzed by �y ash and egg shell derived solid catalysts. Chemical Engineering Journal,

165(3), 798–805.

Article CAS Google Scholar

Chandra, K. (2005). Organic manures. Booklet Released on the Occasion of, 10.

Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 6/26347

https://doi.org/10.3109%2F09637486.2013.787399
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3sXht1entLbM
https://scholar.google.com/scholar_lookup?&title=Chicken%20eggshell%20as%20suitable%20calcium%20source%20at%20home&journal=International%20Journal%20of%20Food%20Sciences%20and%20Nutrition&volume=64&issue=6&pages=740-743&publication_year=2013&author=Brun%2CLR&author=Lupo%2CM&author=Delorenzi%2CDA&author=Loreto%2CVE&author=Rigalli%2CA
https://doi.org/10.1016%2Fj.jenvman.2015.07.008
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2MXht1KrsLvJ
https://scholar.google.com/scholar_lookup?&title=Slaughterhouse%20wastewater%20characteristics%2C%20treatment%2C%20and%20management%20in%20the%20meat%20processing%20industry%3A%20A%20review%20on%20trends%20and%20advances&journal=Journal%20of%20Environmental%20Management&volume=161&pages=287-302&publication_year=2015&author=Bustillo-Lecompte%2CCF&author=Mehrvar%2CM
https://doi.org/10.1016%2Fj.biortech.2008.02.061
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1cXptVKjsb0%253D
https://scholar.google.com/scholar_lookup?&title=Livestock%20waste-to-bioenergy%20generation%20opportunities&journal=Bioresource%20Technology&volume=99&issue=17&pages=7941-7953&publication_year=2008&author=Cantrell%2CKB&author=Ducey%2CT&author=Ro%2CKS&author=Hunt%2CPG
https://scholar.google.com/scholar?&q=Cavigelli%2C%20M.%20A.%2C%20%26%20Parkin%2C%20T.%20B.%20%282012%29.%20Cropland%20management%20contributions%20to%20greenhouse%20gas%20flux%3A%20Central%20and%20Eastern%20U.S.%20In%20Managing%20agricultural%20greenhouse%20gases%C2%A0%28pp.%20129%E2%80%93165%29.%20Academic%20Press.
https://doi.org/10.1016%2Fj.cej.2010.10.019
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXhsVynur%252FF
https://scholar.google.com/scholar_lookup?&title=Transesterification%20of%20soybean%20oil%20catalyzed%20by%20fly%20ash%20and%20egg%20shell%20derived%20solid%20catalysts&journal=Chemical%20Engineering%20Journal&volume=165&issue=3&pages=798-805&publication_year=2010&author=Chakraborty%2CR&author=Bepari%2CS&author=Banerjee%2CA
https://scholar.google.com/scholar?&q=Chandra%2C%20K.%20%282005%29.%20Organic%20manures.%20Booklet%20Released%20on%20the%20Occasion%20of%2C%C2%A010.


Chen, Y. N., Chai, L. Y., & Shu, Y. D. (2008). Study of arsenic (V) adsorption on bone char

from aqueous solution. Journal of Hazardous Materials, 160, 168–172.

Article CAS Google Scholar

Chew, K. W., Chia, S. R., Yen, H. W., Nomanbhay, S., Ho, Y. C., & Show, P. L. (2019).

Transformation of biomass waste into sustainable organic fertilizers. Sustainability,

11(8), 2266.

Article CAS Google Scholar

Ch., Chingakham, Tiwary, C., & Sajith, V. (2019). Waste animal bone as a novel layered

heterogeneous catalyst for the transesteri�cation of biodiesel. Catalysis Letters, 149(4),

1100–1110.

Google Scholar

Chinglenthoiba, C., Das, A., & Vandana, S. (2020). Enhanced biodiesel production from

waste cooking palm oil, with NaOH-loaded Calcined �sh bones as the catalyst.

Environmental Science and Pollution Research, 27, 15925–15930.

Article CAS Google Scholar

Chiumenti, A., da Borso, F., & Limina, S. (2018). Dry anaerobic digestion of cow manure

and agricultural products in a full-scale plant: Ef�ciency and comparison with wet

fermentation. Waste Management, 71, 704–710.

Article CAS Google Scholar

Cho, Y. B., & Seo, G. (2010). High activity of acid-treated quail eggshell catalysts in the

transesteri�cation of palm oil with methanol. Bioresource Technology, 101(22), 8515–

8519.

Article CAS Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 7/26348

https://doi.org/10.1016%2Fj.jhazmat.2008.02.120
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1cXht1yrsb%252FM
https://scholar.google.com/scholar_lookup?&title=Study%20of%20arsenic%20%28V%29%20adsorption%20on%20bone%20char%20from%20aqueous%20solution&journal=Journal%20of%20Hazardous%20Materials&volume=160&pages=168-172&publication_year=2008&author=Chen%2CYN&author=Chai%2CLY&author=Shu%2CYD
https://doi.org/10.3390%2Fsu11082266
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXjsVCks7g%253D
https://scholar.google.com/scholar_lookup?&title=Transformation%20of%20biomass%20waste%20into%20sustainable%20organic%20fertilizers&journal=Sustainability&volume=11&issue=8&publication_year=2019&author=Chew%2CKW&author=Chia%2CSR&author=Yen%2CHW&author=Nomanbhay%2CS&author=Ho%2CYC&author=Show%2CPL
https://scholar.google.com/scholar?&q=Ch.%2C%20Chingakham%2C%20Tiwary%2C%20C.%2C%20%26%20Sajith%2C%20V.%20%282019%29.%20Waste%20animal%20bone%20as%20a%20novel%20layered%20heterogeneous%20catalyst%20for%20the%20transesterification%20of%20biodiesel.%20Catalysis%20Letters%2C%20149%284%29%2C%201100%E2%80%931110.
https://link.springer.com/doi/10.1007/s11356-020-08249-7
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXls12ku7g%253D
https://scholar.google.com/scholar_lookup?&title=Enhanced%20biodiesel%20production%20from%20waste%20cooking%20palm%20oil%2C%20with%20NaOH-loaded%20Calcined%20fish%20bones%20as%20the%20catalyst&journal=Environmental%20Science%20and%20Pollution%20Research&volume=27&pages=15925-15930&publication_year=2020&author=Chinglenthoiba%2CC&author=Das%2CA&author=Vandana%2CS
https://doi.org/10.1016%2Fj.wasman.2017.03.046
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2sXls1yjtLY%253D
https://scholar.google.com/scholar_lookup?&title=Dry%20anaerobic%20digestion%20of%20cow%20manure%20and%20agricultural%20products%20in%20a%20full-scale%20plant%3A%20Efficiency%20and%20comparison%20with%20wet%20fermentation&journal=Waste%20Management&volume=71&pages=704-710&publication_year=2018&author=Chiumenti%2CA&author=Borso%2CF&author=Limina%2CS
https://doi.org/10.1016%2Fj.biortech.2010.06.082
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXps1ejtLw%253D
https://scholar.google.com/scholar_lookup?&title=High%20activity%20of%20acid-treated%20quail%20eggshell%20catalysts%20in%20the%20transesterification%20of%20palm%20oil%20with%20methanol&journal=Bioresource%20Technology&volume=101&issue=22&pages=8515-8519&publication_year=2010&author=Cho%2CYB&author=Seo%2CG


Crowder, D. W., & Reganold, J. P. (2015). Financial competitiveness of organic agriculture

on a global scale. Proceedings of the National Academy of Sciences, 112(24), 7611–7616.

Article CAS Google Scholar

Dareioti, M. A., Dokianakis, S. N., Stamatelatou, K., Za�ri, C., & Kornaros, M. (2009).

Biogas production from anaerobic co-digestion of agroindustrial wastewaters under

mesophilic conditions in a two-stage process. Desalination, 248(1–3), 891–906.

Article CAS Google Scholar

Dhakal, D., Koomsap, P., Lamichhane, A., Sadiq, M. B., & Anal, A. K. (2018). Optimization

of collagen extraction from chicken feet by papain hydrolysis and synthesis of chicken

feet collagen based biopolymeric �bers. Food Bioscience, 23, 23–30.

Article CAS Google Scholar

Erdogdu, A. E., Polat, R., & Ozbay, G. (2019). Pyrolysis of goat manure to produce bio-oil.

Engineering Science and Technology, an International Journal, 22(2), 452–457.

Article Google Scholar

Esteves, E. M. M., Herrera, A. M. N., Esteves, V. P. P., & Morgado, C. D. R. V. (2019). Life

cycle assessment of manure biogas production: A review. Journal of Cleaner Production,

219, 411–423.

Article CAS Google Scholar

Fadhil, A. B., Ahmed, A. I., & Salih, H. A. (2017). Production of liquid fuels and activated

carbons from �sh waste. Fuel, 187, 435–445.

Article CAS Google Scholar

Felix, M., Perez-Puyana, V., Romero, A., & Guerrero, A. (2017). Development of protein-

based bioplastics modi�ed with different additives. Journal of Applied Polymer Science,

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 8/26349

https://doi.org/10.1073%2Fpnas.1423674112
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2MXpt1ejtLk%253D
https://scholar.google.com/scholar_lookup?&title=Financial%20competitiveness%20of%20organic%20agriculture%20on%20a%20global%20scale&journal=Proceedings%20of%20the%20National%20Academy%20of%20Sciences&volume=112&issue=24&pages=7611-7616&publication_year=2015&author=Crowder%2CDW&author=Reganold%2CJP
https://doi.org/10.1016%2Fj.desal.2008.10.010
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXht1Witb3E
https://scholar.google.com/scholar_lookup?&title=Biogas%20production%20from%20anaerobic%20co-digestion%20of%20agroindustrial%20wastewaters%20under%20mesophilic%20conditions%20in%20a%20two-stage%20process&journal=Desalination&volume=248&issue=1%E2%80%933&pages=891-906&publication_year=2009&author=Dareioti%2CMA&author=Dokianakis%2CSN&author=Stamatelatou%2CK&author=Zafiri%2CC&author=Kornaros%2CM
https://doi.org/10.1016%2Fj.fbio.2018.03.003
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC1cXhsV2jsLzN
https://scholar.google.com/scholar_lookup?&title=Optimization%20of%20collagen%20extraction%20from%20chicken%20feet%20by%20papain%20hydrolysis%20and%20synthesis%20of%20chicken%20feet%20collagen%20based%20biopolymeric%20fibers&journal=Food%20Bioscience&volume=23&pages=23-30&publication_year=2018&author=Dhakal%2CD&author=Koomsap%2CP&author=Lamichhane%2CA&author=Sadiq%2CMB&author=Anal%2CAK
https://doi.org/10.1016%2Fj.jestch.2018.11.002
https://scholar.google.com/scholar_lookup?&title=Pyrolysis%20of%20goat%20manure%20to%20produce%20bio-oil&journal=Engineering%20Science%20and%20Technology%2C%20an%20International%20Journal&volume=22&issue=2&pages=452-457&publication_year=2019&author=Erdogdu%2CAE&author=Polat%2CR&author=Ozbay%2CG
https://doi.org/10.1016%2Fj.jclepro.2019.02.091
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC1MXjt1ChtLo%253D
https://scholar.google.com/scholar_lookup?&title=Life%20cycle%20assessment%20of%20manure%20biogas%20production%3A%20A%20review&journal=Journal%20of%20Cleaner%20Production&volume=219&pages=411-423&publication_year=2019&author=Esteves%2CEMM&author=Herrera%2CAMN&author=Esteves%2CVPP&author=Morgado%2CCDRV
https://doi.org/10.1016%2Fj.fuel.2016.09.064
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC28Xhs1alsLrP
https://scholar.google.com/scholar_lookup?&title=Production%20of%20liquid%20fuels%20and%20activated%20carbons%20from%20fish%20waste&journal=Fuel&volume=187&pages=435-445&publication_year=2017&author=Fadhil%2CAB&author=Ahmed%2CAI&author=Salih%2CHA


134(42), 45430.

Article Google Scholar

Girotto, F., & Cossu, R. (2017). Animal waste: Opportunities and challenges. Sustainable

Agriculture Reviews, 1–13.

Google Scholar

Gutiérrez-Miceli, F. A., García-Gómez, R. C., Rosales, R. R., Abud-Archila, M., Angela, O.

L. M., Cruz, M. J. G., & Dendooven, L. (2008). Formulation of liquid fertilizer for sorghum

(Sorghum bicolor (L.) Moench) using vermicompost leachate. Bioresource

Technology, 99(14), 6174–6180.

Google Scholar

Haga, K. (1999). Development of composting technology in animal waste treatment

review. Asian-Australasian Journal of Animal Sciences, 12(4), 604–606.

Article Google Scholar

Hagos, K., Zong, J., Li, D., Liu, C., & Lu, X. (2017). Anaerobic co-digestion process for

biogas production: Progress, challenges, and perspectives. Renewable and Sustainable

Energy Reviews, 76, 1485–1496.

Article CAS Google Scholar

Hart, A., Komonibo, E., Ebikapaye, P., Helen, O., Nwabor, O. F., & Obileke, K. (2022).

Value-added materials recovered from waste bone biomass: Technologies and

applications. RSC Advances, 12(34), 22302–22330.

Article CAS Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 9/26350

https://doi.org/10.1002%2Fapp.45430
https://scholar.google.com/scholar_lookup?&title=Development%20of%20protein-based%20bioplastics%20modified%20with%20different%20additives&journal=Journal%20of%20Applied%20Polymer%20Science&volume=134&issue=42&publication_year=2017&author=Felix%2CM&author=Perez-Puyana%2CV&author=Romero%2CA&author=Guerrero%2CA
https://scholar.google.com/scholar?&q=Girotto%2C%20F.%2C%20%26%20Cossu%2C%20R.%20%282017%29.%20Animal%20waste%3A%20Opportunities%20and%20challenges.%C2%A0Sustainable%20Agriculture%20Reviews%2C%201%E2%80%9313.
https://scholar.google.com/scholar?&q=Guti%C3%A9rrez-Miceli%2C%20F.%20A.%2C%20Garc%C3%ADa-G%C3%B3mez%2C%20R.%20C.%2C%20Rosales%2C%20R.%20R.%2C%20Abud-Archila%2C%20M.%2C%20Angela%2C%20O.%20L.%20M.%2C%20Cruz%2C%20M.%20J.%20G.%2C%20%26%20Dendooven%2C%20L.%20%282008%29.%20Formulation%20of%20liquid%20fertilizer%20for%20sorghum%20%28Sorghum%20bicolor%20%28L.%29%20Moench%29%20using%20vermicompost%20leachate.%20Bioresource%20Technology%2C%C2%A099%2814%29%2C%206174%E2%80%936180.
https://doi.org/10.5713%2Fajas.1999.604
https://scholar.google.com/scholar_lookup?&title=Development%20of%20composting%20technology%20in%20animal%20waste%20treatment%20review&journal=Asian-Australasian%20Journal%20of%20Animal%20Sciences&volume=12&issue=4&pages=604-606&publication_year=1999&author=Haga%2CK
https://doi.org/10.1016%2Fj.rser.2016.11.184
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC28XhvFyrsLnI
https://scholar.google.com/scholar_lookup?&title=Anaerobic%20co-digestion%20process%20for%20biogas%20production%3A%20Progress%2C%20challenges%2C%20and%20perspectives&journal=Renewable%20and%20Sustainable%20Energy%20Reviews&volume=76&pages=1485-1496&publication_year=2017&author=Hagos%2CK&author=Zong%2CJ&author=Li%2CD&author=Liu%2CC&author=Lu%2CX
https://doi.org/10.1039%2FD2RA03557J
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB38XitVyrtbzN
https://scholar.google.com/scholar_lookup?&title=Value-added%20materials%20recovered%20from%20waste%20bone%20biomass%3A%20Technologies%20and%20applications&journal=RSC%20Advances&volume=12&issue=34&pages=22302-22330&publication_year=2022&author=Hart%2CA&author=Komonibo%2CE&author=Ebikapaye%2CP&author=Helen%2CO&author=Nwabor%2COF&author=Obileke%2CK


Hasan, H. A. H. (2000). Ureolytic microorganisms and soil fertility: A review.

Communications in Soil Science and Plant Analysis, 31(15–16), 2565–2589.

Article CAS Google Scholar

Hassan, A., & Jeries, J. (2010). Co-digestion of olive mill wastewater and swine manure

using up-�ow anaerobic sludge blanket reactor for biogas production. Journal of Water

Resource and Protection, 2010.

Google Scholar

Hassen-Trabelsi, A. B., Kraiem, T., Naoui, S., & Belayouni, H. (2014). Pyrolysis of waste

animal fats in a �xed-bed reactor: Production and characterization of bio-oil and bio-

char. Waste Management, 34(1), 210–218.

Article Google Scholar

Hijazi, O., Munro, S., Zerhusen, B., & Effenberger, M. (2016). Review of life cycle

assessment for biogas production in Europe. Renewable and Sustainable Energy Reviews,

54, 1291–1300.

Article CAS Google Scholar

Holm-Nielsen, J. B., Al Seadi, T., & Oleskowicz-Popiel, P. (2009). The future of anaerobic

digestion and biogas utilization. Bioresource Technology, 100(22), 5478–5484.

Article CAS Google Scholar

Hubadillah, S. K., Othman, M. H., Tai, Z. S., Jamalludin, M. R., Yusuf, N. K., Ahmad, A.,

Rahman, M. A., Jaafar, J., Kadir, S. H., & Harun, Z. (2020). Novel hydroxyapatite-based

bio-ceramic hollow �ber membrane derived from waste cow bone for textile wastewater

treatment. Chemical Engineering Journal, 379, 122396.

Article CAS Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 10/26351

https://doi.org/10.1080%2F00103620009370609
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD3cXnt12gtbg%253D
https://scholar.google.com/scholar_lookup?&title=Ureolytic%20microorganisms%20and%20soil%20fertility%3A%20A%20review&journal=Communications%20in%20Soil%20Science%20and%20Plant%20Analysis&volume=31&issue=15%E2%80%9316&pages=2565-2589&publication_year=2000&author=Hasan%2CHAH
https://scholar.google.com/scholar?&q=Hassan%2C%20A.%2C%20%26%20Jeries%2C%20J.%20%282010%29.%20Co-digestion%20of%20olive%20mill%20wastewater%20and%20swine%20manure%20using%20up-flow%20anaerobic%20sludge%20blanket%20reactor%20for%20biogas%20production.%C2%A0Journal%20of%20Water%20Resource%20and%20Protection%2C%C2%A02010.
https://doi.org/10.1016%2Fj.wasman.2013.09.019
https://scholar.google.com/scholar_lookup?&title=Pyrolysis%20of%20waste%20animal%20fats%20in%20a%20fixed-bed%20reactor%3A%20Production%20and%20characterization%20of%20bio-oil%20and%20bio-char&journal=Waste%20Management&volume=34&issue=1&pages=210-218&publication_year=2014&author=Hassen-Trabelsi%2CAB&author=Kraiem%2CT&author=Naoui%2CS&author=Belayouni%2CH
https://doi.org/10.1016%2Fj.rser.2015.10.013
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2MXhslCqt77J
https://scholar.google.com/scholar_lookup?&title=Review%20of%20life%20cycle%20assessment%20for%20biogas%20production%20in%20Europe&journal=Renewable%20and%20Sustainable%20Energy%20Reviews&volume=54&pages=1291-1300&publication_year=2016&author=Hijazi%2CO&author=Munro%2CS&author=Zerhusen%2CB&author=Effenberger%2CM
https://doi.org/10.1016%2Fj.biortech.2008.12.046
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXhtVSlsL%252FK
https://scholar.google.com/scholar_lookup?&title=The%20future%20of%20anaerobic%20digestion%20and%20biogas%20utilization&journal=Bioresource%20Technology&volume=100&issue=22&pages=5478-5484&publication_year=2009&author=Holm-Nielsen%2CJB&author=Al%20Seadi%2CT&author=Oleskowicz-Popiel%2CP
https://doi.org/10.1016%2Fj.cej.2019.122396
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC1MXhsFCmtbfF
https://scholar.google.com/scholar_lookup?&title=Novel%20hydroxyapatite-based%20bio-ceramic%20hollow%20fiber%20membrane%20derived%20from%20waste%20cow%20bone%20for%20textile%20wastewater%20treatment&journal=Chemical%20Engineering%20Journal&volume=379&publication_year=2020&author=Hubadillah%2CSK&author=Othman%2CMH&author=Tai%2CZS&author=Jamalludin%2CMR&author=Yusuf%2CNK&author=Ahmad%2CA&author=Rahman%2CMA&author=Jaafar%2CJ&author=Kadir%2CSH&author=Harun%2CZ


Imeni, S. M., Pelaz, L., Corchado-Lopo, C., Busquets, A. M., Ponsá, S., & Colón, J. (2019).

Techno-economic assessment of anaerobic co-digestion of livestock manure and cheese

whey (Cow, Goat & Sheep) at small to medium dairy farms. Bioresource Technology, 291,

121872.

Article Google Scholar

Iskakov, R., & Sugirbay, A. (2023). Technologies for the rational use of animal waste: A

review. Sustainability, 15(3), 2278.

Article CAS Google Scholar

Janarthanam, H., Kachupalli, S. R. S. R., Jayapalan, S. K., Subbiah, G., Mani, P., Velkumar,

M., & Adithya, S. S. (2020). Emission and performance analysis of the thermochemical

conversion of bio-oil using waste animal fat. In AIP conference proceedings (Vol. 2311, No.

1, p. 020020). AIP Publishing LLC.

Google Scholar

Khodaei, D., Álvarez, C., & Mullen, A. M. (2021). Biodegradable packaging materials from

animal processing co-products and wastes: An overview. Polymers, 13(15), 2561.

Article CAS Google Scholar

Kinyua, M. N., Rowse, L. E., & Ergas, S. J. (2016). Review of small-scale tubular anaerobic

digesters treating livestock waste in the developing world. Renewable and Sustainable

Energy Reviews, 58, 896–910.

Article CAS Google Scholar

Kiyonori, H. A. G. A. (2011). Animal waste problems and their solution from the

technological point of view in Japan.

Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 11/26352

https://doi.org/10.1016%2Fj.biortech.2019.121872
https://scholar.google.com/scholar_lookup?&title=Techno-economic%20assessment%20of%20anaerobic%20co-digestion%20of%20livestock%20manure%20and%20cheese%20whey%20%28Cow%2C%20Goat%20%26%20Sheep%29%20at%20small%20to%20medium%20dairy%20farms&journal=Bioresource%20Technology&volume=291&publication_year=2019&author=Imeni%2CSM&author=Pelaz%2CL&author=Corchado-Lopo%2CC&author=Busquets%2CAM&author=Pons%C3%A1%2CS&author=Col%C3%B3n%2CJ
https://doi.org/10.3390%2Fsu15032278
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3sXjsF2gsLo%253D
https://scholar.google.com/scholar_lookup?&title=Technologies%20for%20the%20rational%20use%20of%20animal%20waste%3A%20A%20review&journal=Sustainability&volume=15&issue=3&publication_year=2023&author=Iskakov%2CR&author=Sugirbay%2CA
https://scholar.google.com/scholar?&q=Janarthanam%2C%20H.%2C%20Kachupalli%2C%20S.%20R.%20S.%20R.%2C%20Jayapalan%2C%20S.%20K.%2C%20Subbiah%2C%20G.%2C%20Mani%2C%20P.%2C%20Velkumar%2C%20M.%2C%20%26%20Adithya%2C%20S.%20S.%20%282020%29.%20Emission%20and%20performance%20analysis%20of%20the%20thermochemical%20conversion%20of%20bio-oil%20using%20waste%20animal%20fat.%20In%20AIP%20conference%20proceedings%C2%A0%28Vol.%202311%2C%20No.%201%2C%20p.%20020020%29.%20AIP%20Publishing%20LLC.
https://doi.org/10.3390%2Fpolym13152561
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3MXitlegtr%252FP
https://scholar.google.com/scholar_lookup?&title=Biodegradable%20packaging%20materials%20from%20animal%20processing%20co-products%20and%20wastes%3A%20An%20overview&journal=Polymers&volume=13&issue=15&publication_year=2021&author=Khodaei%2CD&author=%C3%81lvarez%2CC&author=Mullen%2CAM
https://doi.org/10.1016%2Fj.rser.2015.12.324
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC28XltlOrug%253D%253D
https://scholar.google.com/scholar_lookup?&title=Review%20of%20small-scale%20tubular%20anaerobic%20digesters%20treating%20livestock%20waste%20in%20the%20developing%20world&journal=Renewable%20and%20Sustainable%20Energy%20Reviews&volume=58&pages=896-910&publication_year=2016&author=Kinyua%2CMN&author=Rowse%2CLE&author=Ergas%2CSJ
https://scholar.google.com/scholar?&q=Kiyonori%2C%20H.%20A.%20G.%20A.%20%282011%29.%20Animal%20waste%20problems%20and%20their%20solution%20from%20the%20technological%20point%20of%20view%20in%20Japan.


Konwar, M., Chetia, M., & Sarma, D. (2019). A low-cost, well-designed catalytic system

derived from household waste “egg shell”: Applications in organic transformations.

Topics in Current Chemistry (z), 377, 6.

Article Google Scholar

Kothari, R., Pandey, A. K., Kumar, S., Tyagi, V. V., & Tyagi, S. K. (2014). Different aspects

of dry anaerobic digestion for bio-energy: An overview. Renewable and Sustainable Energy

Reviews, 39, 174–195.

Article CAS Google Scholar

Kuligowski, K., Poulsen, T. G., Rubæk, G. H., & Sørensen, P. (2010). Plant-availability to

the barley of phosphorus in ash from thermally treated animal manure in comparison to

other manure-based materials and commercial fertilizer. European Journal of Agronomy,

33(4), 293–303.

Article Google Scholar

Kumar, S., Mukherjee, A., & Dutta, J. (2020). Chitosan based nanocomposite �lms and

coatings: Emerging antimicrobial food packaging alternatives. Trends in Food Science and

Technology, 97, 196–209.

Article CAS Google Scholar

Kyakuwaire, M., Olupot, G., Amoding, A., Nkedi-Kizza, P., & Ateenyi Basamba, T. (2019).

How safe is chicken litter for land application as an organic fertilizer?: A review.

International Journal of Environmental Research and Public Health, 16(19), 3521.

Article Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 12/26353

https://link.springer.com/doi/10.1007/s41061-018-0230-3
https://scholar.google.com/scholar_lookup?&title=A%20low-cost%2C%20well-designed%20catalytic%20system%20derived%20from%20household%20waste%20%E2%80%9Cegg%20shell%E2%80%9D%3A%20Applications%20in%20organic%20transformations&journal=Topics%20in%20Current%20Chemistry%20%28z%29&volume=377&publication_year=2019&author=Konwar%2CM&author=Chetia%2CM&author=Sarma%2CD
https://doi.org/10.1016%2Fj.rser.2014.07.011
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2cXhtlantrvK
https://scholar.google.com/scholar_lookup?&title=Different%20aspects%20of%20dry%20anaerobic%20digestion%20for%20bio-energy%3A%20An%20overview&journal=Renewable%20and%20Sustainable%20Energy%20Reviews&volume=39&pages=174-195&publication_year=2014&author=Kothari%2CR&author=Pandey%2CAK&author=Kumar%2CS&author=Tyagi%2CVV&author=Tyagi%2CSK
https://doi.org/10.1016%2Fj.eja.2010.08.003
https://scholar.google.com/scholar_lookup?&title=Plant-availability%20to%20the%20barley%20of%20phosphorus%20in%20ash%20from%20thermally%20treated%20animal%20manure%20in%20comparison%20to%20other%20manure-based%20materials%20and%20commercial%20fertilizer&journal=European%20Journal%20of%20Agronomy&volume=33&issue=4&pages=293-303&publication_year=2010&author=Kuligowski%2CK&author=Poulsen%2CTG&author=Rub%C3%A6k%2CGH&author=S%C3%B8rensen%2CP
https://doi.org/10.1016%2Fj.tifs.2020.01.002
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXhs1CitLw%253D
https://scholar.google.com/scholar_lookup?&title=Chitosan%20based%20nanocomposite%20films%20and%20coatings%3A%20Emerging%20antimicrobial%20food%20packaging%20alternatives&journal=Trends%20in%20Food%20Science%20and%20Technology&volume=97&pages=196-209&publication_year=2020&author=Kumar%2CS&author=Mukherjee%2CA&author=Dutta%2CJ
https://doi.org/10.3390%2Fijerph16193521
https://scholar.google.com/scholar_lookup?&title=How%20safe%20is%20chicken%20litter%20for%20land%20application%20as%20an%20organic%20fertilizer%3F%3A%20A%20review&journal=International%20Journal%20of%20Environmental%20Research%20and%20Public%20Health&volume=16&issue=19&publication_year=2019&author=Kyakuwaire%2CM&author=Olupot%2CG&author=Amoding%2CA&author=Nkedi-Kizza%2CP&author=Ateenyi%20Basamba%2CT


Lask, J., Martinez Guajardo, A., Weik, J., von Cossel, M., Lewandowski, I., & Wagner, M.

(2020). Comparative environmental and economic life cycle assessment of biogas

production from perennial wild plant mixtures and maize (Zea mays L.) in southwest

Germany. GCB Bioenergy, 12(8), 571–585.

Google Scholar

Lisowyj, M., & Wright, M. M. (2020). A review of biogas and an assessment of its

economic impact and future role as a renewable energy source. Reviews in Chemical

Engineering, 36(3), 401–421.

Article Google Scholar

Liu, L., Zhang, T., Wan, H., Chen, Y., Wang, X., Yang, G., & Ren, G. (2015). Anaerobic co-

digestion of animal manure and wheat straw for optimized biogas production by the

addition of magnetite and zeolite. Energy Conversion and Management, 97, 132–139.

Article CAS Google Scholar

Lopes, I. G., Braos, L. B., Cruz, M. C. P., & Vidotti, R. M. (2021). Valorization of animal

waste from aquaculture through composting: Nutrient recovery and nitrogen

mineralization. Aquaculture, 531, 735859.

Article CAS Google Scholar

M⊘ ller, H.B., Sommer, S.G. and Ahring, B.K. (2004). Biological degradation and

greenhouse gas emissions during pre-storage of liquid animal manure. Journal of

Environmental Quality, 33(1), 27–36.

Article Google Scholar

Ma, S., Oenema, O., Erisman, J. W., Leip, A., Van Grinsven, H., & Winiwarter, W. (2011).

Too much of a good thing. Nature, 472, 159–161.

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 13/26354

https://scholar.google.com/scholar?&q=Lask%2C%20J.%2C%20Martinez%20Guajardo%2C%20A.%2C%20Weik%2C%20J.%2C%20von%20Cossel%2C%20M.%2C%20Lewandowski%2C%20I.%2C%20%26%20Wagner%2C%20M.%20%282020%29.%20Comparative%20environmental%20and%20economic%20life%20cycle%20assessment%20of%20biogas%20production%20from%20perennial%20wild%20plant%20mixtures%20and%20maize%20%28Zea%20mays%20L.%29%20in%20southwest%20Germany.%C2%A0GCB%20Bioenergy%2C%C2%A012%288%29%2C%20571%E2%80%93585.
https://doi.org/10.1515%2Frevce-2017-0103
https://scholar.google.com/scholar_lookup?&title=A%20review%20of%20biogas%20and%20an%20assessment%20of%20its%20economic%20impact%20and%20future%20role%20as%20a%20renewable%20energy%20source&journal=Reviews%20in%20Chemical%20Engineering&volume=36&issue=3&pages=401-421&publication_year=2020&author=Lisowyj%2CM&author=Wright%2CMM
https://doi.org/10.1016%2Fj.enconman.2015.03.049
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2MXlsl2qsLg%253D
https://scholar.google.com/scholar_lookup?&title=Anaerobic%20co-digestion%20of%20animal%20manure%20and%20wheat%20straw%20for%20optimized%20biogas%20production%20by%20the%20addition%20of%20magnetite%20and%20zeolite&journal=Energy%20Conversion%20and%20Management&volume=97&pages=132-139&publication_year=2015&author=Liu%2CL&author=Zhang%2CT&author=Wan%2CH&author=Chen%2CY&author=Wang%2CX&author=Yang%2CG&author=Ren%2CG
https://doi.org/10.1016%2Fj.aquaculture.2020.735859
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXhs1yjsLvL
https://scholar.google.com/scholar_lookup?&title=Valorization%20of%20animal%20waste%20from%20aquaculture%20through%20composting%3A%20Nutrient%20recovery%20and%20nitrogen%20mineralization&journal=Aquaculture&volume=531&publication_year=2021&author=Lopes%2CIG&author=Braos%2CLB&author=Cruz%2CMCP&author=Vidotti%2CRM
https://doi.org/10.2134%2Fjeq2004.2700
https://scholar.google.com/scholar_lookup?&title=Biological%20degradation%20and%20greenhouse%20gas%20emissions%20during%20pre-storage%20of%20liquid%20animal%20manure&journal=Journal%20of%20Environmental%20Quality&volume=33&issue=1&pages=27-36&publication_year=2004&author=M%E2%8A%98%20ller%2C%20H.B.%2C%20Sommer%2C%20S.G.%20and%20Ahring%2C%20B.K.%2C


Article Google Scholar

Maher, A. M. (2018). Techno-economic assessment of biogas energy from animal wastes

in central areas of Palestine: Bethlehem perspective. International Journal of Energy

Applications and Technologies, 5(3), 119–126.

Article Google Scholar

Malomo, G. A., Madugu, A. S., & Bolu, S. A. (2018). Sustainable animal manure

management strategies and practices. Agricultural Waste and Residues, 119.

Google Scholar

Manyi-Loh, C. E., Mamphweli, S. N., Meyer, E. L., Okoh, A. I., Makaka, G., & Simon, M.

(2013). Microbial anaerobic digestion (bio-digesters) as an approach to the

decontamination of animal wastes in pollution control and the generation of renewable

energy. International Journal of Environmental Research and Public Health, 10(9), 4390–

4417.

Article Google Scholar

Mao, C., Feng, Y., Wang, X., & Ren, G. (2015). Review on research achievements of biogas

from anaerobic digestion. Renewable and Sustainable Energy Reviews, 45, 540–555.

Article CAS Google Scholar

Materechera, S. A. (2010). Utilization and management practices of animal manure for

replenishing soil fertility among small-scale crop farmers in semi-arid farming districts

of the North West Province, South Africa. Nutrient Cycling in Agro-Ecosystems, 87, 415–

428.

Article Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 14/26355

https://doi.org/10.1038%2F472159a
https://scholar.google.com/scholar_lookup?&title=Too%20much%20of%20a%20good%20thing&journal=Nature&volume=472&pages=159-161&publication_year=2011&author=Ma%2CS&author=Oenema%2CO&author=Erisman%2CJW&author=Leip%2CA&author=Grinsven%2CH&author=Winiwarter%2CW
https://doi.org/10.31593%2Fijeat.444089
https://scholar.google.com/scholar_lookup?&title=Techno-economic%20assessment%20of%20biogas%20energy%20from%20animal%20wastes%20in%20central%20areas%20of%20Palestine%3A%20Bethlehem%20perspective&journal=International%20Journal%20of%20Energy%20Applications%20and%20Technologies&volume=5&issue=3&pages=119-126&publication_year=2018&author=Maher%2CAM
https://scholar.google.com/scholar?&q=Malomo%2C%20G.%20A.%2C%20Madugu%2C%20A.%20S.%2C%20%26%20Bolu%2C%20S.%20A.%20%282018%29.%20Sustainable%20animal%20manure%20management%20strategies%20and%20practices.%C2%A0Agricultural%20Waste%20and%20Residues%2C%C2%A0119.
https://doi.org/10.3390%2Fijerph10094390
https://scholar.google.com/scholar_lookup?&title=Microbial%20anaerobic%20digestion%20%28bio-digesters%29%20as%20an%20approach%20to%20the%20decontamination%20of%20animal%20wastes%20in%20pollution%20control%20and%20the%20generation%20of%20renewable%20energy&journal=International%20Journal%20of%20Environmental%20Research%20and%20Public%20Health&volume=10&issue=9&pages=4390-4417&publication_year=2013&author=Manyi-Loh%2CCE&author=Mamphweli%2CSN&author=Meyer%2CEL&author=Okoh%2CAI&author=Makaka%2CG&author=Simon%2CM
https://doi.org/10.1016%2Fj.rser.2015.02.032
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2MXjsFCrs7k%253D
https://scholar.google.com/scholar_lookup?&title=Review%20on%20research%20achievements%20of%20biogas%20from%20anaerobic%20digestion&journal=Renewable%20and%20Sustainable%20Energy%20Reviews&volume=45&pages=540-555&publication_year=2015&author=Mao%2CC&author=Feng%2CY&author=Wang%2CX&author=Ren%2CG
https://link.springer.com/doi/10.1007/s10705-010-9347-7
https://scholar.google.com/scholar_lookup?&title=Utilization%20and%20management%20practices%20of%20animal%20manure%20for%20replenishing%20soil%20fertility%20among%20small-scale%20crop%20farmers%20in%20semi-arid%20farming%20districts%20of%20the%20North%20West%20Province%2C%20South%20Africa&journal=Nutrient%20Cycling%20in%20Agro-Ecosystems&volume=87&pages=415-428&publication_year=2010&author=Materechera%2CSA


McGauran, T., Dunne, N., Smyth, B. M., & Cunningham, E. (2021). Feasibility of the use

of poultry waste as polymer additives and implications for energy, cost, and carbon.

Journal of Cleaner Production, 291, 125948.

Article CAS Google Scholar

Medellin-Castillo, N. A., LevyaRamos, R., Ocampo, R., DeLaCruz, R. F. G., Aragon-Pina,

A., & Martinez-Rosales, J. M. (2007). Adsorption of �uoride from water solution on bone

char. Industrial and Engineering Chemistry Research, 46(26), 9205–9212.

Article CAS Google Scholar

Michel, J., Weiske, A., & Möller, K. (2010). The effect of biogas digestion on the

environmental impact and energy balances in organic cropping systems using the life-

cycle assessment methodology. Renewable Agriculture and Food Systems, 25(3), 204–218.

Article Google Scholar

Min, S. G., Jo, Y. J., & Park, S. H. (2017). Potential application of static hydrothermal

processing to produce the protein hydrolysates from porcine skin by-products. LWT-

Food Science Technology, 83, 18–25.

Article CAS Google Scholar

Montemurro, F., Fiore, A., Campanelli, G., Tittarelli, F., Ledda, L., & Canali, S. (2013).

Organic fertilization, green manure, and vetch mulch improve organic zucchini yield

and quality. HortScience, 48(8), 1027–1033.

Article Google Scholar

Moreno, J. C., Gomez, R., & Giraldo, L. (2010). Removal of Mn Fe, Ni and Cu ions from

wastewater using cow bone charcoal. Materials, 3, 452–466.

Article CAS Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 15/26356

https://doi.org/10.1016%2Fj.jclepro.2021.125948
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3MXit1antbg%253D
https://scholar.google.com/scholar_lookup?&title=Feasibility%20of%20the%20use%20of%20poultry%20waste%20as%20polymer%20additives%20and%20implications%20for%20energy%2C%20cost%2C%20and%20carbon&journal=Journal%20of%20Cleaner%20Production&volume=291&publication_year=2021&author=McGauran%2CT&author=Dunne%2CN&author=Smyth%2CBM&author=Cunningham%2CE
https://doi.org/10.1021%2Fie070023n
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD2sXhtlejsLnO
https://scholar.google.com/scholar_lookup?&title=Adsorption%20of%20fluoride%20from%20water%20solution%20on%20bone%20char&journal=Industrial%20and%20Engineering%20Chemistry%20Research&volume=46&issue=26&pages=9205-9212&publication_year=2007&author=Medellin-Castillo%2CNA&author=LevyaRamos%2CR&author=Ocampo%2CR&author=DeLaCruz%2CRFG&author=Aragon-Pina%2CA&author=Martinez-Rosales%2CJM
https://doi.org/10.1017%2FS1742170510000062
https://scholar.google.com/scholar_lookup?&title=The%20effect%20of%20biogas%20digestion%20on%20the%20environmental%20impact%20and%20energy%20balances%20in%20organic%20cropping%20systems%20using%20the%20life-cycle%20assessment%20methodology&journal=Renewable%20Agriculture%20and%20Food%20Systems&volume=25&issue=3&pages=204-218&publication_year=2010&author=Michel%2CJ&author=Weiske%2CA&author=M%C3%B6ller%2CK
https://doi.org/10.1016%2Fj.lwt.2017.04.073
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2sXntFequrg%253D
https://scholar.google.com/scholar_lookup?&title=Potential%20application%20of%20static%20hydrothermal%20processing%20to%20produce%20the%20protein%20hydrolysates%20from%20porcine%20skin%20by-products&journal=LWT-Food%20Science%20Technology&volume=83&pages=18-25&publication_year=2017&author=Min%2CSG&author=Jo%2CYJ&author=Park%2CSH
https://doi.org/10.21273%2FHORTSCI.48.8.1027
https://scholar.google.com/scholar_lookup?&title=Organic%20fertilization%2C%20green%20manure%2C%20and%20vetch%20mulch%20improve%20organic%20zucchini%20yield%20and%20quality&journal=HortScience&volume=48&issue=8&pages=1027-1033&publication_year=2013&author=Montemurro%2CF&author=Fiore%2CA&author=Campanelli%2CG&author=Tittarelli%2CF&author=Ledda%2CL&author=Canali%2CS
https://doi.org/10.3390%2Fma3010452
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3cXhtlSrt7g%253D
https://scholar.google.com/scholar_lookup?&title=Removal%20of%20Mn%20Fe%2C%20Ni%20and%20Cu%20ions%20from%20wastewater%20using%20cow%20bone%20charcoal&journal=Materials&volume=3&pages=452-466&publication_year=2010&author=Moreno%2CJC&author=Gomez%2CR&author=Giraldo%2CL


Muduli, S., Champati, A., Popalghat, H. K., Patel, P., & Sneha, K. R. (2019). Poultry waste

management: An approach for sustainable development. International Journal of

Advanced Science Research, 4, 08–14.

Google Scholar

Nasir, I. M., Mohd Ghazi, T. I., & Omar, R. (2012). Anaerobic digestion technology in

livestock manure treatment for biogas production: A review. Engineering in Life Sciences,

12(3), 258–269.

Article CAS Google Scholar

Ngo, T., Shahsavari, E., Shah, K., Surapaneni, A., & Ball, A. S. (2022). Improving

bioenergy production in anaerobic digestion systems utilizing chicken manure via

pyrolyzed biochar additives: A review. Fuel, 316, 123374.

Article CAS Google Scholar

Niju, S. K., Begum, M. S., & Anantharaman, N. (2014). Continuous �ow reactive

distillation process for biodiesel production using waste egg shells as heterogeneous

catalysts. RSC Advances, 4(96), 54109–54114.

Article CAS Google Scholar

Nour, M. M., Field, W. E., Ni, J. Q., & Cheng, Y. H. (2021). Farm-related injuries and

fatalities involving children, youth, and young workers during manure storage,

handling, and transport. Journal of Agro Medicine, 26(3), 323–333.

Google Scholar

Odales-Bernal, L., Schulz, R. K., Lopez Gonzalez, L., & Barrera, E. L. (2021). Biore�neries

at poultry farms: A perspective for sustainable development. Journal of Chemical

Technology & Biotechnology, 96(3), 564–577.

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 16/26357

https://scholar.google.com/scholar_lookup?&title=Poultry%20waste%20management%3A%20An%20approach%20for%20sustainable%20development&journal=International%20Journal%20of%20Advanced%20Science%20Research&volume=4&pages=08-14&publication_year=2019&author=Muduli%2CS&author=Champati%2CA&author=Popalghat%2CHK&author=Patel%2CP&author=Sneha%2CKR
https://doi.org/10.1002%2Felsc.201100150
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC38XptFCitrk%253D
https://scholar.google.com/scholar_lookup?&title=Anaerobic%20digestion%20technology%20in%20livestock%20manure%20treatment%20for%20biogas%20production%3A%20A%20review&journal=Engineering%20in%20Life%20Sciences&volume=12&issue=3&pages=258-269&publication_year=2012&author=Nasir%2CIM&author=Mohd%20Ghazi%2CTI&author=Omar%2CR
https://doi.org/10.1016%2Fj.fuel.2022.123374
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB38Xit1Cis7s%253D
https://scholar.google.com/scholar_lookup?&title=Improving%20bioenergy%20production%20in%20anaerobic%20digestion%20systems%20utilizing%20chicken%20manure%20via%20pyrolyzed%20biochar%20additives%3A%20A%20review&journal=Fuel&volume=316&publication_year=2022&author=Ngo%2CT&author=Shahsavari%2CE&author=Shah%2CK&author=Surapaneni%2CA&author=Ball%2CAS
https://doi.org/10.1039%2FC4RA05848H
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2cXhslaqsLbO
https://scholar.google.com/scholar_lookup?&title=Continuous%20flow%20reactive%20distillation%20process%20for%20biodiesel%20production%20using%20waste%20egg%20shells%20as%20heterogeneous%20catalysts&journal=RSC%20Advances&volume=4&issue=96&pages=54109-54114&publication_year=2014&author=Niju%2CSK&author=Begum%2CMS&author=Anantharaman%2CN
https://scholar.google.com/scholar_lookup?&title=Farm-related%20injuries%20and%20fatalities%20involving%20children%2C%20youth%2C%20and%20young%20workers%20during%20manure%20storage%2C%20handling%2C%20and%20transport&journal=Journal%20of%20Agro%20Medicine&volume=26&issue=3&pages=323-333&publication_year=2021&author=Nour%2CMM&author=Field%2CWE&author=Ni%2CJQ&author=Cheng%2CYH


Article CAS Google Scholar

Okolie, J. A., Epelle, E. I., Tabat, M. E., Orivri, U., Amenaghawon, A. N., Okoye, P. U., &

Gunes, B. (2022). Waste biomass valorization for the production of biofuels and value-

added products: A comprehensive review of thermochemical, biological and integrated

processes. Process Safety and Environmental Protection, 159, 323–344.

Article CAS Google Scholar

Onwuliri, F. C., Onyimba, I. A., & Nwaukwu, I. A. (2013). Generation of biogas from cow

dung.

Google Scholar

Ovsyannikova, E., Kruse, A., & Becker, G. C. (2021). Valorization of by-products from

hydrothermal liquefaction of sewage sludge and manure: The development of a struvite-

producing unit for nutrient recovery. Energy & Fuels, 35(11), 9408–9423.

Article CAS Google Scholar

Pan, X., Wang, J., & Zhang, D. (2009). Sorption of cobalt to bone char: Kinetics,

competitive sorption and mechanism. Desalination, 249, 609–614.

Article CAS Google Scholar

Patil, U. P., & Patil, S. S. (2021). Natural feedstock in catalysis: A sustainable route

towards organic transformations. Topics in Current Chemistry, 36, 379.

Google Scholar

Patil, U. P., Patil, R. C., & Patil, S. S. (2020). Waste mussel shell as a highly ef�cient

heterogeneous catalyst for the synthesis of polyfunctionalized 4H-pyrans in aqueous

media. Reaction Kinetics, Mechanisms and Catalysis, 129, 679–691.

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 17/26358

https://doi.org/10.1002%2Fjctb.6609
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXisFShu7rO
https://scholar.google.com/scholar_lookup?&title=Biorefineries%20at%20poultry%20farms%3A%20A%20perspective%20for%20sustainable%20development&journal=Journal%20of%20Chemical%20Technology%20%26%20Biotechnology&volume=96&issue=3&pages=564-577&publication_year=2021&author=Odales-Bernal%2CL&author=Schulz%2CRK&author=Lopez%20Gonzalez%2CL&author=Barrera%2CEL
https://doi.org/10.1016%2Fj.psep.2021.12.049
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB38Xht1Onsb8%253D
https://scholar.google.com/scholar_lookup?&title=Waste%20biomass%20valorization%20for%20the%20production%20of%20biofuels%20and%20value-added%20products%3A%20A%20comprehensive%20review%20of%20thermochemical%2C%20biological%20and%20integrated%20processes&journal=Process%20Safety%20and%20Environmental%20Protection&volume=159&pages=323-344&publication_year=2022&author=Okolie%2CJA&author=Epelle%2CEI&author=Tabat%2CME&author=Orivri%2CU&author=Amenaghawon%2CAN&author=Okoye%2CPU&author=Gunes%2CB
https://scholar.google.com/scholar?&q=Onwuliri%2C%20F.%20C.%2C%20Onyimba%2C%20I.%20A.%2C%20%26%20Nwaukwu%2C%20I.%20A.%20%282013%29.%20Generation%20of%20biogas%20from%20cow%20dung.
https://doi.org/10.1021%2Facs.energyfuels.1c00561
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3MXhtFaksbfK
https://scholar.google.com/scholar_lookup?&title=Valorization%20of%20by-products%20from%20hydrothermal%20liquefaction%20of%20sewage%20sludge%20and%20manure%3A%20The%20development%20of%20a%20struvite-producing%20unit%20for%20nutrient%20recovery&journal=Energy%20%26%20Fuels&volume=35&issue=11&pages=9408-9423&publication_year=2021&author=Ovsyannikova%2CE&author=Kruse%2CA&author=Becker%2CGC
https://doi.org/10.1016%2Fj.desal.2009.01.027
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXhtlektbbL
https://scholar.google.com/scholar_lookup?&title=Sorption%20of%20cobalt%20to%20bone%20char%3A%20Kinetics%2C%20competitive%20sorption%20and%20mechanism&journal=Desalination&volume=249&pages=609-614&publication_year=2009&author=Pan%2CX&author=Wang%2CJ&author=Zhang%2CD
https://scholar.google.com/scholar_lookup?&title=Natural%20feedstock%20in%20catalysis%3A%20A%20sustainable%20route%20towards%20organic%20transformations&journal=Topics%20in%20Current%20Chemistry&volume=36&publication_year=2021&author=Patil%2CUP&author=Patil%2CSS


Article CAS Google Scholar

Pham, C. H., Triolo, J. M., Cu, T. T. T., Pedersen, L., & Sommer, S. G. (2013). Validation

and recommendation of methods to measure the biogas production potential of animal

manure. Asian-Australasian Journal of Animal Sciences, 26(6), 864–873.

Article CAS Google Scholar

Pucker, J., Jungmeier, G., Siegl, S., & Pötsch, E. M. (2013). Anaerobic digestion of

agricultural and other substrates–implications for greenhouse gas emissions.

Animal, 7(s2), 283–291.

Google Scholar

Ramirez, J., McCabe, B., Jensen, P. D., Speight, R., Harrison, M., Van Den Berg, L., &

O’Hara, I. (2021). Wastes to pro�t: A circular economy approach to value-addition in

livestock industries. Animal Production Science, 61(6), 541–550.

Article Google Scholar

Ramos-Suárez, J. L., Ritter, A., González, J. M., & Pérez, A. C. (2019). Biogas from animal

manure: A sustainable energy opportunity in the Canary Islands. Renewable and

Sustainable Energy Reviews, 104, 137–150.

Article Google Scholar

Recebli, Z., Selimli, S., Ozkaymak, M., & Gonc, O. (2015). Biogas production from animal

manure. Journal of Engineering Science and Technology, 10(6), 722–729.

Google Scholar

Rech, I., Kamogawa, M. Y., Jones, D. L., & Pavinato, P. S. (2020). Synthesis and

characterization of struvite derived from poultry manure as a mineral fertilizer. Journal

of Environmental Management, 272, 111072.

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 18/26359

https://link.springer.com/doi/10.1007/s11144-020-01743-6
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXjtlagsbY%253D
https://scholar.google.com/scholar_lookup?&title=Waste%20mussel%20shell%20as%20a%20highly%20efficient%20heterogeneous%20catalyst%20for%20the%20synthesis%20of%20polyfunctionalized%204H-pyrans%20in%20aqueous%20media&journal=Reaction%20Kinetics%2C%20Mechanisms%20and%20Catalysis&volume=129&pages=679-691&publication_year=2020&author=Patil%2CUP&author=Patil%2CRC&author=Patil%2CSS
https://doi.org/10.5713%2Fajas.2012.12623
https://link.springer.com/articles/cas-redirect/1%3ASTN%3A280%3ADC%252BC2cbkvFWgsA%253D%253D
https://scholar.google.com/scholar_lookup?&title=Validation%20and%20recommendation%20of%20methods%20to%20measure%20the%20biogas%20production%20potential%20of%20animal%20manure&journal=Asian-Australasian%20Journal%20of%20Animal%20Sciences&volume=26&issue=6&pages=864-873&publication_year=2013&author=Pham%2CCH&author=Triolo%2CJM&author=Cu%2CTTT&author=Pedersen%2CL&author=Sommer%2CSG
https://scholar.google.com/scholar?&q=Pucker%2C%20J.%2C%20Jungmeier%2C%20G.%2C%20Siegl%2C%20S.%2C%20%26%20P%C3%B6tsch%2C%20E.%20M.%20%282013%29.%20Anaerobic%20digestion%20of%20agricultural%20and%20other%20substrates%E2%80%93implications%20for%20greenhouse%20gas%20emissions.%20Animal%2C%C2%A07%28s2%29%2C%20283%E2%80%93291.
https://doi.org/10.1071%2FAN20400
https://scholar.google.com/scholar_lookup?&title=Wastes%20to%20profit%3A%20A%20circular%20economy%20approach%20to%20value-addition%20in%20livestock%20industries&journal=Animal%20Production%20Science&volume=61&issue=6&pages=541-550&publication_year=2021&author=Ramirez%2CJ&author=McCabe%2CB&author=Jensen%2CPD&author=Speight%2CR&author=Harrison%2CM&author=Berg%2CL&author=O%E2%80%99Hara%2CI
https://doi.org/10.1016%2Fj.rser.2019.01.025
https://scholar.google.com/scholar_lookup?&title=Biogas%20from%20animal%20manure%3A%20A%20sustainable%20energy%20opportunity%20in%20the%20Canary%20Islands&journal=Renewable%20and%20Sustainable%20Energy%20Reviews&volume=104&pages=137-150&publication_year=2019&author=Ramos-Su%C3%A1rez%2CJL&author=Ritter%2CA&author=Gonz%C3%A1lez%2CJM&author=P%C3%A9rez%2CAC
https://scholar.google.com/scholar_lookup?&title=Biogas%20production%20from%20animal%20manure&journal=Journal%20of%20Engineering%20Science%20and%20Technology&volume=10&issue=6&pages=722-729&publication_year=2015&author=Recebli%2CZ&author=Selimli%2CS&author=Ozkaymak%2CM&author=Gonc%2CO


Article CAS Google Scholar

Reynel-Avila, H. E., Mendoza-Castillo, D. I., & Bonilla-Petriciolet, A. (2016). Relevance of

anionic dye properties on water decolorization performance using bone char: Adsorption

kinetics, isotherms, and breakthrough curves. Journal of Molecular Liquids, 219, 425–434.

Article CAS Google Scholar

Rosson, E., Sgarbossa, P., Pedrielli, F., Mozzon, M., & Bertani, R. (2021). Bioliquids from

raw waste animal fats: An alternative renewable energy source. Biomass Conversion and

Biore�nery, 11, 1475–1490.

Google Scholar

Ryu, H. D., Lim, D. Y., Kim, S. J., Baek, U. I., Chung, E. G., Kim, K., & Lee, J. K. (2020).

Struvite precipitation for sustainable recovery of nitrogen and phosphorus from

anaerobic digestion ef�uents of swine manure. Sustainability, 12(20), 8574.

Article CAS Google Scholar

Šafarič, R., Fras Zemljič, L., Novak, M., Dugonik, B., Bratina, B., Gubeljak, N., Bolka, S.,

& Strnad, S. (2020). Preparation and characterization of waste poultry feathers

composite �breboards. Materials, 13(21), 4964.

Article Google Scholar

Sakar, S., Yetilmezsoy, K., & Kocak, E. (2009). Anaerobic digestion technology in poultry

and livestock waste treatment—a literature review. Waste Management & Research, 27(1),

3–18.

Article CAS Google Scholar

Samoraj, M., Mironiuk, M., Izydorczyk, G., Witek-Krowiak, A., Szopa, D., Moustakas,

K., & Chojnacka, K. (2022). The challenges and perspectives for anaerobic digestion of

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 19/26360

https://doi.org/10.1016%2Fj.jenvman.2020.111072
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXhsVegtbzN
https://scholar.google.com/scholar_lookup?&title=Synthesis%20and%20characterization%20of%20struvite%20derived%20from%20poultry%20manure%20as%20a%20mineral%20fertilizer&journal=Journal%20of%20Environmental%20Management&volume=272&publication_year=2020&author=Rech%2CI&author=Kamogawa%2CMY&author=Jones%2CDL&author=Pavinato%2CPS
https://doi.org/10.1016%2Fj.molliq.2016.03.051
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC28Xltlaqs78%253D
https://scholar.google.com/scholar_lookup?&title=Relevance%20of%20anionic%20dye%20properties%20on%20water%20decolorization%20performance%20using%20bone%20char%3A%20Adsorption%20kinetics%2C%20isotherms%2C%20and%20breakthrough%20curves&journal=Journal%20of%20Molecular%20Liquids&volume=219&pages=425-434&publication_year=2016&author=Reynel-Avila%2CHE&author=Mendoza-Castillo%2CDI&author=Bonilla-Petriciolet%2CA
https://scholar.google.com/scholar?&q=Rosson%2C%20E.%2C%20Sgarbossa%2C%20P.%2C%20Pedrielli%2C%20F.%2C%20Mozzon%2C%20M.%2C%20%26%20Bertani%2C%20R.%20%282021%29.%20Bioliquids%20from%20raw%20waste%20animal%20fats%3A%20An%20alternative%20renewable%20energy%20source.%20Biomass%20Conversion%20and%20Biorefinery%2C%2011%2C%201475%E2%80%931490.
https://doi.org/10.3390%2Fsu12208574
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3cXis1WisrbK
https://scholar.google.com/scholar_lookup?&title=Struvite%20precipitation%20for%20sustainable%20recovery%20of%20nitrogen%20and%20phosphorus%20from%20anaerobic%20digestion%20effluents%20of%20swine%20manure&journal=Sustainability&volume=12&issue=20&publication_year=2020&author=Ryu%2CHD&author=Lim%2CDY&author=Kim%2CSJ&author=Baek%2CUI&author=Chung%2CEG&author=Kim%2CK&author=Lee%2CJK
https://doi.org/10.3390%2Fma13214964
https://scholar.google.com/scholar_lookup?&title=Preparation%20and%20characterization%20of%20waste%20poultry%20feathers%20composite%20fibreboards&journal=Materials&volume=13&issue=21&publication_year=2020&author=%C5%A0afari%C4%8D%2CR&author=Fras%20Zemlji%C4%8D%2CL&author=Novak%2CM&author=Dugonik%2CB&author=Bratina%2CB&author=Gubeljak%2CN&author=Bolka%2CS&author=Strnad%2CS
https://doi.org/10.1177%2F0734242X07079060
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXjvFOntLs%253D
https://scholar.google.com/scholar_lookup?&title=Anaerobic%20digestion%20technology%20in%20poultry%20and%20livestock%20waste%20treatment%E2%80%94a%20literature%20review&journal=Waste%20Management%20%26%20Research&volume=27&issue=1&pages=3-18&publication_year=2009&author=Sakar%2CS&author=Yetilmezsoy%2CK&author=Kocak%2CE


animal waste and fertilizer application of the digestate. Chemosphere, 295, 133799.

Article CAS Google Scholar

Senoz, E., & Wool, R. P. (2011). ‘Hydrogen storage on pyrolyzed chicken feather �bers.

International Journal of Hydrogen Energy’, 36(12), 7122–7127.

Article CAS Google Scholar

Sharma, M., & Reynnells, R. (2018). Importance of soil amendments: survival of

bacterial pathogens in manure and compost used as organic fertilizers. Preharvest Food

Safety, 159–175.

Google Scholar

Sharrock, P., Fiallo, M., Nzihou, A., & Chkir, M. (2009). Hazardous animal waste

carcasses transformed into slow-release fertilizers. Journal of Hazardous Materials, 167(1–

3), 119–123.

Article CAS Google Scholar

Sigurnjak, I., Brienza, C., Snauwaert, E., De Dobbelaere, A., De Mey, J., Vaneeckhaute, C.,

Michels, E., Schoumans, O., Adani, F., & Meers, E. (2019). Production and performance of

bio-based mineral fertilizers from agricultural waste using ammonia (stripping-)

scrubbing technology. Waste Management, 89, 265–274.

Article CAS Google Scholar

Sivamani, S., Saikat, B., Naveen Prasad, B. S., Baalawy, A. A. S., & Al-Mashali, S. M. A.

(2021). A comprehensive review of microbial technology for biogas production. Bioenergy

Research: Revisiting Latest Development, 53–78.

Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 20/26361

https://doi.org/10.1016%2Fj.chemosphere.2022.133799
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB38Xislyrurs%253D
https://scholar.google.com/scholar_lookup?&title=The%20challenges%20and%20perspectives%20for%20anaerobic%20digestion%20of%20animal%20waste%20and%20fertilizer%20application%20of%20the%20digestate&journal=Chemosphere&volume=295&publication_year=2022&author=Samoraj%2CM&author=Mironiuk%2CM&author=Izydorczyk%2CG&author=Witek-Krowiak%2CA&author=Szopa%2CD&author=Moustakas%2CK&author=Chojnacka%2CK
https://doi.org/10.1016%2Fj.ijhydene.2011.03.061
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC3MXmtFCksLs%253D
https://scholar.google.com/scholar_lookup?&title=%E2%80%98Hydrogen%20storage%20on%20pyrolyzed%20chicken%20feather%20fibers&journal=International%20Journal%20of%20Hydrogen%20Energy%E2%80%99&volume=36&issue=12&pages=7122-7127&publication_year=2011&author=Senoz%2CE&author=Wool%2CRP
https://scholar.google.com/scholar?&q=Sharma%2C%20M.%2C%20%26%20Reynnells%2C%20R.%20%282018%29.%20Importance%20of%20soil%20amendments%3A%20survival%20of%20bacterial%20pathogens%20in%20manure%20and%20compost%20used%20as%20organic%20fertilizers.%20Preharvest%20Food%20Safety%2C%20159%E2%80%93175.
https://doi.org/10.1016%2Fj.jhazmat.2008.12.090
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXmt1Gju74%253D
https://scholar.google.com/scholar_lookup?&title=Hazardous%20animal%20waste%20carcasses%20transformed%20into%20slow-release%20fertilizers&journal=Journal%20of%20Hazardous%20Materials&volume=167&issue=1%E2%80%933&pages=119-123&publication_year=2009&author=Sharrock%2CP&author=Fiallo%2CM&author=Nzihou%2CA&author=Chkir%2CM
https://doi.org/10.1016%2Fj.wasman.2019.03.043
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC1MXnsFGgsrk%253D
https://scholar.google.com/scholar_lookup?&title=Production%20and%20performance%20of%20bio-based%20mineral%20fertilizers%20from%20agricultural%20waste%20using%20ammonia%20%28stripping-%29%20scrubbing%20technology&journal=Waste%20Management&volume=89&pages=265-274&publication_year=2019&author=Sigurnjak%2CI&author=Brienza%2CC&author=Snauwaert%2CE&author=Dobbelaere%2CA&author=Mey%2CJ&author=Vaneeckhaute%2CC&author=Michels%2CE&author=Schoumans%2CO&author=Adani%2CF&author=Meers%2CE
https://scholar.google.com/scholar?&q=Sivamani%2C%20S.%2C%20Saikat%2C%20B.%2C%20Naveen%20Prasad%2C%20B.%20S.%2C%20Baalawy%2C%20A.%20A.%20S.%2C%20%26%20Al-Mashali%2C%20S.%20M.%20A.%20%282021%29.%20A%20comprehensive%20review%20of%20microbial%20technology%20for%20biogas%20production.%20Bioenergy%20Research%3A%20Revisiting%20Latest%20Development%2C%2053%E2%80%9378.


Sliz-Szkliniarz, B., & Vogt, J. (2012). A GIS-based approach for evaluating the potential of

biogas production from livestock manure and crops at a regional scale: A case study for

the Kujawsko-Pomorskie Voivodeship. Renewable and Sustainable Energy Reviews, 16(1),

752–763.

Article Google Scholar

Strauch, D., & Ballarini, G. (1994). Hygienic aspects of the production and agricultural

use of animal wastes 1. Journal of Veterinary Medicine, Series B, 41(1–10), 176–228.

Article CAS Google Scholar

Taghiyari, H. R., Majidi, R., Esmailpour, A., Samadi, Y. S., Jahangiri, A., & Papadopoulos,

A. N. (2020), Engineering composites made from wood and chicken feather bonded with

UF Resin forti�ed with wollastonite: A novel approach. Polymers (Basel), 12(4), 857.

https://doi.org/10.3390/polym12040857.

Tarafdar, A., Gaur, V. K., Rawat, N., Wankhade, P. R., Gaur, G. K., Awasthi, M. K.,

Narashans, A. S., & Sirohi, R. (2021). Advances in biomaterial production from animal-

derived waste. Bioengineered, 12(1), 8247–8258.

Article CAS Google Scholar

Valijanian, E., Tabatabaei, M., Aghbashlo, M., Sulaiman, A., & Chisti, Y. (2018). Biogas

production systems. Biogas: Fundamentals, Process, and Operation, 95–116.

Google Scholar

Villarroel-Schneider, J., Mainali, B., Martí-Herrero, J., Malmquist, A., Martin, A., & Alejo,

L. (2020). Biogas-based poly generation plant options utilizing dairy farms waste A

Bolivian case. Sustainable Energy Technologies and Assessments, 37, 100571.

Article Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 21/26362

https://doi.org/10.1016%2Fj.rser.2011.09.001
https://scholar.google.com/scholar_lookup?&title=A%20GIS-based%20approach%20for%20evaluating%20the%20potential%20of%20biogas%20production%20from%20livestock%20manure%20and%20crops%20at%20a%20regional%20scale%3A%20A%20case%20study%20for%20the%20Kujawsko-Pomorskie%20Voivodeship&journal=Renewable%20and%20Sustainable%20Energy%20Reviews&volume=16&issue=1&pages=752-763&publication_year=2012&author=Sliz-Szkliniarz%2CB&author=Vogt%2CJ
https://doi.org/10.1111%2Fj.1439-0450.1994.tb00222.x
https://link.springer.com/articles/cas-redirect/1%3ASTN%3A280%3ADyaK2M%252FpvF2mtA%253D%253D
https://scholar.google.com/scholar_lookup?&title=Hygienic%20aspects%20of%20the%20production%20and%20agricultural%20use%20of%20animal%20wastes%201&journal=Journal%20of%20Veterinary%20Medicine%2C%20Series%20B&volume=41&issue=1%E2%80%9310&pages=176-228&publication_year=1994&author=Strauch%2CD&author=Ballarini%2CG
https://doi.org/10.3390/polym12040857
https://doi.org/10.1080%2F21655979.2021.1982321
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3MXis1eqs7nJ
https://scholar.google.com/scholar_lookup?&title=Advances%20in%20biomaterial%20production%20from%20animal-derived%20waste&journal=Bioengineered&volume=12&issue=1&pages=8247-8258&publication_year=2021&author=Tarafdar%2CA&author=Gaur%2CVK&author=Rawat%2CN&author=Wankhade%2CPR&author=Gaur%2CGK&author=Awasthi%2CMK&author=Narashans%2CAS&author=Sirohi%2CR
https://scholar.google.com/scholar?&q=Valijanian%2C%20E.%2C%20Tabatabaei%2C%20M.%2C%20Aghbashlo%2C%20M.%2C%20Sulaiman%2C%20A.%2C%20%26%20Chisti%2C%20Y.%20%282018%29.%20Biogas%20production%20systems.%C2%A0Biogas%3A%20Fundamentals%2C%20Process%2C%20and%20Operation%2C%2095%E2%80%93116.
https://doi.org/10.1016%2Fj.seta.2019.100571
https://scholar.google.com/scholar_lookup?&title=Biogas-based%20poly%20generation%20plant%20options%20utilizing%20dairy%20farms%20waste%20A%20Bolivian%20case&journal=Sustainable%20Energy%20Technologies%20and%20Assessments&volume=37&publication_year=2020&author=Villarroel-Schneider%2CJ&author=Mainali%2CB&author=Mart%C3%AD-Herrero%2CJ&author=Malmquist%2CA&author=Martin%2CA&author=Alejo%2CL


Vitale, J. D., Penn, C., Park, S., Payne, J., Hattey, J., & Warren, J. (2011). Animal manure as

alternatives to commercial fertilizers in the southern high plains of the United States:

How Oklahoma can manage animal waste. In Integrated waste management-volume II.

IntechOpen.

Google Scholar

Vroman, I., & Tighzert, L. (2009). Biodegradable polymers. Materials, 2(2), 307–344.

Article CAS Google Scholar

Wagner, E., & Karthikeyan, K. G. (2022). Precipitating phosphorus as struvite from

anaerobically-digested dairy manure. Journal of Cleaner Production, 339, 130675.

Article CAS Google Scholar

Wang, H., Qian, J., & Ding, F. (2018a). Emerging chitosan-based �lms for food packaging

applications. Journal of Agriculture and Food Chemistry, 66(2), 395–413.

Article CAS Google Scholar

Wang, S., Hawkins, G. L., Kiepper, B. H., & Das, K. C. (2018b). Treatment of

slaughterhouse blood waste using pilot scale two-stage anaerobic digesters for biogas

production. Renewable Energy, 126, 552–562.

Article CAS Google Scholar

Wankhade, V. (2020). Animal-derived biopolymers in food and biomedical technology.

In: Biopolymer-Based formulations. In Biopolymer-based formulations (pp. 139–152).

Elsevier, ISBN 9780128168974.

Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 22/26363

https://scholar.google.com/scholar?&q=Vitale%2C%20J.%20D.%2C%20Penn%2C%20C.%2C%20Park%2C%20S.%2C%20Payne%2C%20J.%2C%20Hattey%2C%20J.%2C%20%26%20Warren%2C%20J.%20%282011%29.%20Animal%20manure%20as%20alternatives%20to%20commercial%20fertilizers%20in%20the%20southern%20high%20plains%20of%20the%20United%20States%3A%20How%20Oklahoma%20can%20manage%20animal%20waste.%20In%20Integrated%20waste%20management-volume%20II.%20IntechOpen.
https://doi.org/10.3390%2Fma2020307
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXovFanu74%253D
https://scholar.google.com/scholar_lookup?&title=Biodegradable%20polymers&journal=Materials&volume=2&issue=2&pages=307-344&publication_year=2009&author=Vroman%2CI&author=Tighzert%2CL
https://doi.org/10.1016%2Fj.jclepro.2022.130675
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB38Xlt1yltb8%253D
https://scholar.google.com/scholar_lookup?&title=Precipitating%20phosphorus%20as%20struvite%20from%20anaerobically-digested%20dairy%20manure&journal=Journal%20of%20Cleaner%20Production&volume=339&publication_year=2022&author=Wagner%2CE&author=Karthikeyan%2CKG
https://doi.org/10.1021%2Facs.jafc.7b04528
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC2sXhvF2mtLnI
https://scholar.google.com/scholar_lookup?&title=Emerging%20chitosan-based%20films%20for%20food%20packaging%20applications&journal=Journal%20of%20Agriculture%20and%20Food%20Chemistry&volume=66&issue=2&pages=395-413&publication_year=2018&author=Wang%2CH&author=Qian%2CJ&author=Ding%2CF
https://doi.org/10.1016%2Fj.renene.2018.03.076
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC1cXmvFKgsLg%253D
https://scholar.google.com/scholar_lookup?&title=Treatment%20of%20slaughterhouse%20blood%20waste%20using%20pilot%20scale%20two-stage%20anaerobic%20digesters%20for%20biogas%20production&journal=Renewable%20Energy&volume=126&pages=552-562&publication_year=2018&author=Wang%2CS&author=Hawkins%2CGL&author=Kiepper%2CBH&author=Das%2CKC
https://scholar.google.com/scholar?&q=Wankhade%2C%20V.%20%282020%29.%20Animal-derived%20biopolymers%20in%20food%20and%20biomedical%20technology.%20In%3A%20Biopolymer-Based%20formulations.%20In%20Biopolymer-based%20formulations%20%28pp.%20139%E2%80%93152%29.%20Elsevier%2C%20ISBN%209780128168974.


Wei, Z., Xu, C., & Li, B. (2009). Application of waste eggshell as low-cost solid catalyst for

biodiesel production. Bioresource Technology, 100(11), 2883–2885.

Article CAS Google Scholar

Winandy, J. E., Muehl, J. H., Micales, J. A., Raina, A., & Schmidt, W. F. (2003). Potential of

chicken feather �ber in wood MDF composites, EcoComp 2003 (pp. 1–2). University of

London, Sept.

Google Scholar

Xiu, S., & Shahbazi, A. (2012). Bio-oil production and upgrading research: A review.

Renewable and Sustainable Energy Reviews, 16(7), 4406–4414.

Article CAS Google Scholar

Xiu, S., Shahbazi, A., Wang, L., & Wallace, C. W. (2010). Supercritical ethanol liquefaction

of swine manure for bio-oil production. American Journal Engineering Applied Science, 3,

494–500.

Article Google Scholar

Zeng, W., Wang, D., Wu, Z., He, L., Luo, Z., & Yang, J. (2021). Recovery of nitrogen and

phosphorus fertilizer from pig farm biogas slurry and incinerated chicken manure �y

ash. Science of the Total Environment, 782, 146856.

Article CAS Google Scholar

Zhang, E., Li, J., Zhang, K., Wang, F., Yang, H., Zhi, S., & Liu, G. (2018). Anaerobic

digestion performance of sweet potato vine and animal manure under wet, semi-dry,

and dry conditions. AMB Express, 8, 1–10.

Article Google Scholar

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 23/26364

https://doi.org/10.1016%2Fj.biortech.2008.12.039
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BD1MXjtVShtbs%253D
https://scholar.google.com/scholar_lookup?&title=Application%20of%20waste%20eggshell%20as%20low-cost%20solid%20catalyst%20for%20biodiesel%20production&journal=Bioresource%20Technology&volume=100&issue=11&pages=2883-2885&publication_year=2009&author=Wei%2CZ&author=Xu%2CC&author=Li%2CB
https://scholar.google.com/scholar_lookup?&title=Potential%20of%20chicken%20feather%20fiber%20in%20wood%20MDF%20composites%2C%20EcoComp%202003&pages=1-2&publication_year=2003&author=Winandy%2CJE&author=Muehl%2CJH&author=Micales%2CJA&author=Raina%2CA&author=Schmidt%2CWF
https://doi.org/10.1016%2Fj.rser.2012.04.028
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BC38XhtFCrs7vN
https://scholar.google.com/scholar_lookup?&title=Bio-oil%20production%20and%20upgrading%20research%3A%20A%20review&journal=Renewable%20and%20Sustainable%20Energy%20Reviews&volume=16&issue=7&pages=4406-4414&publication_year=2012&author=Xiu%2CS&author=Shahbazi%2CA
https://doi.org/10.3844%2Fajeassp.2010.494.500
https://scholar.google.com/scholar_lookup?&title=Supercritical%20ethanol%20liquefaction%20of%20swine%20manure%20for%20bio-oil%20production&journal=American%20Journal%20Engineering%20Applied%20Science&volume=3&pages=494-500&publication_year=2010&author=Xiu%2CS&author=Shahbazi%2CA&author=Wang%2CL&author=Wallace%2CCW
https://doi.org/10.1016%2Fj.scitotenv.2021.146856
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB3MXoslKns7g%253D
https://scholar.google.com/scholar_lookup?&title=Recovery%20of%20nitrogen%20and%20phosphorus%20fertilizer%20from%20pig%20farm%20biogas%20slurry%20and%20incinerated%20chicken%20manure%20fly%20ash&journal=Science%20of%20the%20Total%20Environment&volume=782&publication_year=2021&author=Zeng%2CW&author=Wang%2CD&author=Wu%2CZ&author=He%2CL&author=Luo%2CZ&author=Yang%2CJ
https://link.springer.com/doi/10.1186/s13568-018-0572-9
https://scholar.google.com/scholar_lookup?&title=Anaerobic%20digestion%20performance%20of%20sweet%20potato%20vine%20and%20animal%20manure%20under%20wet%2C%20semi-dry%2C%20and%20dry%20conditions&journal=AMB%20Express&volume=8&pages=1-10&publication_year=2018&author=Zhang%2CE&author=Li%2CJ&author=Zhang%2CK&author=Wang%2CF&author=Yang%2CH&author=Zhi%2CS&author=Liu%2CG


Zheng, X., Zou, D., Wu, Q., Wang, H., Li, S., Liu, F., & Xiao, Z. (2022). Review on fate and

bioavailability of heavy metals during anaerobic digestion and composting of animal

manure. Waste Management, 150, 75–89.

Article CAS Google Scholar

Author information

Authors and A�liations
Department of Chemical Engineering, BV Raju Institute of Technology, Narsapur,

Medak District, Telangana, 502313, India

V. Sravani Sameera, A. V. Raghavendra Rao, Rompicherla Srividya & Karuna Boppena

Department of Chemical Engineering, Chaitanya Bharathi Institute of Technology,

Gandipet, Hyderabad, Telangana, 500075, India

R. Prasanna Rani

Corresponding author
Correspondence to V. Sravani Sameera .

Editor information

Editors and A�liations
Department of Chemical Engineering, Dr. B. R. Ambedkar NIT Jalandhar, Jalandhar,

India

Raj Kumar Arya

Department of Chemistry, Aristotle University of Thessaloniki, Thessaloniki, Greece

George D. Verros

Department of Instrumentation and Control Engineering, Dr. B. R. Ambedkar NIT

Jalandhar, Jalandhar, India

Om Prakash Verma

Chemistry & Environmental Sciences, New Jersey Institute of Technology, New Jersey,

NJ, USA

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 24/26365

https://doi.org/10.1016%2Fj.wasman.2022.06.033
https://link.springer.com/articles/cas-redirect/1%3ACAS%3A528%3ADC%252BB38XhvF2msb%252FN
https://scholar.google.com/scholar_lookup?&title=Review%20on%20fate%20and%20bioavailability%20of%20heavy%20metals%20during%20anaerobic%20digestion%20and%20composting%20of%20animal%20manure&journal=Waste%20Management&volume=150&pages=75-89&publication_year=2022&author=Zheng%2CX&author=Zou%2CD&author=Wu%2CQ&author=Wang%2CH&author=Li%2CS&author=Liu%2CF&author=Xiao%2CZ
mailto:sravanisameera.v@bvrit.ac.in


Chaudhery Mustansar Hussain

Rights and permissions

Reprints and permissions

Copyright information

© 2024 The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd.

About this chapter

Cite this chapter
Sameera, V.S., Rao, A.V.R., Srividya, R., Boppena, K., Rani, R.P. (2024). From Farm to Fuel:

Animal-Based Bioenergy and Bioproducts. In: Arya, R.K., Verros, G.D., Verma, O.P., Hussain,

C.M. (eds) From Waste to Wealth. Springer, Singapore. https://doi.org/10.1007/978-981-

99-7552-5_12

.RIS .ENW .BIB

DOI

https://doi.org/10.1007/9

78-981-99-7552-5_12

Published

25 May 2024

Publisher Name

Springer, Singapore

Print ISBN

978-981-99-7551-8

Online ISBN

978-981-99-7552-5

eBook Packages

Earth and Environmental

Science

Earth and Environmental

Science (R0)

Publish with us

Policies and ethics

1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 25/26366

https://s100.copyright.com/AppDispatchServlet?publisherName=SpringerNature&orderBeanReset=true&orderSource=SpringerLink&title=From%20Farm%20to%20Fuel%3A%20Animal-Based%20Bioenergy%20and%20Bioproducts&author=V.%20Sravani%20Sameera%2C%20A.%20V.%20Raghavendra%20Rao%2C%20Rompicherla%20Srividya%20et%20al&contentID=10.1007%2F978-981-99-7552-5_12&copyright=The%20Author%28s%29%2C%20under%20exclusive%20license%20to%20Springer%20Nature%20Singapore%20Pte%20Ltd.&publication=eBook&publicationDate=2024&startPage=247&endPage=279&imprint=The%20Author%28s%29%2C%20under%20exclusive%20license%20to%20Springer%20Nature%20Singapore%20Pte%20Ltd.
https://citation-needed.springer.com/v2/references/10.1007/978-981-99-7552-5_12?format=refman&flavour=citation
https://citation-needed.springer.com/v2/references/10.1007/978-981-99-7552-5_12?format=refman&flavour=citation
https://citation-needed.springer.com/v2/references/10.1007/978-981-99-7552-5_12?format=endnote&flavour=citation
https://citation-needed.springer.com/v2/references/10.1007/978-981-99-7552-5_12?format=endnote&flavour=citation
https://citation-needed.springer.com/v2/references/10.1007/978-981-99-7552-5_12?format=bibtex&flavour=citation
https://citation-needed.springer.com/v2/references/10.1007/978-981-99-7552-5_12?format=bibtex&flavour=citation
https://link.springer.com/search?facet-content-type=%22Book%22&package=11646&facet-start-year=2024&facet-end-year=2024
https://link.springer.com/search?facet-content-type=%22Book%22&package=11646&facet-start-year=2024&facet-end-year=2024
https://link.springer.com/search?facet-content-type=%22Book%22&package=43711&facet-start-year=2024&facet-end-year=2024
https://link.springer.com/search?facet-content-type=%22Book%22&package=43711&facet-start-year=2024&facet-end-year=2024
https://www.springernature.com/gp/policies/book-publishing-policies


1/16/25, 10:55 AM From Farm to Fuel: Animal-Based Bioenergy and Bioproducts | SpringerLink

https://link.springer.com/chapter/10.1007/978-981-99-7552-5_12 26/26367



 Requires Authentication  Published by De Gruyter 2024

Chapter 12 Safety first: managing
hydrogen in production, handling,
and applications
From the book Sustainable Hydrogen Energy

, , , , 
, , and 

https://doi.org/10.1515/9783111246475-012

Abstract

As a versatile energy carrier, hydrogen shows enormous promise in a wide range of
applications, including energy generation, transportation, and industrial operations.
However, because of its unique properties, including flammability and explosiveness, a full
awareness of safety standards is required to mitigate the associated hazards. This chapter
thoroughly examines safety, prioritizing it across the whole hydrogen lifecycle, from
production to application. It investigates the many techniques of hydrogen creation and
the significance of handling with caution due to the potential physiological, physical, and
chemical hazards. The chapter emphasizes the importance of risk assessment, e�ective
equipment design, training, and regulatory compliance in assuring safety. To encourage
safe hydrogen operation, key safety practices such as system design, leak detection,
ventilation, fire suppression, and emergency response planning are presented. The chapter
also investigates worldwide safety rules, norms, and standards in controlling hydrogen
usage, storage, transportation, and construction codes, while recognizing the need for
further progress in the hydrogen supply chain. Education and training, including
understanding hydrogen properties, regulatory requirements, risk assessment, emergency
response, and ongoing professional development, are critical components for improving
hydrogen safety. The hydrogen industry can successfully manage risks, safeguard
employees and the environment, and encourage the broad use of hydrogen as a clean and
sustainable energy alternative by implementing robust safety procedures.
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Mass transfer during the gas liquid interactions in a monolith reactor has been an area of

paramount importance due to its prevalence in process intensi�cation. The present study

experimentally investigates the mass transfer from slug bubble train in a glass tube by
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using the colorimetric method and a high-speed camera. An oxygen sensitive dye

resazurin is used with the pure oxygen cap/slug bubble train for the current study. An in-

house code has been developed for image thresholding, interface detection, bubble mask

generation, and concentration measurement. It is investigated that the overall mass

transfer coef�cient increases with the gas super�cial velocity. The role of the Taylor

recirculation vortices in the mass transfer enhancement has been observed from the

radial concentration pro�le.
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Preface

We are glad to present the book entitled Technological Developments in 
Engineering, Management, Arts and Science to the students, faculty members 
and researchers of Engineering, Management, Arts and Science. We have observed 
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1
The Elimination of Fluoride Ions from 
Industrial Wastewater Utilizing Tamarind
Vishnu Vardhan Vallepu

Professor, HoD, MIE, LMISTE, IAENG
Siddhartha Institute of Technology and Sciences (Autonomous)
Department of Civil Engineering

ABSTRACT
Fluoride-related health risks are a major ecological issue across the globe. Drinking water 
containing fluoride might be advantageous or unfavorable relying on its concentration and 
total amount devoured. Fluoride fixations between 0.5–1.5 mg/L are valuable, particularly 
to babies, to forestall dental caries or tooth rot, yet focuses above mg/L reason mottling of 
teeth. DE fluoridation is commonly completed by adsorption, electrochemical techniques, 
chemical treatment, dialysis, and particle trade measures. Among them, adsorption is 
discovered to be powerful and practical. The current examination has been undertaken 
to create an appropriate agro-based bio-sorbent for DE fluoridation from wastewater. The 
Tamarind natural product shell was chosen as an appropriate bio-sorbent for disposing of 
fluoride particles from industrial water to accomplish the desired goal. Tamarind is available 
naturally and as a waste-product of many organic product mash industries. The current 
examination exhibited that the Tamarind Fruit shell in natural structure could be utilized as 
a potential bios orbing specialist to eliminate fluoride particles from industrial water.

Keywords: Fluoride, Tamarind, Adsorption, Bio-sorption.

I. Introduction

Water is the most significant and basic need in traditional everyday life.1 It is the 
fundamental life-supporting part. Yet, presently, the more substantial portion of 
the nations on the planet are confronting the issue of drinking water.2 Groundwater 
is one of the significant primary sources for homegrown and horticultural use in 
India’s rural and metropolitan regions. In any case, it is just a local asset in numerous 
pieces of the nation. In the ongoing years, the constant expansion in the population, 
financial turn of events, and atmosphere change adversely trouble the nature of 
water. In a most noticeably awful situation, the blend of the above components may 
prompt the non-accessibility of surface water in numerous pieces of the nation.3 
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The factory wastewater from different ventures like electroplating, semiconductor, 
glass, petroleum treatment facilities, etc., contains a high absorption of various 
natural and inorganic synthetic substances. These poisonous synthetic substances 
are dangerous and have an unfavorable impact on marine life, similar to earthbound 
life.4 Water pollution is a typical issue, too, everywhere in the world.5 In India, 
drinking water is discovered to be polluted at numerous spots by various toxins, 
such as fluorides, iron, nitrates, etc.2 Fluorides are the dangerous inorganic toxin 
broadly found in underground water and modern wastewater.4 Fluorine (F2) is a 
pale, yellow- green, harmful gas that nearly can’t found in regular habitats in natural 
structures because of its high electro-negativity and reactivity.6 Fluoride particles 
in water show novel properties. As its concentration in a proper dosage in drinking 
water is beneficial to wellbeing and high concentration beyond the prescribed 
limits influences the wellbeing. High fluoride absorption in the groundwater and 
surface water in numerous regions of the world is a reason for immense concern.7 
As indicated by different studies, 25 million individuals in 19 states and associated 
regions have just influenced, and another 66 million are in danger that includes 
6 million youngsters beneath the age of 14 years.8 Different investigations have 
shown that a high portion and short-term introduction of fluoride can annihilate 
kidney work. A few exploration bunches detailed that fluoride can meddle with 
pineal organs’ capacity just as the brain. The pineal organ is one of the significant 
fluoride accumulated sites in the body with high convergence of teeth and bones. 
The massive absorption of fluoride analyzed bladder disease.9 Because of all the 
recently referenced fluoride contaminations and medical conditions that it causes, 
the World Health Organization (WHO) has indicated the resilience furthest reaches 
of fluoride substance of drinking water as 1.5 mg/L.6

Table 1: Drinking water standards for fluoride prescribed by various authorities9

S.No. Authorities The permissible limit of fluoride 
concentration (mg/L)

1. World Health Organization (International Standard 
for drinking water)

0.5

2. US Public Health Standard 0.7-1.2
3. Bureau of Indian Standards (BIS) 1.0-1.5
4. Indian Council of Medical Research (ICMR) 1.0-2.0
5. Central Public Health and Environmental 

Engineering Organisation
1.0-1.5

 The harmful impact of the overabundance measure of fluoride in the drinking 
water of a few towns in the Ethiopian Rift Valley has been proved since the 1970s 
because the people in these zones were acclimated to drinking water that contains 
fluoride.10
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II. The Different Benefits and Harmful Effects of Fluorides Are

Useful Aspects: Dental conveys, Medical Applications, Essential Element, Glass 
and Ceramic, Industries, Fertilizer Industries Anti-cariogenic specialist.

Harmful Effects: Skeletal Fluorosis, Dental Fluorosis, Cardiovascular Effects, 
Gastro-Intestinal turmoil, Endocrine Effects Neurological Effects, Reproductive 
Effects, Developmental Effects, Enzyme inhabitation, Genetic damage, Effect on 
the pineal organ[6,7].

III. Application

The water after de-fluorination can be utilized at the domestic level.Safe drinking 
water with fluoride content inside allowable restrictions of 1.5 mg/L can be used 
for homegrown and public use. Maintaining fluoride within the limits of 1 mg/l can 
hinder particularly skeletal and dental issues. Ease of activity and high efficiency 
for fluoride evacuation and can eliminate up to 90% fluoride. Produce top-notch 
water.11

IV. Methods for Removal of Fluoride Ions from Waster Water

Different industrial processes, such as steel creation, glass fabrication, 
electroplating, phosphatic manure creation, clay industry, coal burning, and so on, 
significantly contributed to increasing the fluoride level in water.4 Average fluoride 
for aluminum contraction plants accounts for 107-145 mg/L in wastewater streams. 
Convergences of a significant degree more noteworthy have been accounted 
for glass fabricating, going from 1000 to 3000 mg/L of fluoride. Henceforth, it 
is crucial to cut down the fluoride fixation inside the permissible range of 1.5 
mg/L.12 To vanish the dangerous effect of fluorosis, various methodologies for 
de- fluoridations exist.13 Some of these are adsorption/bio-sorption, precipitation, 
electro- dialysis, particle trade, etc., strategies created to eliminate fluoride from 
water.14

Adsorption: Adsorption is the method of joining the particles, molecules, liquids, 
gas, or separate solids onto a surface, thereby setting up a film on the adsorbate. 
Like surface tension, adsorption is a result of surface energy and is a surface 
interaction.15

Bio-sorption: Bio-sorption is a future innovation that utilizes organic materials, 
for example, living microbial cells and, dead biomass to eliminate contaminations 
from the arrangement. In this cycle, substantial metals get accumulated on the 
outside of the natural materials through metabolically intervened or physico-
synthetic pathways of take-up.16 Different merits of bio-sorption over physical- 
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synthetic procedures incorporate ease, high proficiency, minimization of substance 
(chemical), no additional supplement requirement, probability of recovery of bio-
sorbent.17

Precipitation: Precipitation is a procedure of eliminating at least one substance 
from a mixture by adding reagents so insoluble solids become visible. The 
‘dissolvability’ controls the process. It is one of the basic strategies to sanitize 
water. The synthetic compounds are added to form particles that settle and eliminate 
toxins from water. Precipitation is one of the simple techniques to filter polluted 
water. The treated water is reused, while the settled segment is dried and discarded.

Electro-dialysis: Electro Dialysis (ED) is a Membrane-based cycle during which 
particles are traveled through a semi-penetrable layer affected by an electric 
potential. The essential norm of the layer resembles the ion exchange process.

Ion exchange: The columbic attractive force among ions and charged particles are 
commonly named as particle trade. It is an ordinary reversible synthetic reaction 
where a molecule from a blend is exchanged for a nearly energized molecule hook 
up to a fixed solid particle.5

V. Tamarindus Indica

Tamarinds indicia (Tamarind) is a drought-liberal plant that is thought to have 
remedial properties. The abundance and availability of agricultural results make 
them great wellsprings of rough materials for regular sorbents.18 The tamarind-
based organic product comprises principally of mash and seeds. It is one of the 
most common plant of the Indian subcontinent. The tamarind tree produces earthy 
colored, unit-like organic products that contain a sweet-tart mash, which is utilized 
in cooking foods around the globe. The mash is likewise used in conventional 
medication and as a metal clean. The tree’s wood can be used for carpentry, and 
tamarind seed oil can be extricated from the seeds.19 They have no prosperity risk 
(wellbeing peril), and they are bio-degradable.20

 Phytochemical examination completed on Tamarindus indica uncovered the 
presence of numerous dynamic constituents, for example, phenolic mixes, heart 
glycosides, malic acid, tartaric corrosive, adhesive, and gelatin, arabinose, xylose, 
galactose, glucose, and uronic corrosive. The ethanolic concentrate of Tamarindus 
indica demonstrated the presence of unsaturated fats and different essential 
components like arsenic, calcium, cadmium, copper, iron, sodium, manganese, 
magnesium, potassium, phosphorus, lead, and zinc.21

Commercial adsorbents: Various materials have been widely examined as 
adsorbents in water contamination control. A portion of the significant ones 
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incorporates silica gel, enacted alumina, zeolites, and actuated carbon.

Agricultural derbies as adsorbents
• Adsorbents from rice and wheat trash.
• Adsorbents from tea and espresso trash.
• Adsorbents from coconut squander.
• Adsorbents from nut or groundnut trash.
• Adsorbents from strips of various agrarian trash.
• Adsorbents from shells of various agrarian trash.
• Adsorbents from seed, seed coat, stem, and tail of various horticultural items.22

 Although the bio-sorbents improve the surface properties and adsorption limit 
by chemical and a temperature change of the bio-sorbents. In spite of synthetically 
modified plant debris can upgrade the adsorption of heavy metal particles, the 
expense of synthetic compounds utilized and techniques for alteration must be 
mulled over to create ‘low-cost’ adsorbents.14

Table 2: Comparison of bio-sorption capacities of various adsorbents for fluoride removal
Sr.No. Adsorbent Bio-sorption capacity (mg/g)
1. Charcoal 7.88 × 10–5

2. Red mud 6.28 × 10–3

3. Nano-alumina 14.0
4. Waste mud 27.2
5. Pleurotus ostreatus (gilled mushrooms) 1.27
6. Calcium supported carbon 19.05
7. Alumina cement granules 10.214
8. Granular ceramic 12.12
9. TNFC (Virgin) 4.14
10. TNFC (Treated) 6.11

VI. Actual Parameters Impacting Bio-sorption

To a great extent, bio-sorption relies upon parameters, such as pH, the initial metal 
particle concentration, bio-sorbent dosage, contact time, size of bio-sorbents, and 
temperature.

Impact of pH: The expulsion of fluoride particles from watery fluoride arrangement 
was exceptionally reliant on the arrangement pH.23 The expansion in the pH value 
diminishes fluoride’s sorption as the deprotonation of the sorbent starts. These 
outcomes diminish the electrostatic power of fascination between the sorbent and 
sorbate particles. A sharp decline in fluoride expulsion might be because of the 
weakly ionized HF arrangement at low pH values and because of the intensity of 
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the OH− and F− particles in bulk at high pH values.24

Impact of Temperature: The temperature also impacts the bio-sorption of metal 
particles, yet partially under a specific scope of temperature, which shows that the 
ion exchange system exists in bio-sorption to some extent. Adsorption responses 
are typically exothermic, so the bio-sorption limit increases with a temperature 
decrease.16

Impact of Adsorbent Dose: With expanding adsorbent dosage, more surface 
region is accessible for adsorption because of an increment in the binding sites, 
thus increasing the metal particle expulsion rate from the solution. An increase in 
the adsorbent dosage diminishes the adsorption limit because of the obstruction 
between the binding sites and the lack of metal particles in the solution due to 
available binding sites.25

Impact of Initial Fluoride Ion Concentration: When the concentration of 
adsorbate is low, the proportion of surface-active locations is high compared to 
total fluoride. Accordingly, the fluoride particles could cooperate with the sorbent 
to occupy binding destinations on the carbon surface sufficiently.26 With an 
increment in the metal particle concentration, the adsorption limit increases, and 
after achieving a definite value, it becomes saturated.25

Impact of Contact Time: As contact time increases, anion evacuation also increases 
first; however, it then continuously moves toward a pretty much consistent value, 
signifying fulfillment of equilibrium.25

Impact of Adsorbent Particle Size: The shorter particles of adsorbent have bigger 
surface territories and give more bio-sorption locations to the metal particles, which 
results in an expanded adsorption limit. At higher metal particle concentration, 
the adsorption limit significantly relies upon molecule size because, at higher 
concentration, an ever- increasing number of restricting sites would be involved 
by metal particles. In this manner, the particles with higher surface regions, for 
example, shorter molecule size, would have a higher adsorption limit.27

Adsorption Kinetics and Adsorption Equilibrium: The energy of metal particle 
adsorption was assessed using two basic models: the pseudo-first-order kinetic 
model and the pseudo- second-order kinetic model.28 Energy investigations of 
adsorption help to comprehend the evacuation rate, the system of adsorption. The 
Pseudo-first order and pseudo-second-order kinetic models are the most comfortable 
energy models for depicting any adsorption response.27 The parameters, which 
are useful for the adsorption rate forecast, give significant data for planning and 
demonstrating the adsorption measures.28
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VII. Conclusion

The world is confronting a furious water future. With the developing economy and 
rising people, the subject of all nations is ‘Extra water.’ The sum and nature of water 
ought to be given comparable importance. Care related to ‘water preservation’ 
and ‘safe drinking water is critical and ought to be given a decent plan to the 
people. From above discussion we concluded that there are several methods which 
can be utilized in expulsion of heavy metals from the industrial waste waster. As 
Untreated Material (Tamarind Plant) is easily available at a cheaper price, thus is 
a financially savvy measure. It was also concluded that the bio- sorption process 
is the the most effective one from all the above discussed processes, it showed the 
maximum expulsion rate and require no additional chemical like other physico-
synthetic pathways of take-up.

VIII. Future Scope

Different plants are known to have restorative impact in fluoride poisonousness 
yet a lot more are to find. Additionally the leaf and seeds could be additionally 
described utilizing Fourier Transform Infra-Red (FTIR) Spectroscopy and Gas 
Chromatography Mass Spectroscopy (GCMS) to clarify the jobs of tiny particles.
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ABSTRACT
This Paper describes the application of fiber-reinforced polymer (FRP) composite laminates 
in reinforcing an old reinforced concrete T-girder bridge in South Troy, Rensselaer County, 
NY. Water leaks from the ends of individual structures cause significant moisture and salt 
seepage into the bridge superstructure. The presence of electro-optical phenomena was 
observed and freeze-thaw cracking and separation of rock layers were noted in some parts 
of the beams. Concerns have been raised about the integrity and overall safety of the bridge’s 
support system. These concerns are overcome by the lack of knowledge about bridge 
design such as rebar size, steel type, concrete strength and design loads. Therefore, it was 
decided to use composite FRP laminates to support the bridge. To evaluate the effectiveness 
of the reinforcement and to examine its effect on the behavior of the structure, a load test 
is performed and the test results are compared with those obtained by classical analysis.

Keywords: Advanced composites; FRP materials; Bridge rehabilitation; Bridge repair; T-beam 
bridges; Bridge strengthening; Innovative materials.

1. Introduction

Despite limited resources, transport agencies face continuing challenges in keeping 
bridges in good working order. Bridge systems are rapidly aging with repair and 
replacement costs.1 Despite the availability of resources, implementation of the 
necessary treatment often takes a long time, disrupting traffic and inconveniencing 
pedestrians. Faced with these problems, transportation organizations will find 
solutions using fiber-reinforced polymer (FRP) for bridge repair. Although these 
materials have only recently entered civil engineering applications, their use 
is likely to increase in the coming years due to their reasonable properties and 
ease of assembly. Bridging with these materials is often cheaper than replacing 
the product and better for advertising lower prices. Use of FRP materials reduces 
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repair times This reduces public inconvenience and economic loss in the service 
area. Composites have also been useful in the development of bridge measures by 
directly rehabilitating damaged products or indirectly replacing existing concrete 
with lightweight fiberglass composite decks. Epoxy resins were occasionally 
used in the construction of steel plates for stress points in building and bridge 
members in the early 1960s. However, since corrosion of steel can lead to loss of 
adhesion and subsequent damage, the focus has been on composite materials as an 
alternative. FRP panels made of glass (GFRP), aramid (AFRP) and carbon (CFRP) 
fibers embedded in polymer resins are now replacing steel plates.
 Besides being corrosion resistant, composites are stronger and lighter than 
steel. Section examined the behavior of reinforced crack by bonding FRP (glass, 
carbon and aramid) sheets to the stress zone and showed that FRP increased beam 
stiffness by 17-79%, while beam boundary strength increased by 40-40%. 97%. 
O’Connor et al. Economic efficiency and results of beams using composite FRP 
laminates:

2. Background and Objectives

The simple span reinforced concrete T-beam structure was built in 1932 with a 
solid slab. The bridge is 12.19 meters long and approximately 36.58 meters wide 
and is supported by a total of 26 columns 1.37 meters apart. Space center. The 
plan view of the bridge and the cross section of the bridge deck are shown in 
Figure 1. Since then, the bridge has been reopened to traffic with an average daily 
traffic of 30,000 vehicles. This five-lane road is the main road connecting the 
city of South Troy to the western part of the Hudson River. During the routine 
inspection, it was determined that excessive moisture and salt leakage occurred 
in the bridge superstructure. Large-scale electro-photochemical and freeze-
thaw cracks were seen in many beams, and several beams showed signs of rock 
delamination. Concerns about section loss and overall safety of the structure due 
to rebar corrosion are only exacerbated by the lack of information that includes 
all the information needed to assess the reliability of the structure. The New York 
Department of Transportation (NYSDOT) chose to repair the structure rather than 
replace or install it. Fiberglass laminate reinforcement system has been chosen for 
its application that has the least impact on traffic and provides the best performance. 
The renovation was completed between August and November 1999 and includes 
a full platform assembly, surface preparation and laminate installation under 
the bridge. The purpose of the research discussed in this paper is to evaluate the 
effectiveness of the FRP effort used in the project and to investigate its effect on 
the behavior of the bridge using the “before” and “after” load measurement results. 
‘Development of laminate systems.
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Fig. 1: Bridge plan and transverse section

Fig. 2: Bridge plan and transverse section

3. FRP-Laminate System Design and Installation

The design, finishing and laminate installation of the supporting equipment will 
be discussed in the next section. The design of the laminate is prepared by a third 
party under contract with the laminate manufacturer. The design is part of the 
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warranty agreement between the department and the manufacturer regarding the 
overall performance of the system. Follow the manufacturer’s recommended 
procedures for surface preparation and laminate installation.
 Flexural and shear design of the system were based on an assumed 15% loss, 
due to corrosion, of the steel-rebar area. According to this approach, required area 
of laminates Al was calculated based on the following equation:

where As and Fy are, respectively, area and yield stress of steel-rebars, and Fl is the 
design stress of the laminate material. It is important to note that this approach does 
not account for strain compatibility and was used for simplicity. A more realistic 
approach to size the laminates, under the same premise of compensating for steel 
rebar area lost to corrosion, would require the laminate area Al be based on

where d is the beam effective depth, β1c is the depth of the Whitney equivalent 
rectangular stress block, and h is the beam total depth. The webs were strengthened 
for shear using U-jackets to contain further propagation of the delamination and 
freeze-thaw cracking and provide additional anchorage for the main laminates. 
The design of these jackets was also based on a similar percentage-loss of the shear 
reinforcing-stirrups. However, this approach is also not precise and the method for 
estimating laminates contribution to shear strength described in would be more 
appropriate. The laminate system assumed in the design (Fig. 3) was Replark 
System®, consisting of Replark 30® unidirectional carbon fibers and three types 
of Epotherm materials, primer, putty, and resin, all manufactured exclusively 
by Mitsubishi Chemical Corporation of Japan.27 Properties of the Replark 
30® laminates are summarized in Table 2. The ultimate strength of 3400 MPa, 
corresponds to a guaranteed ultimate strain of 1.5%. Design strength is specified 
as 2/3 the ultimate strength. Unlike most materials, the stress strain curve for FRP-
laminates generally exhibits elastic (linear) behavior until failure is reached. In Fig. 
3, laminates located at the bottom of the beams webs and those between beams, 
indicated as full span length, are oriented parallel to the beams. Those at the flange 
soffits, spanning between beams, are oriented in a direction at a right angle to the 
beams. The U-jacket laminates, applied on the bottom and sides of the beams, are 
oriented parallel to the legs of the U-jackets.

3.1 Installation of the FRP-Laminate System

Surface preparation and laminate installation were performed according to the 
procedures recommended by the laminate manufacturer.27 First, areas of the beams 
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Fig. 3: Proposed strengthening FRP-laminate system

Fig. 4: (a) Primer and putty applied at marked locations. (b) Installed FRP-laminate 
system in place (painted to match concrete color)
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with visible cracking were repaired (by removing loose concrete and replacing 
it with new patching concrete, and filling the cracks with a cement-based grout 
material) and those with uneven surfaces were grinded to a smooth finish. Sharp 
edges around beam webs were smoothed. Then the bridge underneath was sand-
blasted and pressure washed with water to remove any loose surface materials 
that could lead to debonding of the laminates. After the surface was dry, laminate 
locations were clearly marked. A primer was applied followed by a putty at the 
locations where the FRP laminates were to be installed (Fig. 4(a)). An epoxy resin 
was applied to the surface, followed by placement of the laminates. Roller pressure 
was applied to impregnate the laminate as per manufacturer’s specifications27 and 
heaters were used to control curing temperature. Properties of the primer, putty, and 
resin are given in Section 1.2 of Ref.27 Finally, the FRP laminates were painted for 
protection from ultraviolet light and for aesthetics reasons (Fig. 4(b)). The ‘‘after’’ 
load test was conducted 10 days after installation; the manufacturer recommended 
a 7-day minimum cure time.

4. Load-test and Instrumentation Plans

The main objectives of the testing program were to evaluate, through ‘‘before’’ and 
‘‘after’’ installation load testing, effectiveness of the laminate system in reducing 
live-load stresses in the bridge beams and deck, and to provide information for 
investigation of the system’s effect on bridge behavior. Instrumenting only nine 
beams out of 26, when two lanes centered directly above the beams are loaded, was 
judged to be adequate to reflect transverse live-load distribution. These are labeled 
Beams 7–15 in Fig. 1. For flexural evaluation only, steel-rebars and laminate strains 
were acquired at the midspan of these beams to provide information on liveload 
distribution. Two other locations on the center beam were also instrumented: near 
the support to investigate the effect of the strengthening system on shear, and at 
quarter and midspan to assess laminate bond to concrete and laminate stresses. 
Locations of the instrumentation used to measure these strains on the steel rebars, 
concrete, and laminates are shown in Figs. 5–7, respectively. Based on this plan, 
steel-reinforcement and laminate stresses, as well as effective flange width and 
position of the neutral axis on the center beam can be determined. Additionally, 
concrete shear stresses at one end of the center beam can also be determined 
constantan strain gages with large measuring grids were bonded using an epoxy 
resin. In all, 10 strain gages were mounted on steel rebars, 13 on concrete in 
the ‘‘before’’ installation test, and an additional 18 were bonded to laminates 
for the ‘‘after’’ installation test (Figs. 5–7). All gages used in both tests were 
made watertight and protected from the environment for long-term monitoring 
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Fig. 5: Locations of strain-gages mounted on steelbars

Fig. 6: Locations of strain-gages mounted on concrete

Fig. 7: Locations of strain-gages mounted on FRP laminates
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purposes. System 4000, a general purpose strain gage measurement system, also 
manufactured by the Measurements Group®, was used for data acquisition.

5. Load-test Trucks

Four trucks, each of the typical configuration shown in Fig. 8, were used in the 
load tests. Average weight of each of these trucks is approximately 196 kN. By 
assigning a unique letter, A–D, to each of the four trucks truck combinations at 
3.66, 4.11 and 4.42-m positions on the bridge are shown in Fig. 10. These results 
clearly confirm adequacy of the test plan to instrument nine beams and show Beam 
11 to be the most stressed beam, as planned.

Fig. 8: Load-test truck configuration

Fig. 9: Truck positions for the “before” and “after” installation load tests

 ‘‘Before’’ and ‘‘after’’ installation strains for gages mounted on steel-rebars 
and concrete for all four trucks (Trucks A + B + C + D) at 4.42-m position on the 
bridge are shown in Fig. 11. Similar results for the ‘‘after’’ installation strains for 
gages mounted on the laminates are shown in Fig. 12. Comparing the ‘‘before’’ 
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and ‘‘after’’ readings for gages mounted on the steel rebars (Fig. 11), it can be 
concluded that installation of the FRP laminates slightly reduced rebar stresses. 
Relatively higher ‘‘after’’ than ‘‘before’’ installation rebar strains in this figure may 
be attributed to noise in readings and minor changes in truck positions during the 
testing. Also from these figures, Gage S-11 which is located 0.914-m from the 
Albany side abutment at the bottom of Beam 11 consistently measured negative 
readings (compressive strains), indicating end fixity of the beam which was 
verified through back-calculation of moments based on measured strains. Freezing 
of the expansion bearings is the most likely cause of this fixity, which substantially 
reduced midspan live-load moments. For example, Beam 11 moment with all four 
trucks positioned at 4.42 m from the abutments was reduced from 209.10 (based on 
simply supported conditions) to 75.93 kN m. This may be compared to 79.72 kN 
m calculated based on recorded strains. Comparing the FRP strains in Fig. 12 with 
those recorded on the rebars (Fig. 11), it can be concluded that laminate strains for 

Fig. 10: Recorded strains in the “before” and “after” tests for gages mounted 
on steel bars and concrete. (All four trucks parked at 4.42-m position.)

Fig. 11: Recorded strains in the “after” tests for gages mounted on FRP laminates. 
(All four trucks parked at 4.42-m position on the bridge.)
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some gages were lower than expected. Since the laminates are physically located 
below the main rebars in the beam section, strain compatibility requires laminate 
strains to be higher than rebar strains.

6. Conclusions

Application of FRP laminates to contain freeze-thaw cracking and improve 
flexural and shear strength of a reinforced-concrete T-beam bridge structure was 
discussed in this paper. Load tests were conducted before and after installation of 
the laminates to evaluate effectiveness of the strengthening system. Tests results 
were analyzed and compared with those obtained using classical analysis. Load 
tests results revealed that, after installation of the laminates, main rebar stresses 
were moderately reduced, concrete stresses (flexural and shear) moderately 
increased, and transverse live-load distribution to the beams slightly improved 
under service loads. Although the laminates participated in load carrying, 
compatibility of strains was not satisfied at some locations, possibly caused by 
lack of full-bond development at the time of the testing of the level of precision 
in strain measurements. Unintended fixity of the beams ends, which substantially 
reduced expected moment and shear, was discovered. As expected, location of 
the neutral axis was observed to have migrated down after the laminates were 
installed, and effective flange width remained almost unchanged for all truck 
positions. The benefits of the FRP-laminate system used in this Project may not 
be fully realized within the loading range used in the testing program. However, 
various studies have concluded significant increase in ultimate capacities of 
concrete members strengthened using these laminates. The maximum load applied 
during the testing program, about 2.75 MS18 loading, was not sufficient to induce 
nonlinear behavior. Feasibility of using laminates for bridge strengthening in this 
project, with minimal interruption to traffic, should encourage their use in similar 
applications in highly populated metropolitan areas.
 Using bonded FRP laminates in this project provided an opportunity for 
NYSDOT to demonstrate their use and investigate their feasibility as a cost-
effective bridge rehabilitation technique. Total cost of the rehabilitation is estimated 
at $300,000, which may be compared to $1.2 million required for replacement of 
the structure.
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ABSTRACT
1-Hydroxyurea (Hydrea) is an antineoplastic (anti-cancer) agent. With the help of ArgusLab 
4.0.1 software according to the Hartree-Fock (HF) calculation method Conformational 
analysis and geometry optimization of 1-Hydroxyurea (Hydrea) was performed. Calculation 
of minimum heat of formation of 1-Hydroxyurea (Hydrea) is done by geometry convergence 
function applying Argus Lab software. In order to obtain geometries, geometric parameters 
and thermodynamic parameters PM3 semi empirical quantum mechanical calculations were 
performed on the most stable structure of 1-Hydroxyurea (Hydrea). Applying the optimized 
molecule HOMO and LUMO frontier orbital energies were also determined. Electron density 
surface of 1-Hydroxyurea (Hydrea) is estimated by employing PM3 geometry with PM3 wave 
funciton.

Keywords: 1-Hydroxyurea, ArgusLab 4.0.1, PM3 semi empirical quantum mechanical 
calculations, conformational analysis, geometry optimization, HOMO and LUMO, Electron 
density surface.

Introduction

Hydroxyurea belongs to a class of drugs called antimetabolites.1,2 In order to 
treat chronic myeloid leukemia, ovarian cancer, and certain types of skin cancer 
(squamous cell cancer of the head and neck) Hydroxyurea is used.3,4 When 
hydroxyurea is administered in people suffering with Cancer it acts as a substitute 
for some parts that the cancer cells need to grow. As a result when Cancer cells 
take in hydroxyurea, it prevents the cancer cell from growing.5-7 Because Cancer 
cells grow more rapidly than normal cells, the drug hydroxyurea is more effective.
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Materials and Methods

In an effort of minimization and representations of molecular structure and for 
construction of models many tools have been generated by Computational 
advances.8-11 Applying Argus lab software all conformational analysis (geometry 
optimization) study was executed on a window based computer. Applying 
semi-empirical Parametric Method 3 (PM3) parameterization12,13 the structure 
of hydroxyurea is developed by Argus lab, and minimization was achieved. In 
Argus lab software by operating geometry convergence function the minimum 
potential energy is calculated. Aiming to visualize ground state properties 
as well as excited state properties surfaces were created and data is generated. 
Applying the geometry convergence map14,15 the minimum potential energy for 
Hydroxyurea was calculated. Executing PM3 method Mulliken Atomic Charges, 
ZDO Atomic Charges of IDOX and Ground State Dipole (debye) of hydroxyurea 
were determined.

Results and Discussions

The molecule 1-Hydroxyurea (Hydrea) is build using molecule builder of Argus lab. 
Using Argus lab software16-18 all conformational analysis (geometry optimization) 
study of 1-Hydroxyurea was executed on a window based computer. I3C structure 
is of 1-Hydroxyurea is designed and by applying the semi-empirical Parametric 
Method 3 (PM3) parameterization. minimization was performed.

Hypothetical Study of 1-Hydroxyurea (Hydrea) by Argus Lab Software

Using molecule builder of Argus lab. The molecule 1-Hydroxyurea is build and its 
Molecule Settings are Atoms 9, Net charge 0 and Valence electrons 30. Prospective 
view and various display forms of active conformation of 1-Hydroxyurea are 
shown in Figs. 1 and 2.

Fig. 1: Structure of 1-Hydroxyurea (Hydrea)

 The atomic input information for above calculation is given in Table 1. The 
final geometrical energy and SCF energy of 1-Hydroxyurea was found to be 
-45.3610208818 au/-28464.4960 kcal/mol as calculated by RHF/PM3 method, as 
performed by Argus Lab 4.0.1 suite (Table 2).
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 Wireframe Cylinder

 
 Ball cylinder form CPK (space filling) form

Table 1: Atomic coordinates of 1-Hydroxyurea (Hydrea) - Input Atomic Information
1 N –0.6652 –0.29866 –0.21256
2 C 0.372292 0.753457 –0.2736
3 O 0.286577 1.540456 0.745486
4 N 1.713339 0.144011 –0.32464
5 O 2.513109 1.117269 –0.78737

6 H –1.56287 0.270117 –0.13557
7 H –0.59704 –0.6533 0.790911
8 H 1.626054 –0.4796 –1.18355
9 H 2.816246 1.870297 –0.18404

Fig. 2: Perspective view of active conformation of 1-Hydroxyurea (Hydrea) 
as optimized by ArgusLab 4.0.1 software in various forms

Table 2: Calculating SCF using one electron matrix—Performing SCF

Cycle Energy (au) Difference Cycle Energy (au) Difference

1 –36.852713  25 –45.3610208 –4.17E–08

2 –39.25145989 –2.39875 26 –45.3610209 –2.34E–08

3 –40.68158656 –1.43013 27 –45.3610209 –1.38E–08

4 –42.58357431 –1.90199 28 –45.3610209 –7.78E–09

Contd…
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Cycle Energy (au) Difference Cycle Energy (au) Difference

5 –44.01615916 –1.43258 29 –45.3610209 –4.43E–09

6 –45.03796124 –1.0218 30 –45.3610209 –2.53E–09

7 –45.29067057 –0.252709 31 –45.3610209 –1.44E–09

8 –45.34680987 –0.0561393 32 –45.3610209 –8.22E–10

9 –45.35899689 –0.012187 33 –45.3610209 –4.68E–10

10 –45.3604394 –0.00144251 34 –45.3610209 –2.67E–10

11 –45.36077492 –0.000335521 35 –45.3610209 –1.52E–10

12 –45.36090658 –0.000131659 36 –45.3610209 –8.69E–11

13 –45.36096383 –5.72E–05 37 –45.3610209 –4.93E–11

14 –45.36099085 –2.70E–05 38 –45.3610209 –2.82E–11

15 –45.36100456 –1.37E–05 39 –45.3610209 –1.62E–11

16 –45.36101184 –7.28E–06 40 –45.3610209 –9.21E–12

17 –45.36101581 –3.98E–06 41 –45.3610209 –5.09E–12

18 –45.36101802 –2.21E–06 42 –45.3610209 –3.04E–12

19 –45.36101926 –1.24E–06 43 –45.3610209 –1.65E–12

20 –45.36101996 –7.00E–07 44 –45.3610209 –1.08E–12

21 –45.36102036 –3.94E–07 45 –45.3610209 –5.40E–13

22 –45.36102058 –2.27E–07 46 –45.3610209 –1.99E–13

23 –45.36102071 –1.29E–07 47 –45.3610209 –3.69E–13
24 –45.36102079 –7.32E–08 48 –45.3610209 2.84E–14

Final SCF Energy = –45.3610208818 au
Final SCF Energy = –28464.4960 kcal/mol

 Mulliken Atomic Charges, ZDO Atomic Charges and Ground State Dipole 
(debye) of 1-Hydroxyurea were given in Tables 3 and 4.
 Wiberg Atom-Atom Bond Orders of 1-Hydroxyurea were given in Table 5.

Table 3:  List of Mulliken Atomic Charges and ZDO Atomic Charges of 1–Hydroxyurea 
using ArgusLab software

Numbering of 
atoms

Atom Mulliken Atomic 
Charges

Numbering of 
atoms

Atom ZDO Atomic 
Charges

1 N –0.5648 1 N –0.4051
2 C 0.3631 2 C 0.2889
3 O –0.3993 3 O –0.3754
4 N –0.2247 4 N –0.147
5 O –0.2933 5 O –0.2488

Contd…

Contd…
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Numbering of 
atoms

Atom Mulliken Atomic 
Charges

Numbering of 
atoms

Atom ZDO Atomic 
Charges

6 H 0.2972 6 H 0.2323
7 H 0.2801 7 H 0.2172
8 H 0.2557 8 H 0.1957
9 H 0.2861 9 H 0.2423

Table 4: Ground State Dipole (debye) of 1-Hydroxyurea using ArgusLab software
 X Y Z Length
–1.0300702 –3.129911 0.359029 3.31455742

Table 5: Wiberg Atom-Atom Bond Orders of 1-Hydroxyurea using ArgusLab software
 1 2 3 4 5 6 7 8 9

1 0         

2  
1.097885

0        

3 0.138232 1.718292 0       

4 0.043109 0.956618 0.089829 0      

5 0.012398 0.029232 0.007211 1.013809 0     

6 0.908139 0.007454 0.004435 0.014957 0.00221 0    

7 0.915417 0.010036 0.017247 0.000482 0.000128 0.008832 0   

8 0.002251 0.008515 0.013712 0.922787 0.003126 0.000026 0.000694 0  

9 0.000122 0.000678 0.002974 0.000971 0.925917 0.000001 0 0.01061 0

Heat of formation: The atomic heat of formation is the heat released under 
standard conditions in the process of formation of stable form of the element from 
individual atoms. Applying Argus Lab software the heat of formation of most 
energetically favorable conformation of 1-Hydroxyurea is -51.5430 kcal/mol.

HOMO and LUMO Orbitals of 1-Hydroxyurea

Chemical reactivity is well explained with the help of HOMO and LUMO orbitals 
which are commonly known as Frontier Orbitals. Atomic sites having high density 
of the HOMO orbital were correlated with Electrophilic attacks and atomic sites 
having high density of the LUMO orbital were correlated with nucleophilic attacks. 
This concept was first developed by Scientist Kunichi Fukui for which he was 
awarded the Nobel prize in chemistry in 1981.
 HOMO (Highest Occupied Molecular Orbital i.e MO 15)and LUMO (Lowest 
Unoccupied Molecular Orbital i.e MO 16) of 1-Hydroxyurea are shown in fig.3 

Contd…
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and fig.4 respectively. This was done theoretically using PM3. The calculated 
Eigen values and eigen vectors of HOMO (MO 15)and LUMO(MO 16) are given 
in Tables 6 & 7.

Fig. 3: Visualize the HOMO (Highest Occupied Molecular Orbitals) (MO 15) 
of 1-Hydroxyurea, blue shows positive and red shows negative.

Fig. 4: Visualize the LUMO (Lowest Unoccupied Molecular Orbitals) (MO 16) 
of 1-Hydroxyurea, blue shows positive and red shows negative

Table 6:  Data of eigen values and Eigen vectors of HOMO (MO 15) of 1-Hydroxyurea MO 
Number 15 Eigen values(au) -0.380697

eigenvectors eigenvectors
1 N 2S 0.033435 4 N 2S 0.253033
1 N 2Px 0.111566 4 N2Px 0.32851
1 N 2Py 0.074328 4 N2Py –0.231036
1 N 2Pz 0.097698 4 N2Pz 0.60371
2 C 2S –0.06756 5 O 2S 0.037153
2 C 2Px –0.134864 5 O2Px –0.191737

Contd…
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eigenvectors eigenvectors
2 C 2Py 0.031314 5 O2Py 0.187146
2 C 2Pz 0.053936 5 O2Pz –0.237484
3 O 2S 0.000615 6 H 1S –0.039695
3 O 2Px 0.252253 7 H 1S –0.007592
3 O 2Py 0.095631 9 H 1S –0.080642
3 O 2Pz –0.369886  

Table 7:  Data of eigen values and Eigen vectors of LUMO (MO 16) of 1-Hydroxyurea MO 
Number 16 Eigen values(au) 0.024432

 eigenvectors   eigenvectors

1 N 2S –0.100913  4 N 2S 0.217606

 1 N 2Px 0.091405  4 N 2Px 0.086182

 1 N 2Py 0.068911  4 N 2Py 0.031115

 1 N 2Pz 0.181818  4 N 2Pz 0.030224

 2 C 2S –0.056849  5 O 2S –0.033807

 2 C 2Px –0.185814  5 O 2Px 0.124755

 2 C 2Py 0.161132  5 O 2Py 0.10143

 2 C 2Pz –0.680551  5 O 2Pz –0.12243

 3 O 2S 0.001544  6 H 1S 0.061681

 3 O 2Px 0.126832  7 H 1S 0.14239

 3 O 2Py –0.100024  8 H 1S –0.190824

 3 O 2Pz 0.480482  9 H 1S 0.026248

 Electronic properties: In order to explain the electronic properties of compound 
it is essential to examine the E HOMO and E LUMO and this is executed 
theoretically by applying PM3. In an orbital the positive and negative phases are 
denoted by the two colors with the blue regions and the red regions indicating an 
increase in electron density and a decrease in electron density respectively. The 
calculated E HOMO and E LUMO and band gap of 1-Hydroxyurea are recorded 
in Table 8.

Table 8: Electronic Properties of 1-Hydroxyurea
Methods HOMOenergy(ev) LUMO energy(ev) Band gaps (ev)
PM3 –0.380697 0.024432 –0.356258

Contd…
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Electrostatic Potential of 1-Hydroxyurea

The electrostatic potential is a physical property of a molecule related to how a 
molecule is first “seen” or “felt” by another approaching species. A distribution 
of electric charge creates an electric potential in the surrounding space. A positive 
electric potential means that a positive charge will be repelled in that region of 
space. A negative electric potential means that a positive charge will be attracted. A 
portion of a molecule that has a negative electrostatic potential will be susceptible to 
electrophilic attack - the more negative the better. Quick Plot ESP mapped density 
generates an electrostatic potential map on the total electron density contour of 
the molecule. The electron density surface depicts locations around the molecule 
where the electron probability density is equal. This gives an idea of the size of 
the molecule and its susceptibility to electrophilic attack. Below is an electron 
density surface of 1-Hydroxyurea using PM3 geometry with PM3 wave function. 
The surface color reflects the magnitude and polarity of the electrostatic potential. 
Fig.5 shows the complete surface of 1-Hydroxyurea with the color map. This 
figure uses a clipping plane showing a cutaway of the same surface revealing the 
underlying molecular structure. The color map shows the ESP energy (in hartrees) 
for the various colors. The surface color reflects the magnitude and polarity of 
the electrostatic potential. The red end of the spectrum shows regions of highest 
stability for a positive test charge, magenta/blue show the regions of least stability 
for a positive test charge. These images show that the carboxyl-end of the molecule 
is electron rich relative to the amino end.

Fig. 5: ESP energy surface of 1-Hydroxyurea with the color map
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0.0500 to 0.0409 –0.0045 to –0.0136

0.0409 to 0.0318 –0.0136 to – 0.0227

0.0318 to 0.0227 –0.0227 to – 0.0318

0.0227 to 0.0136 –0.0318 to –0.0409

0.0136 to 0.0045 –0.0409 to –0.0500

0.0045 to –0.0045

Conclusion

The present work indicates that the optimized geometries, dipole moments, Mulliken 
Atomic Charges and ZDO Atomic Charges and thermodynamic parameters were 
calculated and the data obtained from the calculated parameters are analysed and 
is found to be well within the accuracy of computational results. In conclusion, the 
modeling and the calculations does not only presented us the opportunity to take 
a critical look at this novel compound 1-Hydroxyurea but has also given us the 
opportunity to compile fundamental results on properties that cannot be calculated 
in the laboratory.
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ABSTRACT
Oxygen, hydrogen, carbon monoxide, carbon dioxide, nitrogen, xenon, hydrogen sulphide, 
nitrous oxide, carbon disulfide, argon, helium, and other noble gases are all members of 
the wide family of medicinal gases. Anesthesiology, hyperbaric oxygen therapy, diving 
medicine, internal medicine, emergency medicine, surgery, and numerous basic science 
fields like physiology, pharmacology, biochemistry, microbiology, and neuroscience all use 
these therapeutic gases. Regrettably, not even one journal is devoted to basic, translational, 
or clinical medical gas research; notably in the domains of neurobiology or neurology, 
much alone the other diverse medical fields.so attempt to this review to highlight medicinal 
uses,combination of medicinal gases in therapy.

Keywords: Medical gas, anesthesia, Diagnosis.

1. Introduction

Pharmaceutical gases are made, packed, and intended to be given to a patient 
during anaesthesia, therapy, or diagnostic procedures. Medical gases have many 
applications in hospital therapy.1 Because it is risky for a person to use medical 
gases without the guidance of a licenced medical practitioner, they are categorised 
as medicines. Respiratory therapists have access to a number of therapeutic gases.2 
Patients often receive medical gases before, during, and after surgery in addition 
to those who require them in an emergency. These gases must be supplied in 
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an airtight, color-coded well-lab. A substance is defined as a gas if, when under 
pressure, it exclusively retains its gaseous state.3

 Medicinal gases in large quantities, including oxygen and air are available.
Respiratory therapists have a wide range of medical gases at their disposal.
 Before use, gases intended for medicinal or diagnostic reasons must pass 
stringent testing and adhere to criteria.Medical-grade gases are essential to the 
delivery of care at all stages. The respiratory therapist must be informed with the 
several types of gases that are utilised, as well as how they are made, delivered, 
and stored until they are needed. This explains the fundamentals of producing, 
holding, moving, and using medicinal gases in a range of healthcare situations.4

 Compressed gases utilised in clinical procedures including symptom 
treatment, anaesthesia, or powering and conditioning medical apparatus or devices 
are how modern medical gases are typically described. Six separate gases—O2, 
N2, N2O, Ar, He, and CO2—as well as three gaseous mixtures—Entonox, which 
contains 50% N2O and 50% O2, Heliox, which contains 79% He and 21% O2—are 
frequently used in hospitals.8 Medical gases are thus characterised in this review 
as pharmacological gaseous molecules that meet the therapeutic requirements of 
particular pathophysiologic conditions.5 

2. Oxygen as Medicinal Gas

Oxygen is one of the gases that is most frequently utilised for respiratory therapy 
and life support.6 Oxygen is necessary for both human and animal life. It accounts 
for around 21% of the atmosphere and 50% of the terrestrial matter. Plants take 
up carbon dioxide and expel oxygen during photosynthesis.7 Oxygen’s harmful 
side effects include The respiratory system is the first to be damaged by an oxygen 

Picture 1: Compositional gases in the atmosphere48
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supply that is steady for longer than 15 hours. Reterolentalhyplasis can happen in 
kids.8 Seizures and temporary blindness are two of the CNS symptoms that only 
manifest at 200 atm of oxygen partial pressure. It is safe to use during pregnancy 
and nursing.9

3. Carbon Dioxide as Medicinal Gas

About 0.03% of the atmosphere is made up of carbon dioxide. It comes about as a 
result of processes like fermentation, respiration, and combustion.10 The harmful 
effects of CO2 are prohibited in cases of metabolic acidosis. Above a concentration 
of 6%, carbon dioxide causes headaches, nausea, dizziness, disorientation, 

Flowchart 1

425



34 Technological Developments in Engineering, Management, Arts and Science

palpitations, hypertension, dyspnea, increased depth and rate of respiration, and 
CNS depression.7,8,10 At concentrations of 20% and higher, convulsions and loss 
of consciousness occur, and breathing in 50% carbon dioxide is claimed to have 
similar central effects as anesthetics.11

4. Helium as Medicinal Gas

Helium is an inert gas that makes up 0.000037% of the atmosphere’s weight. It is 
contained in natural gas at a quantity of 2%.12 Additionally, it can be found in the 
ore of some radioactive elements, including uranium and thorium. The freestate 
contains helium as well.13 Helium has a negative effect on the body by causing 

Flowchart 2: Properties and uses of carbondioxide
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asphyxiation, which can result in loss of consciousness and anoxic death. Asphyxia 
symptoms include rapid and gasping breathing, rapid tiredness, nausea, vomiting, 
and cyanosis. It has been discovered that prolonged helium inhalation raises the 
vocal pitch and distorts the voice. After breathing in helium from a pressurised 
container, cases of cerebral artery gas embolism have been documented. It is safe 
to use during nursing and pregnancy.14

5. Nitrous Oxide as Medicinal Gas

The least effective inhalation anaesthetic is nitrous oxide. The effects of nitrous 
oxide on breathing and hemodynamics are negligible.15 It is frequently referred 
to as laughing gas. This substance is a potent oxidant at high temperatures yet is 
insoluble in water. A small amount of it inhaled results in joy and bliss. At greater 

Flowchart 3: Properties and uses of Helium
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doses, it can have narcotic effects and cause suffocation death.16 Without thorough 
clinical supervision and haematological monitoring, the negative effects of nitrous 
oxide should not be utilised for longer than a total of 24 hours or more frequently 
than every 4 days. Vitamin B12, a co-factor of methionine synthase, is rendered 
inactive by nitrous oxide.5,6 As a result, prolonged nitrous oxide treatment interferes 
with folate metabolism and impairs DNA synthesis.17

6. Nitrogen as Medicinal Gas

79% of the atmosphere is composed of nitrogen. It is also present in significant 
amounts as white saltpetre (NaNO2). In plant and animal tissues, it occurs as 
ammonia when combined with hydrogen as well as in organic combinations as 
proteins, amino acids, alkaloids, etc.18 Additionally, nitrifying microorganisms 

Flowchart 4: Properties and uses of Nitrous oxide
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in the soil produce it as nitrates. Nitrogen has no known side effects, but it is 
not suggested that older patients with bronchitis use it to treat their condition. 
After using gas in high-pressure environments like deep diving, cases of nitrogen 
narcosis have been documented.19

7. Role of Combination Medical Gases in Therapy

a) Heliox20

Introduction: Heliox is a low density helium and oxygen gas mixture that is 
frequently utilised in critical care settings as well as deep diving. Furthermore, it 
has no known hazardous or carcinogenic effects and has no long-term consequences 
for any human organs.

Flowchart 5: Properties and uses of Nitrogen
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Composition: The gas mixture known as heliox is made up of 21% oxygen and 
79% helium.

Uses: It is used to treat croup, pnemonia, laryngeal blockage, and pulmonary 
rehabilitation.

b) Carbogen21

Combination: It is the mixture of 5% medical carbon dioxide in medical oxygen 
(CO2/O2).

Introduction: Carbogen also called Meduna’s mixture of carbo dioxide and 
oxygen used to stimulate the respiration chronic respiratory disease.

Uses:
• It is used in the treatment of respiratory disease.
• It is used with nicotinamide in radiotheraphy to kill cancer cell.

c) Trimix22

Introduction: Trimix is a breathing gas consisting of oxygen, helium and nitrogen 
and is used in deep commercial diving,and in advanced recreational diving.

Combination: 10% oxygen, 70% helium, 20% nitrogen is suitable for a 100-metre 
(330 ft) dive.

Uses: It is useed in deep diving or scuba diving by deep divers.

d) Entonox23

Introdution: Entonox is a mixture of nitrous oxide and oxygen.It is to control pain 
and anxiety during some medical tests and procedures.

Combination: It is a combination of 50% nitrous oxide and 50% oxygen providing 
the inhalational analgesia.

Uses: It is used for short-term pain relief during labour and used to treat anxiety.

e) Nitrox24

Introdution: Nitrox refers to any gas mixture composed (excepting trace gases) 
of nitrogen and oxygen.

Combination: It is composed of 78% nitrogen, 21% oxygen, and 1% other gases, 
primarily argon.
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Uses: It is commonly used in scuba diving, hyperbaric treatment of decompression 
illness.

8. Combination Medical Gases Therapy in COVID-19

The body’s oxygen levels can drop. Therefore, we must administer medical oxygen 
to maintain your oxygen levels within the usual range. Now, because every cell in 
the body needs oxygen for regular function, when your oxygen levels are low due 
to a condition like COVID-19, the body’s cells don’t have enough oxygen to do 
their usual functions.25 Therefore, the cells themselves stop functioning properly 
if the oxygen levels are low, if they are low for a long period, and if it is not 
corrected. Cells may then start to perish when they entirely stop working. So you 
can see that the organs begin, your organs once, your organs, including your brain, 
heart, lungs, and kidneys, start. As a result, they will begin to malfunction, which 
in the worst situations can be fatal. Medical oxygen is, once more, the life-saving 
procedure here.26 Medical oxygen, then, is oxygen that has been compressed from 
the air such that when you breathe it in, let’s say, from a cylinder, it is virtually 
completely pure oxygen. And it is what we give patients to maintain normal blood 
oxygen levels.27

 Technology is needed for medical oxygen. It implies that since there is oxygen 
in the air, you must be able to draw it. Oxygen makes up about 21% of the air. 
However, we must focus on medicinal oxygen, which calls for technology. Thus, 
that is a problem in several nations.28 The actual distribution of medical oxygen 
presents another difficulty. Therefore, one is to concentrate oxygen and supply a 
hospital or a region with it. And distribution is the additional factor.
 Therefore, ensure that the patients can access the oxygen you have produced 
and delivered. The third issue, in my opinion, is learning how to use medical 
oxygen, which entails maintaining the equipment, fixing any potential problems, 
and making sure the piping is in good working order.
 The coronavirus disease 2019 (COVID-19) caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) caused a deadly pandemic 
that posed a grave threat to global health and forced researchers to look into 
effective remedies. More over 100 million people had contracted SARS-CoV-2 as 
of January 28, 2021, and over 2 million had perished as a result. Acute respiratory 
distress syndrome (ARDS), which is brought on by the “prolific activation 
of a network-immune-inflammatory crisis” (PANIC), is the primary clinical 
hallmark of individuals with severe COVID-19 who need ventilation. Although 
the pathophysiology of COVID-19 is not fully known, the lungs’ pathological 
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appearance differs greatly in terms of the microcirculopathy and diffuse alveolar 
destruction that result in life-threatening hypoxia. Acute care unit (ICU) admission 
is necessary for about 30% of COVID-19 patients, however there are no effective 
therapeutic treatments available.29

Picture 2: Combinational medical gases therapy in COVID-1949

9. Gas Therapies

9.1 Nitric Oxide

Through the activation of soluble guanylate cyclase (SGC) in the vascular smooth 
muscle, the therapeutic gas nitric oxide (NO) regulates blood flow and vascular 
tone, and it also has an impact on mitochondrial oxygen consumption by inhibiting 
cytochrome c oxidase.30

9.2 Ozone

Three oxygen atoms make up the molecule of ozone, an allotrope of oxygen. It has 
been emphasised that the human body may produce ozone to defend itself against a 
variety of pathogens.31 Ozone is also a nuclear factor-B (NF-B) and nuclear factor 
erythroid 2-related factor 2 (Nrf2) transcription agent, which allows it to control 
the expression of genes related to inflammation and have anti-oxidizing and anti-
inflammatory effects. Notably, the viral biology of SARS-CoV-2 is effectively 
destroyed by Nrf2-mediated inhibition of the fusion of the SARS-CoV-2 spike 
protein with the angiotensin-converting enzyme 2 receptor.32 Conventionally, 
medical ozone (MO) therapy uses a mixture of 95–99% pure oxygen and 1–5% 
ozone gas.
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9.3 Hyperbaric Oxygen

Due to increased oxygen diffusional resistance, conventional oxygen-supportive 
therapies are ineffective in COVID-19 patients. Only when elevated oxygen 
concentrations are made available to the tissue can the vicious loop that tightly links 
inflammation to hypoxia be broken. The patient receives intermittent exposure to 
approximately 100% oxygen during hyperbaric oxygen treatment (HBOT) in a 
chamber that is pressurised to at least 1.4 atmospheres.33

9.4 Hydrogen or Hydrogen Sulfide (H2S)

Hydrogen is a crucial physiological regulatory component having anti-oxidative, 
anti-inflammatory, anti-apoptotic, and anti-allergic properties, according to current 
scientific and clinical studies. Inhaling hydrogen gas, drinking water that has had 
hydrogen dissolved in it, taking a hydrogen bath and injecting hydrogen-dissolved 
saline have all been found to have positive benefits on treating more than 38 
diseases.34 Endogenous production of hydrogen sulphide (H2S) plays important 
physiological roles, including regulating inflammatory and host responses to viral 
infections. Growing evidence points to an inverse association between endogenous 
H2S levels and a number of illnesses, particularly COVID-19, however there are 
currently no confirmed medical uses for COVID-19 H2S.35

9.5 Heliox

Since many years ago, heliox, a helium-oxygen gas mixture, has been utilised to 
treat chronic obstructive pulmonary disease (COPD). Heliox offers a solution to 
emergency airway issues and can greatly reduce airway resistance (Raw) when 
an anatomic airway obstruction is present because of its low density and high 
viscosity.36 A case report37 was the first to discuss the potential of employing 
heliox in individuals with COVID-19 in addition to its therapeutic role in acute 
asthma and COPD. After inhaling Heliox, an infected infant with severe acute 
respiratory distress responded rapidly and significantly, leading to an improvement 
in respiratory and general health. This gas combination should only be used as a 
stopgap measure to minimise Raw and respiratory muscle work until appropriate 
medications address the etiological causes because it may not treat the underlying 
condition or affect airway structure. Heliox has not yet been advised for frequent 
therapeutic use.38

433



42 Technological Developments in Engineering, Management, Arts and Science
10

. 
Pr

ov
en

 E
ff

ec
t o

f M
ed

ic
in

al
 G

as
es

 in
 T

he
ra

py

G
as

es
E

ffe
ct

s p
ro

ve
n

C
on

di
tio

n
C

om
po

si
tio

n
Pr

ov
e

R
ef

er
en

ce
O

zo
ne

 th
er

ap
y

Its
 im

m
un

o s
tim

ul
at

in
g,

 
an

tib
ac

te
ria

l, 
an

ti-
hy

po
xi

c,
 a

nd
 

bi
os

yn
th

et
ic

 p
ro

pe
rti

es
 

m
ak

e 
it 

a 
pr

om
is

in
g 

an
tis

ep
tic

 a
dj

uv
an

t.

Im
m

un
e 

re
sp

on
se

 
m

ec
ha

ni
sm

 o
f t

he
 h

os
t 

an
d 

in
di

vi
du

al
 g

en
et

ic
 

fa
ct

or

95
%

 o
xy

ge
n 

an
d 

5%
 

oz
on

e 
ga

s
St

an
da

rd
 p

er
io

do
nt

al
 

tre
at

m
en

t m
ay

 b
e 

le
ve

ra
ge

d 
to

 p
ro

m
ot

e 
th

e 
tis

su
e 

he
al

in
g 

re
sp

on
se

B
ia

gi
o 

R
ap

on
e 

et
. 

al
, 2

02
239

C
ar

bo
n 

m
on

ox
id

e
pl

at
fo

rm
s f

or
 c

an
ce

r 
th

er
ap

y,
 a

s w
el

l a
s 

m
ul

tif
ac

et
ed

 c
on

tro
l 

of
 c

el
lu

la
r a

ct
iv

ity
 

an
d 

th
e 

tu
m

ou
r 

m
ic

ro
en

vi
ro

nm
en

t

B
io

sa
fe

ty
 p

ro
bl

em
s 

ar
is

in
g 

fr
om

 b
ur

st
 

re
le

as
e 

an
d 

de
m

an
d 

fo
r h

ig
h 

th
er

ap
eu

tic
 

co
nc

en
tra

tio
ns

 in
 tu

m
or

 
ce

lls

0.
3%

 o
f c

ar
bo

n 
m

on
ox

id
e 

an
d 

m
ed

ic
al

 a
ir 

99
.7

%

Fu
tu

re
 d

ire
ct

io
ns

 o
f 

ca
rb

on
 m

on
ox

id
e 

th
er

ap
y 

ar
e 

hi
gh

lig
ht

ed
 fo

r f
ut

ur
e 

cl
in

ic
al

 tr
an

sl
at

io
n

Ya
ng

 Z
ho

u 
 

et
. a

l, 
20

20
40

 

H
yd

ro
ge

n 
th

er
ap

y 
us

ed
 

in
 in

fla
m

m
at

io
n 

of
 

C
O

V
ID

-1
9

In
fla

m
m

at
io

n,
 o

xi
da

tiv
e 

st
re

ss
, a

po
pt

os
is

A
ffe

ct
s t

he
 a

lv
eo

la
r 

ty
pe

2 
pn

eu
m

oc
yt

e
66

%
 h

yd
ro

ge
n

33
%

 o
xy

ge
n

Pr
ec

lin
ic

al
 a

nd
 

cl
in

ic
al

 st
ud

ie
s h

av
e 

de
m

on
st

ra
te

d 
th

e 
ef

fe
ct

s 
of

 h
yd

ro
ge

n 
in

 v
ar

yi
ng

 
di

se
as

es
 in

cl
ud

in
g 

co
vi

d 
-1

9

D
ur

ie
d 

A
lw

az
ee

r 
et

. a
l, 

20
21

41

O
xy

ge
n 

th
er

ap
y 

in
 

ur
ol

og
ic

al
 d

is
ea

se
s

A
ng

io
ge

ne
si

s b
y 

en
do

th
el

ia
l p

ro
lif

er
at

io
n,

 
an

ti-
in

fla
m

m
at

or
y,

 
m

ac
ro

ph
ag

e 
ac

tiv
ity

, 
fib

ro
bl

as
tic

 a
ct

iv
ity

, a
nd

 
ba

ct
er

ic
id

al
 e

ffe
ct

s

m
al

ig
na

nt
 tu

m
ou

r, 
no

n-
he

al
in

g 
co

nd
iti

on
s 

su
ch

 is
ch

em
ia

, a
nd

 
ra

di
at

io
n-

in
du

ce
d 

tis
su

e 
da

m
ag

e.
 p

at
ho

lo
gi

ca
l 

di
se

as
es

 su
ch

 a
s 

in
te

rs
tit

ia
l c

ys
tit

is
 a

nd
 

he
m

or
rh

ag
ic

 c
ys

tit
is

10
0%

 o
xy

ge
n 

at
 a

 
pr

es
su

re
 o

f 2
00

-2
50

 
kp

h

Th
e 

ro
le

 o
f h

yp
er

ba
ric

 
ox

yg
en

 th
er

ap
y 

in
 

re
fr

ac
to

ry
 u

ro
lo

gi
ca

l 
di

se
as

es
 th

at
 a

re
 re

si
st

an
t 

to
 c

on
ve

nt
io

na
l t

he
ra

pi
es

 

To
m

oa
ki

 T
an

ak
a 

et
. a

l, 
20

19
42 C

on
td

…

434



Combination Therapy of Medicinal Gases in the Complication … 43
G

as
es

E
ffe

ct
s p

ro
ve

n
C

on
di

tio
n

C
om

po
si

tio
n

Pr
ov

e
R

ef
er

en
ce

H
yd

ro
ge

n
D

iv
er

se
 a

ni
m

al
 m

od
el

s, 
an

d 
hu

m
an

 d
is

ea
se

M
et

ab
ol

ic
 sy

nd
ro

m
e,

 
or

ga
n 

in
ju

ry
, c

an
ce

r
A

 si
ng

le
 p

ro
to

n 
an

d 
a 

si
ng

le
 e

le
ct

ro
n

Su
pp

or
tin

g 
hy

dr
og

en
 

m
ed

ic
in

e 
in

 h
um

an
 

di
se

as
e 

pr
ev

en
tio

n 
an

d 
th

er
ap

y

M
in

g 
Ya

ng
  

et
. a

l, 
20

17
43

A
rg

on
 

ef
fe

ct
s t

ha
t p

ro
te

ct
 

or
ga

ns
 a

nd
 th

e 
ne

rv
ou

s 
sy

st
em

. u
se

d 
is

ch
em

ia
 

m
od

el
s i

n 
vi

vo
 a

nd
 in

 
vi

tro

B
ra

in
 tr

au
m

a,
 

ce
re

br
al

 is
ch

em
ia

, 
an

d 
hy

po
xi

c-
is

ch
em

ic
 

en
ce

ph
al

op
at

hy

A
rg

on
 

A
rg

on
 n

eu
ro

 a
nd

 o
rg

an
 

pr
ot

ec
tiv

e 
ef

fe
ct

 a
nd

 it
s 

po
ss

ib
le

 m
ec

ha
ni

sm
 o

f 
ac

tio
n

A
ni

ta
 S

ch
ug

  
et

. a
l, 

20
14

44

O
xy

ge
n 

th
er

ap
y 

us
ed

 in
 

tra
um

at
ic

 b
ra

in
 in

ju
ry

A
 se

ve
re

 b
ra

in
 

in
ju

ry
’s

 a
fte

re
ffe

ct
 

is
 n

eu
ro

lo
gi

ca
l 

im
pa

irm
en

t. 
Fo

r T
B

I, 
hy

pe
rb

ar
ic

 o
xy

ge
n 

th
er

ap
y 

is
 h

el
pf

ul
.

B
ra

in
 in

ju
ry

, t
ra

um
at

ic
 

im
pa

ct
, c

er
eb

ra
l 

is
ch

em
ic

, v
as

os
pa

sm
, 

ed
em

a

10
0%

 o
xy

ge
n

Th
e 

ef
fe

ct
iv

en
es

s a
nd

 
fe

as
ib

ili
ty

 o
f H

B
O

T 
ha

ve
 b

ee
n 

co
nfi

rm
ed

 
by

 se
ve

ra
l s

tu
di

es
. 

A
pp

lic
at

io
n 

of
 H

B
O

T 
is

 
a 

ce
re

br
ov

as
cu

la
r d

is
ea

se
 

an
d 

TB
I 

Ya
ng

 W
an

g 
 

et
. a

l, 
20

14
45

O
xy

ge
n 

– 
oz

on
e 

th
er

ap
y 

R
ad

ic
ul

ar
 d

ys
fu

nc
tio

n 
an

d 
au

to
im

m
un

e 
re

sp
on

se
 w

ith
 c

hr
on

ic
 

in
fla

m
m

at
or

y 
re

sp
on

se
s 

ar
e 

im
pa

ct
ed

.

O
xi

da
tiv

e 
st

re
ss

, 
ch

ro
ni

c 
ox

id
at

iv
e 

in
ju

ry
O

xy
ge

n 
an

d 
oz

on
e

O
xy

ge
n-

oz
on

e 
ga

s 
in

je
ct

io
ns

 a
re

 g
iv

en
 

to
 p

at
ie

nt
s a

ffe
ct

ed
 b

y 
ce

rv
ic

al
 d

is
c 

he
rn

ia
tio

ns

A
lb

er
to

 A
le

xa
nd

re
 

et
. a

l, 
20

05
46

R
ad

on
 

af
fe

ct
ed

 in
 sw

ea
t a

fte
r 

be
in

g 
ex

po
se

d 
to

 ra
do

n 
fo

r m
ed

ic
in

al
 p

ur
po

se
s 

in
 a

 w
ar

m
, m

ug
gy

 
at

m
os

ph
er

e

Sp
on

dy
lo

ar
th

ro
pa

th
y 

or
 n

on
-in

fla
m

m
at

or
y 

rh
eu

m
at

ic
 d

is
ea

se

R
ad

on
 

Sk
in

 is
 th

e 
m

aj
or

 ta
rg

et
 

fo
r r

ad
on

 th
er

ap
y 

be
ca

us
e 

of
 th

e 
in

flu
en

ce
 

on
 L

an
ge

rh
an

s c
el

l 
fu

nc
tio

n 

A
 F

al
ke

nb
ac

h 
 

et
. a

l, 
20

00
47

C
on

td
…

435



44 Technological Developments in Engineering, Management, Arts and Science

Conclusion

The medical gases oxygen, nitrous oxide, medical air, entonox, carbon dioxide, 
heliox, and nitric oxide are used in anaesthesia and intensive care. Breathable gases 
that are provided to patients are kept in cylinders or in bulk outside of the facility. 
A network of pipelines is then used to transmit medical gases around the facility. 
This study highlights the need of providing medical staff with practical training in 
how to administer the 50% N2O/O2 premix and verifies its pharmacological safety 
across a broad range of therapeutic reasons.
 The healthcare systems of several nations collapsed as a result of the lung viral 
pandemic brought on by SARS-CoV-2, necessitating an urgent and quick search 
of safe and efficient therapeutic solutions.Their therapeutic potential is linked to 
anti-inflammatory activity, immune system regulation, improved microcirculation, 
microbe inactivation, promotion of oxygen metabolism, and increased tissue 
oxygenation. While we research new medications or wait for the widespread use 
of vaccines, gaseous therapy is a practical and affordable adjuvant therapy. To 
determine the effectiveness and safety of gas therapy for COVID-19 in terms of 
the necessity of invasive ventilation and durations of hospital and ICU stays, more 
extensive, well-controlled clinical trials are necessary.
 Each nation has a regulatory body that keeps an eye on the production and 
application of medical gases. Additionally, they maintain that only trained 
professionals should handle these gases. To ensure that the national standards are 
adhered to throughout the nation, all countries included the medicinal gases and 
their containers in its monograph. Despite all of the regulatory agency’s efforts, 
there are still tales of tragedies caused by the incorrect use of gases all over the 
world. Only a small sample of the recorded catastrophes is shown above. There 
may be a large number of unreported cases worldwide, particularly in developing 
nations with lax legal frameworks and inadequate documentation standards.
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ABSTRACT
Snakes are the common reptiles available around. Since time immemorial the human society 
is living with the snakes. Sometimes the snakes also caused harm to some of the humans as 
well as to some animals and other living organisms. Most of the snakes are not dangerous. 
They have no poison hence even when they bite it causes no harm. But some of them 
contain very strong poison and their bite may even cause immediate death. The bite of the 
poisonous snakes made the people afraid and, with the aim to get scared from their anger 
(bite), they were respected as divine ones. Till now some scientists are tirelessly working to 
understand the snakes, their venom, signs and symptoms of bite and treatment principles.
 The Hindus respect the snakes as a group of creatures that are strong and dangerous. 
“MANASA” is considered as the goddess of snake and she is honoured accordingly by offering 
“PUJA” and “PRAYER”.
 Ayurvedic classics mention “SARPA” which is the class of creatures having some divine 
characters and strength. The Ayurvedic acharyyas (teachers – scholars) describe different 
aspects in relation to the “SARPA” elaborately with special reference to their classification, 
behaviour, bite, causes of fatal snakebite, diagnosis and treatment.
 A discussion on the Ayurvedic concepts of snake (Sarpa) is seemed to have importance 
even in this era of science.

Keywords: Snake, bite of the poisonous snakes, treatment principles, Ayurvedic acharyyas.

Introduction

Charaka Samhita, Susruta Samhita, Ashtanga Hridaya and Ashtanga Sangraha are 
the important and oldest dependable classics containing the concepts of Ayurveda. 
Charaka Samhita, the oldest available book of medicine and Susruta Samhita is of 
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Surgery. Agnivesha, the author of Charaka Samhita documented the informations 
available till his time on aetiology, diagnosis, investigation and treatment of the 
diseases occurring due to improper/abnormal functioning of the Agni. Susruta, the 
author of Susruta Samhita, collected the informations available till his time related 
with the aetiology, signs and symptoms, diagnosis and treatment of the surgically 
curable diseases. The activity of Bagbhata in the form of Ashtanga Samgraha and 
Ashtanga Hridaya are the re - evaluated and expanded form of both the Charaka 
Samhita and Susruta Samhita. Bagbhata has mentioned almost all the contents 
of Charaka Samhita and Susruta Samhita and added some points from his own 
experience and observation.
 Poison (BISHA) can be considered to be an important aetiology of many types 
of sufferings. In most of the conditions poisoning causes death. History gives the 
evidence of use of poison with the intention to cause harm to the enemies.
 Among the poisons Charaka, Susruta and Bagbhata mentions “ SARPA” 
(snake) as a potent source of poison. A detail description of the snakes, their 
venom, causes of snakebite and treatment is given in Charaka Samhita, Chikitsa 
sthana 23rd chapter sloka 35-37, 38,124 -139, 161-164, 194-198, 250-253, Susruta 
Samhita,Kalpasthana, chapter 3 sloka 28,29, 39, chapter 4 sloka 4-45, chapter 5 
sloka 3-86 and Ashtanga Hridaya, Uttaraardha chapter 36,sloka 1-93. The concept 
of Ashtanga Sangraha and Ashtanga Hridaya can be considered as same.
 In this study the concepts of Charaka and Susruta samhita is incorporated 
keeping the similarity of Ashtanga Sangraha and Ashtanga Hridaya with the 
concepts of these two valuable books in mind.
 A discussion on the snakes with special reference to origin, types, character, 
poison, snakebite (causes,signs and symptoms) and treatment can open a new field 
in understanding the snakes and their venom.

Origin and Type of Snake

Snakes (Sarpa) is mentioned as a “Jangama Bisha”.1 They are said to be of 3 
types depending upon the effect of the poison on the Tridosha – (1) Darvikara, (2) 
Mandali and (3) Rajiman.2

 Depending upon the gender they are again classified into 3 groups – (1) Pung 
(male), (2) Stree (female) and (3) Kliba (neuter).3

 Again depending upon some special characters they are cl;assified as (1) 
Brahmana, (2) Kshatriya, (3) Baishya and (4) Sudra.4 This classification follows 
the classification of human society depending upon their profession.
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Diagnosis of Poisonous Snakebite

Very interesting and justified advice for differential diagnosis of poisonous and 
non poisonous snakebite is available in the Ayurvedic classics. Examination of a 
snakebite patient is advised to be done in two steps – (1) local and (2) systemic. In 
the local examination colour, swelling, discharge, consistency etc. are advised to 
consider and in systemic examination colour of the skin, nails, teeth, eyes, stool, 
urine, ; condition of the voice, vision, stability of the body, neurological functions, 
response to command, status of sense etc. are advised to assess. Even the signs and 
symptoms are categorised as most poisonous and less poisonous.

Treatment of Snakebite (Bishachikitsa)

Charaka mentions 24 procedures of treatment of poisoning (Chaturvingsati Bisha 
Upakrama)5 and advised that, these treatment procedures should be used selectively 
considering the applicability. The 24 treatment procedures are –

(1) Mantra (Chanting of verses) - Chanting of some prescribed verses is mentioned 
by Charaka as the first and foremost treatment in snakebite. In this process specially 
framed verses are chanted by the Vaidya following prescribed protocol.
 MANTRA is said to be founded by the sages and knowledgeous persons. So, 
if used properly failure should not be there.6

(2) Aristabandhana (Benikabandhana) (application of tourniquet) - A ligature 
should be applied above the site of bite to prevent the spread of the injected poison.7 
Aristabandhana in poisoning is said to be like dam in river.8

 When snakebite occurs on the shakha (extremities – hands or legs) a ligature 
(tourniquet) should be applied 4 anguli above the bitesite. The material advised 
to use for application of ligature are – gauze (plota), inner part of bark of tree 
(charmantabalka) or any other soft substance. This prevents (slows down) the 
speed of circulation of the poison to the other parts of the body.9

 Aristabandhana is said to be more effective when it is applied by chanting 
MANTRA.10

(3) Utkartana (incision/excision) - Incisions should be applied on the bite site. If 
possible and feasible then the part where bitten should be excised.11 Utkartana in 
poisoning is compared with the act of cutting the root of a tree. It completely stops 
the chance of spread of the poison.12

 When snake bites in a part of the body where Aristabandhana is contra indicated 
the part, if possible, should be excised or incised. Excision should be followed by 
cauterization and incision by sucking and cauterization.13
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(4) Nispidana (Sqeezing) - Blood should be expelled out by sqeezing the site of 
bite either applying incision or without application of incision.14

(5) Chushana (Sucking) - Sucking of blood through the bite injury or applied 
incision should be done to expel out the poisoned blood.15 Chushana is said to be 
the procedure that brings the poison to the site of bite and then expelled out from 
the body.16

 To conduct Achushana the oral cavity is advised to fill-up with soft cloth to 
prevent direct contact of the poisonous blood with the oral mucosa.17

 This process is applicable if there is contra indication of Aristabandhana (if 
snakebite is on the head, neck, chest, abdomen, back etc.).18

(6) Agni (Cauterization) - When the poison remains in Twak and Mamsa (skin and 
muscles) then cauterization should be done which destroys the poison.19

 Agnikarma is indicated when arishabandhana is contra indicated. The part 
should be cauterized by using hot probe or other hot substance.20

(7) Parisheka (Spraying) - The affected part should be treated with spraying of 
cold medicinal preparations that prevents the spread of poison through blood, as 
cold spray slows down the circulation of blood.21

(8) Avagaha (Bathing) - When poison spreads in Pittasthana then avagahana is 
advised.22

(9) Raktamokshana (Blood Letting) - The poisoned blood should be expelled 
out by using the procedures – (1) Pracchana, (2) Shringa, (3) Jalouka and (4) 
Siravedha. Raktamokshana expels out the poisoned blood and saves the life by 
preventing prakriti dusti.23

 An expert physician should do venipuncture around the site of bite. If the 
poison spreads then venipuncture should be done in the hands or feet (Shakhagre) 
or in the frontal area of the head (Lalate). This can expel out the poisonous blood 
from the system which is said to be the most beneficial and important procedure in 
snakebite.24

 In the Prathama vega of Darvikara sarpabisha this process is indicated.25

(10) Vamana (Induced Vomiting) - When the signs and symptoms suggest the 
reach of poison in Amashaya (stomach) this treatment is applicable.26

 Vamana is considered as the procedure to expel out the poison from the system 
easily.27

 Vamana is indicated in the Chaturtha vega of Darvikara Sarpabisha.28
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(11) Bireka (Induced Purgation) - It is the procedure when the unwanted doshas 
(substances) are expelled out from the system through anal route by using 
medicines.

(12) Upadhana (Kakapada) (Application of Medicine on Incision over the 
Vertex) - In the state when Srotorodha occurs (disturbance in the functions of 
the circulatory channels) due to dushita Kafa (vitiated Kafa) then incision should 
be given on the vertex and fresh meat of goat, cow, buffalo, chicken etc. should 
be applied on the incision.29 Kakapada is applicable in the vertex (mastaka) in 
adhodasta (bite on the lower part of the body) and in the pada (sole) in urdhadasta 
(bite on the upper part of the body).30

 Kakapada is indicated in the Saptama vega of Darvikara bisha.31 (Su. Ka. 5/23)

(13) Hridayavarana (Cardioprotection) - The Vaidya is advised to apply his effort 
to protect the heart of the patient of poisoning as the first step. For the purpose 
drinking of Honey, Ghee, Majja, Kshira, Gairika etc. is advised.32

(14) Anjana (Application of Medicine through the Eyes) - The patient of poisoning 
who suffers from difficulty in vision (Akshi uparodha) medicine should be applied 
around the eyes. For the purpose the paste prepared by mixing Daruharidra, Sunthi, 
Pippali, Marich, Haridra, Karavira patra, Karanja beeja, Neem beeja, Tulasi manjari 
with Chagamutra is adsvised.33

 Anjana is indicated in the Tritiya vega of Darvikara sarpabisha.34

 Anjana (tikshna) is indicated in the Saptama vega of Darvikara sarpa.35

(15) Nasya (Application of Medicines through Nostrils) - When the patient of 
snakebite suffers from disturbance in the functions of the nose, eye, ear, tongue 
and throat then medicine should be applied through the nostrils. For the purpose 
Bartaku (brinjal), Bijapura(citron), Jyotismati (intellect tree) are mentioned as 
the drugs of choice.36 Nasya is indicated when bisha reaches and spreads in the 
Sirahpradesha (head). For the purpose fine powder of Bandhujivamoola (root 
of Pentapetes Phoenicea), Bhargimoola (root of Clerodendron Serratum) and 
surasamoola (root of Ocimum tenuiflorum) is advised.37

 Nasya is indicated in the Tritiya vega of Darvikara sarpabisha.38

 Nasya (Abapidana) is indicated in the Saptama vega of Darvikara bisha.39

(16) Dhuma (Use of Smoke) - Some drugs are burnt in fire and the affected part is 
exposed to the smoke. For the purpose Pita Sarsapa (yellow mustard), Chandana 
(sandal wood) etc. should be used.40

(17) Leha (Application of Lickable Medicines) - When poison affects the 
throat (kanthapradesha) and produces the symptoms like hoarseness of voice 
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(swarabheda), speaking disability (kanthanasha) then amakapittha beeja churna 
(powder of unripe wood apple) should be licked with sugar.41

(18) Aushadha - Means and indicates use of specially prepared medicines that act 
against the condition.

(19) Prasamana - Indicates the use of medicines that can pacify the affected dosha.

(20) Pratisarana - Local application of powdered medicine specially when there 
is external contact of the poison.

(21) Pratibisha (Agadaprayoga) (use of antidote) - In the Dwitiya vega of 
Darvikara sarpabisha madhusarpiyukta agada (antidote with honey and ghee) is 
indicated.42

(22) Sajnasangsthapana (Resuscitation) - This process is to be applied in the 6th 
vega of poisoning. For the purpose Gopitta (bile of cow) and powders of Haridra 
(turmeric), Manjistha(Indian Madder), Maricha(Black Pepper), Pippali (Long 
pepper) in equal quantity with water is advised.43

(23) Lepa (local application of medicine) - In this process the medicinal pastes are 
used on the affected part.

(24) Mritasanjivana - This is the procedure to be applied at the terminal stage 
of the patient when he/she is in deep coma stage and seems to be dead (mrita 
Avastha).

Prognosis

Prognosis of snakebite is said to be dependent upon a number of factors like, 
type and condition of snake, body part where the bite occurred, condition of the 
victim in relation to age, sex, nutritional status, disease, psychological status etc. A 
relation with the place where bite occurred, the situation of the planets at the time 
of bite, astrological day etc. are also mentioned with priority.

Prevention

Snakebite is advised to prevent by using specific type of stick during the night 
hours, umbrella during the day time and wearing of some valuable gems.44

Discussion

The important points to be discussed from the above description are –
(1) The concepts of the Ayurvedic classics on snake as of divine origin is a matter 

of discussion. When the classification of snake is observed then it is noticed 
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that, the basis are taken as the presence/absence of hood, it’s shape, body 
colour, appearance, resemblance of the structures available on the body, time of 
movement, character of movement (slow/quick), appearance of specific dosha 
related signs and symptoms after bite etc. In modern discussions divine origin 
concept is not available. The classification of the snakes is made basically 
basing upon the head scale pattern and body scale pattern.

(2) For diagnosis of snakebite it seems brilliant and easy to classify initially 
as poisonous and non poisonous, then more poisonous and less poisonous 
and ultimately,if poisonous what dosha is primarily and seriously affected 
(Darvikar/Mandali/Rajiman). Simple categorization of a disease state makes 
treatment easy. The modern classification of snake in view of treatment is also 
Made simple to determine which type of Anti venom is to be used.

(3) The treatment procedures are mentioned as 24 in number in the Ayurvedic 
classics which seems to be more elaborate. In the advice to the physicians 
related with treatment of snakebite it is said that, at the time of installation of 
treatment to a patient of snakebite a group of procedures should be selected by 
the physician depending upon the age, sex, condition etc. of the patient, type 
of the snake and many other conditions for which adequate detail knowledge 
and experience of the physician is must.

(4) Mantra is mentioned as the 1st one among the 24 treatment methods of 
poisoning. Modern toxicology is not admitting the utility of mantra in any 
type of treatment. But, new researches are going on to understand the effect of 
mantra on the person. Ayurveda says that mantra should be chanted by a person 
who leads his life under strict rules and regulations and always keeps himself 
away from alcoholic drinks, meat, contact with females etc. To understand it’s 
effect one can think in the line of boosting of psychological strength which can 
be considered to be 50% advancement in the way of cure. As studies say that, 
most of the casualties of snakebite is due to fear to get envenomated even not 
being bitten by poisonous snake.

(5) In case of some other treatment procedures mentioned by the Ayurvedic classics 
also there is direct opposition of the modern toxicologists. But when studied in 
detail it becomes clear that their utility also can be established basing upon the 
classical concepts.

Summary

As summary the following points can be mentioned –
(1) The Ayurvedic scholars were vigilant and enthusiastic on the study, analysis 

and discussion on the snakes.
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(2) Samhitas like Charaka, Susruta, Ashtanga Hriday and Ashtanga Sangraha are 
the potent sources of detail knowledge about the snakes with special reference 
to their origin, character, poisoning, bite and treatment. But, considering 
close similarity in the descriptions the concepts only Charaka and Susruta is 
incorporated in this study.

(3) Detail study, research and evaluation of the descriptions in the Ayurvedic 
classics can explore many valuable facts about the snakes and their effect on 
human beings.

Conclusion

As conclusion it can be said that, time demands detail study, research and evaluation 
of the Ayurvedic concepts on snakes for which multi disciplinary efforts should be 
applied by dedicated teams which may be proved to be an invaluable boon to the 
human society.
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ABSTRACT
Natural urges are the feelings of the livings that indicate the need of expulsion of some 
unwanted products from the body produced during the process of digestion and include the 
urge of faeces, urine etc. The lower class animals expel out the excretable substances from 
the system without delay just feeling the urge. But human beings, being the intelligent living 
object with a number of engagements in different fields, in most of the times, cannot allow these 
urges to be fulfilled at proper time. In most of the situations it is observed that, the feeling of 
the desire of the body to expel out the unwanted substances (excreta) is to be suppressed.
 Study of the Ayurvedic classics reveals that, the ancient Indian scholars of health science 
(Ayurveda Maharshis) kept more concern with some physiological indicators of the body 
suggesting to do some works at certain times. Some indicators of this category are related 
with the demand of the physiology to get rid of some excreta and some are related with 
the demand of the body to re - energizize for future whereas some are related with some 
mental and physical faculties that, if not controlled, can lead to some harmful situations. Very 
interestingly they advice the individual to not to suppress some of them (Adharaniya vega) 
and suppress some of them (Dharaniya vega) to acquire health, peace and harmony.
 A discussion on these 2 groups of urges can be considered as valuable and important to 
create health awareness not only among the health workers but also among the common 
people.

Keywords: Natural urges, lower class animals, Ayurvedic classics, adharaniya vega, 
dharaniya vega.

Introduction

Health is indicated by the factors like, proper food intake, proper digestion,proper 
nutrition and proper excretion. Any abnormality in terms of quality, quantity and 
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frequency indicates imbalance in the normal functioning of the respective organs/
systems which, in course of time, can lead to disease. After study and observation of 
the fact the Ayurvedic scholars identified a group of non suppressible natural urges 
and advised to act as per the demand of the system with scientific explanation. A 
discussion on the topic is made here with possible scientific justifications hoping 
to be helpful not only for the health workers but also for the scientists and common 
people. Here the concepts of the 4 main books Charaka Samhita, Susruta Samhita, 
Ashtanga Hridaya and Ashtanga Sangraha are taken into account.
 To get an instant knowledge on the non suppressible group of natural 
urges the following table is incorporated –

S.No. Charaka Samhita 
(Sutrasthana, 
Chapter 7, Sloka 
3,4)

Susruta Samhita 
(Uttaratantra, 
Chapter 55, Sloka 
4,5)

Ashtanga Hridaya 
(Sutrasthana, 
Chapter 4, Sloka 1)

Ashtanga 
Sangraha 
(Sutrasthana, 
Chapter 5, Sloka 3)

1 Mutra Vayu Vata Vata
2 Purisha Bin Bin Bin 
3 Retas Mutra Mutra Mutra
4 Vata Jrimbha Kshavathu Kshavathu 
5 Cchardi Ashru Trishna Trit (Trishna)
6 Kshavathu Kshavathu Kshudha Kshudha 
7 Udgara Udgara Nidra Nidra
8 Jrimbha Bomi Kasa Kasa
9 Kshudha Indriya(sukra) Shramaswasa Shramaswasa
10 Pipasa Kshudha Jrimbha Jrimbha
11 Bashpa Trishna Ashru Ashru 
12 Nidra Swasa Cchardi Cchardi
13 Nihswasa Nidra Retasa Retasa (Shukra)

 Basing upon the initial exposure a detail discussion on the group of natural 
urges seems to be useful and informative. The discussion on the concepts is 
incorporated below –

(A) CHARAKA SAMHITA – Charaka describes the manifestations and treatment 
of the situations as follows –

(1) MUTRAVEGARODHA (suppression of urge of urine)– manifestations 
– vastishoola (pain in the urinary bladder region), mehanashoola (pain 
in the urethra – genital organ), mutrakricchra (difficulty in urination), 
shiroruja(headache),Vinama(bending of the body), Vangshana anaha(swelling in 
the inguinal region) etc.1
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Treatment – swedana (fomentation), avagahana(tub bath), abhyanga(message), 
sarpi avapidana(application of ghee through nostrils), niruha – anuvasana(application 
of enema) and Uttara basti prayoga(application of medicine through urethra).2

(2) PURISHAVEGARODHA (suppression of urge of stool)– manifestations – 
pakwashayashoola (pain in the intestinal region), shirahshoola(headache), Vata 
apravartana(non elimination of flatus), Varsho apravartana(non elimination of 
stool), pindikodwestana(pain in the calf muscles), adhmana(flatulence).3

Treatment – swedana(fomentation), abhyanga(massage), avagahana(tub bath), 
Vartiprayoga(application of suppository), Bastikarma (enema), pramathi (vat 
anuloman) annapana(use of foods and drinks that helps in appropriate elimination 
of flatus and stool).4

(3) SUKRAVEGARODHA (suppression of urge of semen – sexual desire)– 
medhrashoola(pain in the genital organ), vrishanashoola(pain in the testicles), 
angamarda(feeling of pain in the body),hridvyatha(pain in the heart region), mutra 
bibaddhata(retention of urine).5

Treatment - abhyanga (massage), avagahana (dronisnana) (tub bath), madirapana 
(taking of wines), charanayudha (kukkuta mamsa)(taking of chicken soup), shali 
(rice of nonboiled rice), paya (dugdha)(milk), niruha basti (purificatory enema), 
maithuna (sexual intercourse).6

(4) VATANIGRAHA (suppression of urge of flatus)– Bitsanga (retention of 
stool), mutrasanga (retention of urine), vatasanga (retention of flatus), adhmana 
(flatulence), bedana (pain, specially of abdomen), klama (tiredness).7

Treatment – snehana (oleation), swedana(fomentation), falabarti(application of 
suppository), basti(enema), vatanulomana ahar and bihar(food and drink that helps 
in proper elimination of stool, flatus etc.).8

(5) CCHARDINIGRAHA (suppression of urge of vomiting) – kandu(itching), 
kotha(eruption), aruchi(anorexia), vyanga (black spots on the cheeks), sotha 
(oedema), pandu (paleness-anaemia), jwara (rise of temperature), kustha (skin 
diseases), hrillasa (nausea), bisarpa (skin disease of quick spreading nature).9

Treatment – pracchardana (induced vomiting), dhumapana (application 
of medicated smoke), langhana (fasting), raktamokshana (blood letting), 
rukshannapana (use of food and drink that can cause dryness), vyayama (exercise), 
birechana (induced purgation).10

(6) KSHAVATHUVEGARODHA (suppression of urge of sneez)– manyastambha 
(torticollis), sirahshoola (headache), Ardita (facial palsy), ardhavabhedaka 
(hemicrania), indriyadaurbalya (weakness of the sense organs).11
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Treatment – abhyanga and swedana in urdhajatru(massage on the upper portion 
of clavicle), dhumapana(use of medicated smoke), nasya(nasal drop), vataghna 
bhojana(use of food that can pacify vata), uttarabhaktika gritapana (taking ghee 
after food).12

(7) UDGARAVEGARODHA (suppression of urge of eructation) – 
hikka(hiccough), swasa(breathing difficulty),aruchi(anorexia), kampa(trembling), 
hridbibandha (feeling of tightness in the heart region), urobibandha(feeling of 
tightness of the chest).13

Treatment – same as hikka14

(8) JRIMBHAVEGARODHA (suppression of urge of yawning) – binama 
(bending of the body), akshepa (convulsion), sankocha (spasmodic pain), supti 
(numbness), kampa (trembling), prabepana(bending of the body).15

Treatment – Vatanashaka upachara (all treatment should be aimed to pacification 
of vata).16

(9) KSHUDHAVEGANIGRAHA (suppression of the urge of hunger) – 
Karshya(emaciation), daurbalya (weakness), baibarnya (loss of colour of the 
body), angamarda (pain of the body), aruchi (anorexia), bhrama(delirium).17

Treatment – Snigdha-ushna upachara (use of oily and warm management 
procedures) and laghubhojana (light food).18

(10) PIPASAVEGARODHA (suppression of the urge of thirst) – kanthashosha 
(dryness of the throat), ashyashosha (dryness of mouth), badhiryya (deafness- 
difficulty in hearing), bhrama (delirium), angasada (feeling of weakness of the 
body), hridvyatha (pain in the heart region).19

Treatment – Shita tarpana(nutritive food and drinks in cold form).20

(11) BASHPAVEGANIGRAHA (suppression of urge of lacrimation) – pratishyaya 
(coryza), akshiroga(eye disease), hridroga(heart disease), aruchi(anorexia), 
bhrama(delirium).21

Treatment – nidrasevana(sleeping), madyasevana (taking of wine), priyakatha 
(listening to good conversations).22

(12) NIDRAVEGARODHA (suppression of urge of sleep) – jrimbha(yawning), 
angamarda(pain of the body), tandra(drowsiness), shiroroga (headache and other 
diseases related to head), akshigaurava(heaviness of the eyes).23

Treatment – nidrasevana(sleeping) and sangbahana(application of mild massage 
on the body).24
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(13) SWASAVEGARODHA (suppression of urge of breath due to exercise) – 
Gulma(tumour), hridroga(heart disease), sanmoha(feeling of drowsiness – semi 
consciousness).25

Treatment – bishrama (rest), vataghna kriya (application of treatments that pacify 
vata).26

(B) SUSRUTA SAMHITA – Maharshi Susruta, the father of surgery, in Susruta 
Samhita, discussed on the Adharaniya vega vividly. His opinion on this topic is 
discussed below -

(1) VAYUVEGARODHA (suppression of urge of flatus)- adhmana(flatulence), 
shoola(pain -in the abdomen), hridayoparodha(feeling of obstruction of the heart 
– chest), shiroruja(headache), hikka(hiccough), kasa(cough), pratishyaya(coryza), 
galagraha(feeling of obstruction of the throat), balasapittaprasara(aggravation 
and spread of kafa and pitta), purishakshaya(loss of stool quantity), mukhat 
purishapravritti (expulsion of stool through mouth).27

Treatment – Snehana(oleation therapy), swedana(fomentation) and asthapana 
basti (purificatory enema).28

(2) PURISHAVEGARODHA (suppression of the urge of stool) – Atopa(abdominal 
sound), shoola(abdominal pain), parikartana(cutting pain in the anal region), 
purishasanga(retention of stool), urdhavata [udgara](movement of vayu towards 
upwards – eruction), ashyat purishanirgamana (expulsion of stool through mouth).29

Treatment – like anaha(all the treatments of flatulence are applicable).

(3) MUTRAVEGARODHA (suppression of the urge of urine) – kricchramutrata 
(dysuria), alpamutrata(oliguria), medhra-guda-bangshana-basti-mushka-nabhi-
murdhashoola(pain in the genital organ – anal region – inguinal region – bladder 
region – testicles – umbilical region and head), anaddhabasti (fullness of the 
urinary bladder), shoola(pain of the whole body).30

Treatment – ashmaribhedanchikitsa (all the treatments of urinary calculi are 
applicable).31

(4) JRIMBHAVEGARODHA (suppression of urge of yawning) – manyastambha 
(torticollis), galastambha(stiffness of the neck), shirobikara (diseases related 
with head), vatajaroga (diseases due to vata vitiation), shrotra-anana-ghrana-
bilochanottha tibraroga (severe diseases related to ear, face, nose and eye).32

Treatment – snehana (oleation), swedana (fomentation).33

(5) ASHRUVEGARODHA (anandaja/shokaja) (suppression of the urge of 
lacrimation – due to happiness/grief)– Shirogurutwa (heaviness of the head), 
nayanamaya (diseases of the eye), pinasa (discharge through nostrils).34
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Treatment - snehana (oleation), swedana (fomentation), ashrumokshana (induced 
lacrimation).35

(6) KSHAVATHUVEGARODHA (suppression of urge of sneez) – shiro-akshi-
nasa-shravana roga (diseases of the head,eye, nose and ear), kantha-asyapurnatwa 
tatha tibratoda (feeling of fullness of throat and mouth with acute pain),kujana 
(sound during respiration), swasa apravritti (swasa avarodha) (feeling of obstruction 
of respiration).36

Treatment – tikshna anjana (strong collyrium), abapidana nasya (application of 
strong medicines through nostrils), tikshnasevana/nasabartiprayoga (intake of 
strong irritant substances/application of nasal suppository), kshavathu utpadana 
(induced sneez).37

(7) UDGARAVEGARODHA (suppression of urge of eructation) - tibra 
pavanavikara (may cause acute severe signs and symptoms indicating vitiation of 
vata).38

Treatment – dhuma-nasyaprayoga (application of medicated smoke and medicines 
through nostrils), kabalagraha (use of medicated gargle).39

(8) CCHARDIVEGARODHA (suppression of urge of vomiting) – kustha (skin 
diseases).40

Treatment – jathadosha snehaprayoga (use of oils according to vitiated dosha), 
abhyanga (massage).41

(9) SHUKRAVEGARODHA (suppression of urge of semen - sexual urge) – 
shofa and ruja in mutrashaya, payu and mushka (swelling and pain of the bladder 
region, anal region and testicles), mutrabinigraha (anuria/oliguria), shukrashmari 
(semen calculi).42

Treatment – bastishuddhi (purification of the urinary bladder – use of diuretics), 
priyanariramana (sexual act with beloved female).43

(10) KSHUDHAVEGARODHA (suppression of urge of hunger) – tandra 
(drowsiness), angamarda (pain of the body), aruchi (anorexia), bibhrama (delirium), 
drishtikrishata (visual weakness).44

Treatment – snigdha-ushna-alpa bhojana (intake of oil mixed, hot food in less 
quantity).45

(11) PIPASAVEGARODHA (suppression of urge of thirst) – Kanthashosha 
(dryness of throat), Ashyashosha (dryness of mouth), Shrabanavarodha (weakness 
in hearing), hridvyatha (pain in the heart -chest region).46

Treatment – shitala mantha or yavagu pana (taking of cold medicated 
preparations).47
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(12) NIHSWASAVEGARODHA (suppression of the urge of respiration due to 
physical exercise) – hridroga (heart diseases), moha (clouding of sense), gulma 
(tumour).48

Treatment – bishrama (rest) and mamsarasayukta bhojana (intake of food with 
meat soup).49

(13) NIDRAVEGANIGRAHA (suppression of urge of sleep) – jrimbha (yawning), 
angamarda (body pain), angajadya (feeling of stiffness of body), shirojadya 
(feeling of stiffness of head), akshijadya (feeling of heaviness of the eyes), tandra 
(drowsiness).50

Treatment – dugdhapana (intake of milk), nidrasevana (sleeping), ishtakathasravana 
(listening to good and sweet stories/talking with beloved persons).51

(C) ASHTANGA HRIDAYA – The concept of Adharaniya vega as discussed in 
Bagbhatkrita Ashtanga Hridaya is as follows -

(1) ADHOVATARODHA (suppression of urge of flatus) – gulma (tumour), 
udavarta (obstruction of flatus, stool etc. with flatulence), ruk (sarbasaharira) 
(pain of the whole body), klama (feeling of tiredness), vata-mutra-shakritsanga 
(retention of flatus, urine and stool), drishti-agnibadha (reduced vision and 
digestive capacity), hridgada (heart diseases).52

Treatment – barti (use of suppository), abhyanga (massage), avagaha (tub bath), 
swedana (fomentation), basti (application of enema).53

(2) PURISHAVEGARODHA (suppression of urge of stool) – pindikodwestana 
(spasm of caff muscles), pratishyaya (sneezing), shiroruja (headache), urdhavayu 
(upward movement of vayu – eructation), parikartika (cutting pain in the anal 
region), Hridaya uparodha (feeling of obstruction in the heart-chest region), 
mukhena bitpravritti (expulsion of stool through mouth).54

Treatment – barti (application of suppository), abhyanga (massage), avagaha (tub 
bath), basti (enema), bingbhedi annapana (use of food and drink that softens and 
eliminates stool easily).55

(3) MUTRAVEGARODHA (suppression of urge of urine) – angabhanga (breaking 
pain of the body), ashmari (renal calculi), vasti-medhra-bangsanavedana (pain in 
the urinary bladder, genital organ and inguinal region).56

Treatment – barti (use of suppository), abhyanga (massage), avagaha (tub bath), 
basti (enema), bhojanapurba ghreetapana (taking of ghee before food).57

(4) UDGARAVEGARODHA (suppression of urge of eructation) – aruchi 
(anorexia), kampa(trembling), hridbibandha(feeling of obstruction of the functions 
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of the heart), urobibandha(feeling of tightness of the chest), adhmana(flatulence), 
kasa (cough), hidhma(hikka)(hiccough).58

Treatment – like hikka (same treatment as advised in suppression of urge of 
hiccough).59

(5) KSHAVATHUVEGARODHA (suppression of urge of sneez)– shiroarti 
(headache), indriya daurbalya (weakness of the sense organs), manyastambha 
(torticollis), ardit (facial paralysis).60

Treatment – Snehana (oil message), swedana (fomentation), tikshna dhooma 
(application of strong medicated smoke), Tikshna Anjana(application of strong 
medicated collyrium), nasya(application of strong medicines through nostrils), 
arkabilokana(looking towards the Sun).61

(6) TRISHNAVEGARODHA (suppression of urge of thirst)– shosha(feeling 
of dryness), angasada(weakness of the body), badhirya(deafness), sammoha 
(drowsiness), bhrama(delirium), hridroga(heart disease).62

Treatment – Sarbaprakar shitakriya (all types of cold applications should be 
applied).63

(7) KSHUDHAVEGARODHA (suppression of urge of hunger)– Angabhanga 
(feeling of breaking of the body), aruchi(anorexia), glani(depression), karshya 
(emaciation), shoola(pain), bhrama(delirium).64

Treatment – laghu, snigdha, alpabhojana (taking of light, oily food in less quantity 
frequently).65

(8) NIDRAVEGARODHA (suppression of urge of sleep)– moha (drowsiness), 
murdhagaurava (heaviness of head), akshigaurava (heaviness of eye), alashya 
(lathergy), jrimbha(yawning), angamarda(feeling of pain in the body).66

Treatment – nidrasevana(sleeping) and sangbahana(gemtle massage over the 
body).67

(9) KASAVEGARODHA (suppression of urge of cough) – kasavriddhi(increase 
of cough), swasa(breathing difficulty), aruchi(anorexia), hridroga(heart disease), 
shosha(thirst), hikka(hiccough).68

Treatment – kasaha chikitsa(all treatments should be aimed to reduce cough).69

(10) SRAMASWASA VEGARODHA (suppression of breath due to exercise) – 
gulma(tumour), hridroga(heart disease), sanmoha(drowsiness).70

Treatment – Bishrama(rest), vataghna kriya(all treatments to pacify vata).71

(11) ASHRUVEGARODHA (suppression of urge of lacrimation) – pinasa 
(coryza), akshiroga (eye disease), shiroroga (diseases of head), hridroga (heart 
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disease), manyastambha (torticolis), aruchi (anorexia), bhrama (delirium), gulma 
(tumour).72

Treatment – nidra(sleep), madya(wine), priyakatha(listening to good, sweet 
speech).73

(12) CCHARDIVEGARODHA (suppression of urge of vomiting) – bisarpa(skin 
disease with quick spreading nature), kotha(eruption), kustha(skin diseases), 
akshiroga(eye disease), kandu(itching), pandu(paleness – anaemia), jwara(rise 
of temperature), kasa(cough), swasa(breathing difficulty), hrillasa(nausea), 
vyanga(black spots on the cheeks), swayathu(oedema).74

Treatment – gandusha (gargling), dhuma(medicated smoke), bomi after taking 
rukshabhojana(induced vomiting after taking dry food), vyayama(exercise), 
raktamokshana(blood letting), birechana(purgation), lavana-ksharamisrita 
toilabhyanga(massage with salt and alkali mixed oil).75

(13) SHUKRAVEGARODHA (suppression of urge of semen -sexual desire) – 
sukrasravana(ejaculation), guhyabedana(pain in the genital organ, testicles etc.), 
swayathu(oedema), jwara(rise of temperature), hridvyatha(pain in the heart region 
– chest), mutrasanga(retention of urine), angabhanga(breaking pain in the body), 
vriddhi(hernia), ashmari(calculi), shandhata(impotency).76

Treatment – tamrachudamamsa(chicken), sura(wine), shali anna sevana(rice 
of unboiled crop), basti(enema), abhyanga(massage), avagahana(tub bath), 
bastishuddhikara kshira(milk preparation that can clean the urinary bladder), 
maithuna with Priya stree(sexual act with beloved female).77

(D) ASHTANGA SANGRAHA – Ashtanga Sangraha consists the description of 
Adharaniya Vega as follows -

(1) ADHOVATA VEGARODHA (suppression of urge of flatus) – 
Gulma(tumour), udavarta(flatulence), ruja(pain), klama(drowsiness), vata-mutra-
shakritsanga(suppression of flatus, urine and stool), Drishti-agnibadha(weakness 
of vision and digestive capacity), hridgada(heart disease).
Treatment – Snehana(oleation), swedana(fomentation), bartiprayoga(application 
of suppository), vatalomana pana and bhojana(use of food and drink that help in 
easy elimination of flatus) and bastiprayoga(enema).78

(2) SHAKRIT VEGARODHA (suppression of urge of stool) – 
pindikodwestana(cramp in the calf muscle), pratishyaya(sneez with nasal 
discharge), shiroruja(headache), urdhavayu(upward movement of vayu – 
eructation), parikartika(cutting pain in the anal region), Hridaya uparodha(feeling 
of obstruction in the functions of the heart), mukhena bitpravritti(expulsion of 
stool through mouth).79
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Treatment – bartiprayoga(application of suppository), abhyanga(massage), 
avagaha(tub bath), swedana(fomentation), basti(enema), bingbhedi annapana(use 
of food and drink that helps in easy elimination of stool).80

(3) MUTRAVEGARODHA (suppression of urge of urine)– Angabhanga(feeling 
of breaking pain of the body), ashmari(calculi), basti-medhra-bangshana 
Vedana(pain in the urinary bladder, genital and inguinal region).81

Treatment – pragbhakta ghritapana (taking of ghee before food), jirnantika 
ghritapana (taking ghee after digestion).82

(4) UDGARAVEGARODHA (suppression of urge of eructation)- Aruchi 
(anorexia), kampa(trembling), hridbibandha(feeling of compression on the heart 
region), urobibandha(feeling of compression of the chest), adhmana(flatulence), 
kasa(cough), hikka(hiccough).83

Treatment – As hikka (all treatments applicable in hiccough should be applied).83

(5) KSHAVATHUVEGARODHA (suppression of urge of sneez)– Shiro arti 
(headache), indriya daurbalya (weakness of sense organs), manyastambha 
(torticollis), Ardita (facial paralysis).84

Treatment – tiksnadhooma(use of strong medicated smoke), Tikshna Anjana(strong 
collyrium), Tikshna ghrana(smelling of strong smell), Tikshna nasya(use of 
strong medicines through nostril), arkabilokana (kshavathu pravartana)(induce 
sneez by looking towards the Sun), swedana(fomentation), abhyanga(massage), 
vataghna anna(taking of food with the property that pacify vata), uttarabhakta 
ghritapana(taking of ghee after food).85

(6) TRISHNAVEGARODHA (suppression of urge of thirst)– Shosha (feeling 
of dryness), angasada (weakness of the body), badhiryya (deafness), sammoha 
(drowsiness), bhrama (delirium), hridgada (heart disease).86

Treatment – sarbaprakara shitala vidhi (use of food and drink in cold form).87

(6) KSHUDHAVEGARODHA (suppression of urge of hunger) – 
angabhanga(feeling of breaking like feel of the body), aruchi(anorexia), 
glani(depression), karshya(emaciation), shoola(pain), bhrama (delirium).88

Treatment – laghu, snigdha, ushna, alpabhojana(taking of light, oily, warm and 
less quantity food).89

(7) NIDRAVEGARODHA (suppression of urge of sleep)– moha(drowsiness), 
murdhagaurava(heaviness of head), akshigaurava(heaviness of eyes), 
alasya(lathergy), jrimbha(yawning), angamarda(feeling of pain of the body).90

Treatment – swapnasevana (sleeping), sangbahana(massaging of the body 
gently).91
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(8) KASAVEGERODHA (suppression of urge of cough) – kasavriddhi (increase 
of cough), swasa (breathing difficulty), aruchi (anorexia), hridamaya (heart 
disease), shosha (thirst), hidhma (hikka) (hiccough).92

Treatment – Kasahara vidhi (all treatments should be given to reduce cough)

(9) SHRAMASWASAVEGARODHA (suppression of urge of breath due to 
exercise) – gulma (tumour), hridroga (heart disease), sammoha (drowsiness/
clouding of consciousness).93

Treatment – bishramana (rest), vataghna kriya (all treatments should be installed 
to reduce vata).94

(10) JRIMBHAVEGARODHA (suppression of yawning)– All signs and 
symptoms of kshavathu vega rodha appears(same signs and symptoms as that of 
suppression of urge of sneez).95

Treatment – like kshavathu vega rodha chikitsa(treatment like the treatment 
advised in suppression of sneez).96

(11) BASHPAVEGARODHA (suppression of urge of lacrimation)– pinasa(nasal 
discharge), akshiroga (eye disease), shiroroga(diseases of the head), hridroga(heart 
disease), manyastambha(torticollis), aruchi(anorexia), bhrama (delirium), 
gulma(tumour).97

Treatment – swapna (sleeping), madyapana (taking of wine), priyakatha sravana 
(listening to sweet and good speeches, talking on good things etc.).98

(12) BAMANAVEGARODHA (suppression of urge of vomiting) – bisarpa, kotha, 
kustha(different types of skin diseases/appearance of eruptions etc.), akshikandu 
(itching of the eyes), pandu(paleness), jwara(rise of temperature), kasa (cough), 
swasa(breathing difficulty), hrillasa(nausea, palpitation), vyanga(black spot on the 
cheeks), swayathu(oedema).99

Treatment – gandusha (gargling), dhuma (use of medicated smoke), rukshabhojana 
and vamana(induced emesis after food of dry quality), vyayama(exercise), 
raktamokshana (blood letting), birechana (purgation), kshara-lavanamishrita taila 
abhyanga(massage of oil mixed with alkali and salt).100

(13) SUKRAVEGARODHA (suppression of urge of semen – sexual urge)– 
sukrasravana(ejaculation), guhya Vedana(pain in the penis and scrotum), 
swayathu(swelling -in the scrotum), jwara(rise of temperature), hridvyatha(pain in 
the heart region), mutrasanga(retention of urine), angabhanga(breaking pain of the 
body), vriddhi(hernia), adhyashma (calculi), sandhata(impotency).101

Treatrment - tamrachuda (eating chicken), sura(wine), shali anna(rice prepared 
from unboiled crop), basti(enema), abhyanga(massage), avagahana(tub bath), 
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bastishuddhikara aushadha(medicines for cleaning of the urinary bladder)
(dieuretics), kshirapana(taking milk), Priya stree sevana(sexual act with beloved 
female).102

Suppressible Natural Urges (Dharaniya Vega)

CHARAKA - The great scholar, father of Indian Medicine (Kayachikitsa), 
mentions a group of natural urges that are to be suppressed with all efforts to 
remain free from different types of diseases as follows -

(1) SAHASA – It indicates and means doing anything exceeding one’s own 
strength.103

(2) ASHASTA MANOKARMA (improper/avoidable/unethical mental 
activities) – lobha(lust), shoka(grief), bhaya(fear), krodha(anger), mana(ego), 
nairlajya(shamelessness), irsha(jelousy), atiraga(excessive attraction), abhidhya 
(temptation to get other’s belongings).104

(3) ASHASTA BANI (improper/unethical/harmful speech)– parusha(harsh), 
atimatra(excessive), suchaka(like an expert), anrita(untruth), akalayukta(that is not 
suitable for the time).105

(4) ASHASTA KAYAKARMA (improper physical activities) – parapidakaraka 
kriya(anything that can cause suffering of the others), streebhoga (making physical 
relation with females), asteya [theft], himsa(causing harm to the others).106

Ashtangahridaya

In Ashtangahridaya the names of the suppressible natural urges are mentioned as 
follows -
 Lobha (lust), irsha(jelousy), dwesha(enmity), matsarya (miserliness – being 
incapable of enjoying one’s own possessions), raga(attraction).107

Discussion

On the observations of the study the following points can be considered as valuable–
(1) The study reflects the minuteness of observations of the ancient Ayurvedic 

scholars. Interestingly the three scholars have identified the sole aetiology 
of all diseases as suppression of natural urges. Among the natural urges 
discussed all are indicative of need of expulsion of some unwanted substances 
produced during the natural procedure of metabolism and some indicate state 
of deficiencies fulfilment of which is needed to maintain a healthy state. 
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Adhovata, purisha, mutra, bomi, eructation indicates the physiological need of 
excretion/elimination. These excreta (unwanted substances), if not allowed to 
get expelled out at proper time may cause some untoward effects. The modern 
observation also says that, if one holds the urge of stool then it may lead to 
constipation, impaction, inflammation, distension of the rectum, sometimes 
faecal incontinence, haemorrhoids etc. Holding of the urge of flatus can cause 
bloating, pain, discomfort, indigestion, heartburn etc. Holding of the natural 
urge of urination may cause urinary tract infection, pain, bladder stretching, 
stress on the kidneys even damage, control problem, weakness of pelvic floor 
muscles etc. Emesis (vomiting) is another situation when the body wants to 
expel out unwanted (rejectable) substances from the body through mouth. 
Hence the descriptions of the Ayurvedic scholars in relation to the suppression 
of these urges can be considered as scientific and practical. Suppression of the 
urge of eructation makes a person feel miserable, may cause abdominal pain 
and bloating.Detail description on suppression of these urges are not available 
in modern classics.

(2) Yawning is an unlearned response to high levels of blood carbon dioxide. 
Concepts are there saying that, yawning is triggered by an increase in brain 
temperature and the physiological reactions following a yawn promote a return 
to brain thermal homeostasis. If one will not yawn taking a deep breath would 
become harder and harder which is not good for health. Sneez protect the 
body by clearing the nose from bacteria, virus, foreign body etc. Entry of any 
unwanted substance in the nose the sneez centre in the brain signals and closes 
the throat, eyes and mouth. The chest muscles vigorously contract the throat 
muscles. If one suppresses the urge of sneeze may cause rupture of eardrums, 
irritation of the throat, rupture of blood vessels in the eyes or brain. These 
concepts have close relationship with the Ayurvedic descriptions mentioned in 
the observation heading.

(3) Lacrimation is a process of producing excess tears at the states like emotion, 
laugh, cough, vomiting, experiencing strong taste sensations, yawning, grief 
etc. The lacrimal nerve is responsible for lacrimation. At the situations of 
exposure to unwanted substances, smoke, gas, sand etc. also lacrimation occurs. 
Resisting the urge to cry can cause trouble like irritability, anxiety, disturbed 
sleep, cardiovascular diseases (hypertension etc). In common conditions of 
lacrimation due to exposure to irritants can cause eye diseases. The Ayurvedic 
concept on this point can be easily justified with this modern understanding.

(4) Sexual urge in men manifests due to some influence of a group of hormones 
which ends in the form of ejaculation. If one suppresses sexual urge there 
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may be feeling of frustration, sadness, dissatisfaction etc. Ayurvedic scholars 
observed on the condition and nicely described the signs and symptoms of 
suppression with effective treatment.

(5) Hunger indicates emptying of the stomach. It indicates the need of food to the 
body. At the state of hunger there is deficiency of glucose specially in the brain. 
Neglecting hunger one can suffer from low blood sugar showing the signs like 
tiredness, dizziness, sluggishness, shakiness, lack of concentration etc. The 
description of the Ayurvedic classics on this condition is also praisable as it has 
close similarity with the modern observations.

(6) Thirst indicates deficiency of fluid in the body. Not taking water/fluid at a state 
of thirst can cause fatigue and loss of energy initially and in due course it may 
lead to some serious conditions. It is observed that, the Ayurvedic scholars 
were aware of these conditions and took step to create awareness among the 
physicians specially.

(7) On the condition of suppression of increased breathing after exercise the 
modern observations give same view with the Ayurvedic scholars as “when 
one performs exercise the body uses more Oxygen and produces more carbon 
dioxide. To meet this situation the respiratory rate increases and tries to 
increase the air intake even upto 100 litres per minute which is at rest 12 litre 
per minute”. If this physiological phenomena is suppressed then definitely the 
heart and lungs will suffer affecting the health.

(8) Sleep boosts brain power, improves weight management, reduces stress and 
inflammation. It regulates the functions of the endocrine secretion, body 
and brain. One when neglects the urge of sleep may develop hypertension, 
hyperlipidemia, sleep disorders, depression, anxiety, lowering of sex drive, 
weakness of immune system, problem in thinking and decision making etc. 
and the risk of diabetes, cancer etc. also increases. These conditions are highly 
supportive of the Ayurvedic concepts on the situation of not sleeping properly 
at proper time.

(9) The discussion on Dharaniya Vega seemed to be the contribution of Charaka 
followed by Bagbhata. It includes the activities related to speech, thinking 
and physical activities that, if allowed to fulfil, cause loss of respect, name 
and fame of the individual concern and also cause fear, suspicion, quarrel, 
disharmony etc. in the society. The effects of speaking more, untruth, like 
an expert without proper knowledge, harshly, making physical relation with 
female who is not one’s own wife, theft, jealousy etc. are self explanatory.
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Summary

The result of the study can be summarised as follows –
(1) The concept of the “Adharaniya Vega” can be considered as an unique concept 

of the Ayurvedic classics. Charaka, Susruta and Bagbhata discussed on the 
topic vividly with priority.

(2) “Adharaniya Vega”, as discussed by the 3 Ayurvedic scholars can be nicely 
justified with modern physiological concepts. The diseases (signs and 
symptoms) arising due to suppression of the natural urges, like stool, urine, 
flatus, yawning, sneezing etc. are easily justifiable considering their physiology.

(3) Suppression of the natural urges, if continued for a long duration, can make 
a person chronically ill and incurable. If the suppression is done in some 
situations only it can be treated and cured by following Ayurvedic principles.

(4) In most of the situations it is observed that, individuals habitually suppress the 
natural urges due to some demand of the situation and consult a physician at a 
state of chronicity and incurability.

(5) Non suppression of the natural urges should be considered as the key of health 
and nobody should suppress them.

(6) The knowledge of suppressible natural urges mentioned in the Ayurvedic 
classics are also have importance in personal as well as in social health as 
non suppression of them ultimately affects the social peace, harmony and 
discipline.

(7) The descriptions of signs and symptoms of suppression of non suppressible 
natural urges, their treatment and the concept of suppressible natural urges can 
be considered as unique that have scope of study, analysis and research.

Conclusion

To conclude it can be said that, every individual should get the knowledge of the 
Adharaniya and Dharaniya Vega mentioned in the Ayurvedic classics and maintain 
himself/herself disease free and also should contribute in maintenance of social 
peace, harmony and discipline.
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1. Introduction

Any metallic chemical element that is dangerous or poisonous at low concentrations 
and has a comparatively high density is referred to as a heavy metal. Mercury 
(Hg), cadmium (Cd), arsenic (As), chromium (Cr), thallium (Tl), and lead (Pb) are 
a few examples of heavy metals.
 Some heavy metals display adverse health effects on living organisms and 
ecosystems when the concentration in the environment exceeds prescribed limit. 
They bioaccumulate in the food chain and end up in wastewater, calling for advanced 
techniques of remediation. Here, we review recently developed nanomaterials 
used to remove heavy metals in wastewater, with focus on synthesis, removal 
mechanisms and kinetics. Nanomaterial-based adsorbents include zero-valent, 
carbon-based nanomaterials and nanocomposites. Nanomaterial synthesis is done 
by co-precipitation, sol–gel, spinning, chemical vapour deposition, pyrolysis and 
sputtering. Removal mechanisms include chemical precipitation, adsorption, ion 
exchange, coagulation and membrane filtration.
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2.  Reasons behind the Significant Usage of Nanomaterials  
in Adsorption

Nano materials have gained significant attention in the field of adsorption due to 
their unique properties and high surface area-to-volume ratio, which make them 
highly effective for adsorbing various substances. Adsorption is the process where 
molecules or particles adhere to the surface of a solid material. Nanostructured 
materials offer several advantages for adsorption applications such as High Surface 
Area,Tailored Properties, Rapid Adsorption Kinetics and Regeneration.
 Nano materials possess a large surface area per unit mass or volume, providing 
more active sites for adsorption compared to bulk materials. This characteristic 
enhances their adsorption capacity for gases, liquids, or contaminants. The properties 
of nano materials can be tailored or modified to optimize adsorption by adjusting 
their size, shape, surface chemistry, and pore structure. This tunability allows 
for selective adsorption of specific molecules or contaminants. Nanostructured 
materials often exhibit faster adsorption kinetics due to their smaller size and higher 
surface reactivity, leading to quicker removal of contaminants from the solution.
Some nano materials offer the possibility of regeneration and reuse, which can 
be advantageous in terms of sustainability and cost-effectiveness for adsorption 
processes.

3.  Nanotechnology that is Applied Upon the Generation  
of Nano Particles

The nanotechnology techniques could be segregated into wet, dry, and computational 
engineering. Wet nanotechnology deals with the processes taking place in aqua-
environments mostly exploiting living systems and components present in the 
cell, tissue, and organs of living organisms. Dry engineering handles synthesis 
of inorganic rigid structures and parts with the help of physicochemical methods, 
whereas computational nanotechnology concerns with the development and use of 
computer-based quantum and molecular design, modelling, and simulation of the 
behaviour or properties of systems relevant to nanotechnology.

4. Kinds of Nanomaterials

Research in nano materials for adsorption continues to evolve, focusing on 
improving adsorption efficiency, selectivity, and scalability for diverse applications 
such as wastewater treatment, environmental remediation, gas separation, and 
purification processes. Several types of nano materials are utilized for adsorption 
purposes has been discussed in the below content.
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4.1 Carbon-Based Nano-materials

Carbon nanomaterials are an extensive family of carbon allotropes, consisting 
of 0-dimensional fullerenes and quantum dots, 1-dimensional carbon nanotubes 
(CNTs), 2-dimensional graphene, and 3-dimensional nanodiamonds and nanohorns.
Graphene, carbon nanotubes (CNTs), activated carbon nanoparticles, and carbon 
nanofibers are widely used due to their high surface area and excellent adsorption 
capabilities for various pollutants, organic compounds, heavy metals, and gases.

4.2 Metal and Metal Oxide Nano-materials

Several metals oxides have been extensively investigated for lead adsorption, 
including manganese, aluminum, iron, and so on. These materials have been 
employed for heavy metal removal due to their low toxicity. Metal nanoparticles 

Fig. 1: Nanotechnology techniques

Fig. 2: Graphene
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(e.g., silver, gold, iron) and metal oxide nanoparticles (e.g., titanium dioxide, iron 
oxide) have shown promise in adsorbing contaminants, acting either as adsorbents 
themselves or as catalysts in adsorption processes.

4.3 Metal-Organic Frameworks (MOFs)

MOFs are crystalline materials composed of metal ions or clusters connected 
by organic linkers. Their tunable pore sizes and high surface areas make them 
excellent candidates for adsorption applications, including gas storage, separation, 
and pollutant removal. These are composed of metal ions or clusters linked by 
organic ligands, forming highly porous structures. MOFs exhibit tunable pore 
sizes and exceptional surface areas, ideal for selective adsorption of gases and 
molecules.

4.4 Nanocomposites

Combinations of different nano materials or nanostructured composites (e.g., 
polymer-based nanocomposites, hybrid materials) are designed to synergistically 
enhance adsorption capacities and selectivity.

4.5 Activated Carbon Nanomaterials

ACNPs are processed carbonaceous materials with uniform surface morphology, 
excellent biocompatibility, abundant pores having high surface area and chemical 
reactivity, mechanical strength and stability. Nano-sized activated carbon materials 
possess a high surface area and porosity, making them excellent for adsorbing 
gases, organic compounds, and pollutants from air and water.

4.6 Nanoporous Silica

Silica-based nanoparticles with controlled pore sizes are effective in adsorbing 
various substances, including organic pollutants and heavy metals from water.

Fig. 3: Nanocomposites
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Fig. 4: Nanocomposites

 The advantages of using nanomaterials for adsorption include their high 
efficiency, large surface area, tunable properties, and the ability to modify their 
surfaces for specific adsorption requirements. However, challenges like scalability, 
cost-effectiveness, and potential environmental impacts need consideration for 
practical applications.

5. Conclusion

Researchers are continually exploring novel nanomaterials, surface modifications, 
and fabrication techniques to enhance adsorption capacities and selectivity for 
various pollutants, making nanotechnology an exciting field in environmental 
remediation and purification processes. Adsorption using nano materials has 
shown a promising results in removing the heavy metals from the wastewater.
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ABSTRACT
Composite materials have been widely used in various applications because of its higher 
mechanical properties and wear resistance while compared to matrix. The desirable properties 
can be achieved by reinforcing particles, fibers and whiskers in aluminium alloy. However, 
the composite material fails when its subjected to loading. It is due to poor interface bonding 
between matrix and reinforcement. The bonding between matrix and reinforcement can be 
improved by suitable coating on reinforcements. Coated reinforced composites offering 
better mechanical properties and wear resistance when compared to uncoated reinforced 
composites and monolithic alloy.

Keywords: Aluminium alloy, Coating, Mechanical Properties, Wear.

1. Introduction

Many researchers have investigated the mechanical properties and wear behaviour 
coated reinforced composites and compared the results with monolithic alloy. 
The researchers reported that the formation of intermetallic compounds can be 
prevented by applying suitable coatings on reinforcement.1-3

 Ganesh et al.1 investigated the mechanical properties of AA1050 aluminium 
alloy reinforced with galvanized iron wires. 2.5 vol% of zinc coated galvanised 
iron wires with 0.8 mm diameter were reinforced in aluminium produced by 
casting process followed by hot extrusion. The results revealed that composites 
exhibited better mechanical properties over monolithic alloy. Micrographs of 
composite revealed that good interface bonding between aluminium and iron 
wires. Reinforcement of zinc coated galvanised iron wires in aluminium increased 
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the density, percentage of porosity, hardness, elastic modulus, yield strength and 
tensile strength. However, ductility and coefficient of thermal expansion decreased 
with increasing vol% of galvanized wires reinforcement.
 Ganesh et al.2 experimented AA1050 aluminium alloy reinforced with zinc 
coated galvanized iron wires preform produced by melt deposition technique 
followed by hot extrusion process. 0.8vol% of galvanized iron wires with 1.2 
mm diameter were reinforced aluminium alloy. Addition of reinforcements 
improved the mechanical properties of composites compared to monolithic alloy. 
Micrographs of composite showed good interface bonding between wires and 
reinforcement with minimal pores at the interface. Composite exhibited superior 
mechanical properties compared to matrix. However ductility and coefficient of 
thermal expansion decreased with increasing vol% of reinforcement. Fracture 
surface of matrix showed the presence of dimples resulted ductile fracture. Crack 
was initiated at the interface of matrix/reinforcement which propagated resulted 
in fracture of composites. Wire pull out, dimples and broken wires were observed 
while examined the fracture surface of composites.
 Tekmen&Cocen3 investigated the microstructure and mechanical properties 
of LM25 aluminium alloy reinforced with nickel coated silicon carbide (SiC) 
particles fabricated using squeeze casting process. 20vol% of silicon carbide with 
average particles size of 15 μm was coated using electroless technique, added to 
the melt and the composite melt was solidified under the squeeze pressure of 100 
MPa. Micrograph of composites revealed homogeneous and uniform distribution 
of particles in matrix. Porosity of composite increased with in increasing wt% of 
reinforcement and application of squeeze pressure reduced the amount of porosity 
and shrinkages. Presence of nickel as coating on reinforcement acted as protective 
layer between matrix and reinforcement and prevented the formation of Al4C3. 
Reinforcement of SiC particles in aluminium alloy significantly improved ultimate 
tensile strength, yield strength with reduction in ductility. Fracture surface of 
composites revealed fracture of silicon particles and ductile fracture was observed 
during tensile test.
 Mandal et al.4 studied the mechanical properties of copper, nickel and uncoated 
short steel fibers reinforcement in aluminium produced by stir casting process. 
Electroless deposition method was used to coat the reinforcement. 500 – 800 
μm length and 80 – 120 μm diameter of steel fibers were used as reinforcement 
and 5wt% of steel fibers were reinforced in aluminium. The results revealed 
that addition of steel fibers significantly improved the mechanical properties of 
composites compared to matrix. Density, hardness, yield strength and ultimate 
tensile strength of composite increased with reinforcement of steel fibers in 
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matrix. However, addition of steel fibers decreased the ductility and increased the 
percentage of porosity in castings. Copper coated steel fiber reinforced composites 
showed better mechanical properties over aluminium, aluminium reinforced 
with nickel and uncoated steel fibers. Fracture surface of matrix showed dimple 
formation resulted in ductile fracture and fiber pull out with dimples were observed 
in composites. Copper coated steel fiber reinforced composite showed dimples on 
the surface and coalesced rather than fiber pull out. This was attributed to the better 
interface bonding between matrix and reinforcement.
 Mandal et al.5 studied the effect of uncoated, copper and nickel coated short 
steel fibers reinforcement in aluminium processed using stir casting process. 
Short steel fibers of 120 μm in diameter and 350–550 μm in length were coated 
using electroless technique and 5wt% of fibers were reinforced in aluminium. 
Dry sliding wear test was carried out by varying load range from 10 – 40 N with 
sliding velocity of 1.8 m/s for a constant sliding distance of 2000 m. Addition of 
steel fibers significantly improved the hardness, tensile strength, yield strength and 
wear rate of composites. Copper coated steel fiber reinforced composites exhibited 
maximum hardness, tensile strength and yield strength compared to uncoated 
and nickel coated short steel fiber composites. However ductility of composites 
decreased by the addition of reinforcement in matrix. Micrographs of copper 
coated steel fiber reinforced composites showed good interface bonding between 
matrix and reinforcement. Cumulative volume loss of matrix and composites 
increased with increasing load and sliding distance and decreased with addition of 
fibers in matrix. Copper coated steel fiber reinforced composites exhibited better 
wear resistance over uncoated and nickel coated steel fiber reinforced composites. 
Wear rate and coefficient of friction decreased with increasing sliding distance and 
reinforcement of fibers. However, wear rate and coefficient of friction increased 
with increasing load. A regression equation was developed to predict the wear 
rate of composites. Delamination was predominant and long continuous grooves 
were observed in matrix. Worn surface of composites showed fine grooves due 
to ploughing rather than delamination. Worn surface of copper coated steel fiber 
reinforced composites showed fine grooves on the surface parallel to the sliding 
direction and width of the grooves were minimum in size compared to uncoated 
and nickel coated fiber reinforced composites.
 Mandal et al.6 discussed the effect of copper and nickel coating on short steel 
fibers reinforcement in aluminium – magnesium alloy (Al - Mg) processed through 
stir casting process. 5wt% steel fibers of 85 - 120 μm diameter and 550 - 850 
μm length were coated using electroless plating technique, added to the melt and 
stirred at 500 – 750 rpm. 2wt% of magnesium was added which improved the 
wettability of fibers in matrix. The results revealed that reinforcement of steel 
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fibers improved the mechanical properties of composites compared to Al – Mg 
alloy. Microstructure of composite showed uniform distribution of fibers and better 
interface bonding was achieved using copper coating on reinforcements. Hardness, 
density, percentage of porosity, yield strength and ultimate tensile strength of 
composite increased by the addition of 5 wt% of reinforcement in matrix. Ductility 
of composite decreased with reinforcement of hard steel fibers in matrix. Copper 
coated steel fiber reinforced composite exhibited superior mechanical properties 
compared to uncoated and nickel coated steel fiber reinforced composites. Fracture 
surface of matrix showed dimples on the surface and fiber pull out was observed 
in uncoated and nickel coated steel fiber reinforced composites. Fracture surface 
of copper coated steel fiber composite revealed dimple formation with coalesced 
rather than fiber pull out.
 Mandal et al.7 investigated the effect of copper coated steel fibers reinforcement 
in aluminium fabricated using stir casting process. Short steel fibers of 120 μm 
diameter and 450 – 550 lm length were coated using electroless process and wt% 
of reinforcement varied from 0 to 10. Dry sliding wear test was performed by 
considering load varied from 10 to 40N, with constant velocity of 1.85 m/s for 
a sliding distance of 2000 m. The results revealed that reinforcement of copper 
coated steel fibers significantly improved the mechanical and wear properties of 
composites compared to monolithic aluminium. Presence of copper as coating 
improved the wetting behaviour resulted better interface bonding between matrix 
and reinforcement. Micrographs of composites showed better distribution of fibers 
in matrix. Density, percentage of porosity and hardness of composites increased 
with increasing wt% of copper coated steel fibers in matrix. Tensile strength of 
composite increased with increasing weight fraction of reinforcement up to 5% 
and further addition of reinforcement decreased the tensile strength. 10wt% of 
composite decreased the wear rate up to 40% while compared to matrix. Cumulative 
volume loss decreased with increasing wt% of reinforcement and increased with 
increasing sliding distance and load. Wear rate and coefficient of friction decreased 
with increasing sliding distance and wt% of reinforcement. Regression equation 
was developed to predict the wear rate of composites. Worn surface of matrix 
showed extensive long continuous parallel to the sliding direction. Smooth and 
fine grooves were observed for composites at lower loads and extensive surface 
ploughing, local delamination were observed at higher loads. Adhesive wear was 
observed for monolithic aluminium and composite with 5wt% reinforcement. 
However abrasive wear was observed for 10wt% reinforced composites.
 Mandal et al.8 discussed the effect of coating on short steel fiber reinforcement 
in aluminium – magnesium alloy (Al – Mg) processed using stir casting. Steel fibers 
of 550 – 850 μm average length and 85 -120 μm average diameter were used as 

481



90 Technological Developments in Engineering, Management, Arts and Science

reinforcement. Copper and nickel coating on fibers was carried out using electroless 
plating method. 5wt% of steel fibers were added to the melt and stirred at 500 - 750 
rpm while processing composites. Wear test was performed by varying load such as 
10, 20, 30 and 40 N with 1.85 m/s velocity and a constant sliding distance of 2000 
m. The results revealed that reinforcement of steel fibers significantly improved the 
wear resistance of composites compared to monolithic aluminium. Microstructure 
of copper coated composites showed uniform distribution of fibers throughout the 
matrix and better interface bonding was achieved using copper coating on fibers. 
Dry sliding wear test results revealed that wear rate of composites decreased 
with increasing sliding distance and load. Coefficient of friction increased with 
increasing load and decreased with increasing sliding distance. Delamination was 
predominant in matrix and fine grooves were observed in composites. Width of 
the grooves and size of dimples were increased with increasing load from 10 to 40 
N. Composite showed extensive surface ploughing with local delamination while 
examined the worn surface at 40 N load. Copper coated steel fiber reinforced 
composites exhibited superior wear resistance over aluminium alloy, uncoated and 
nickel coated steel fiber reinforced composites.
 Mandal et al.9 investigated the effect of copper and nickel coating on short steel 
fiber reinforcement in aluminium and Al – Mg alloy fabricated using stir casting 
process. 5wt% steel fibers of 550 - 850 μm in length and average diameter of 80 - 
120 μm were coated using electroless technique. Micrograph of composite showed 
uniform distribution of fibers throughout the matrix and good interface bonding 
was achieved using copper coating on reinforcements. Addition of magnesium 
improved the wettability resulted homogeneous distribution of fibers in matrix. 
Copper coating on steel fiber reinforced composites exhibited better hardness over 
nickel coated and uncoated steel fiber reinforced composites. Maximum hardness 
was observed at the top and bottom of the cast sample due to the segregation of 
fibers in matrix.
 Mandal et al.10 discussed the effect of wt% reinforcement of copper coated steel 
fibers in aluminium – magnesium alloy (Al – Mg) fabricated using liquid process 
vortex method. Steel fibers of 80 – 120 μm diameter and 500 – 800 μm length were 
copper coated using electroless deposition method, added to the melt and stirred at 
500 – 750 rpm while processing composites. Wt% steel fibers varied from 0 – 10 
and 2wt% magnesium was added which promoted the wetting of fibers in matrix. 
The results revealed that reinforcement of steel fibers significantly improved the 
mechanical properties of composites compared to matrix. Density, hardness and 
percentage of porosity increased with increasing wt% of reinforcement. Yield 
strength, ultimate tensile strength of composites increased with increasing wt% 
of reinforcement up to 5wt%. Further addition of steel fibers decreased the tensile 
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strength of composites. Maximum tensile strength of 162 MPa was observed for 
5wt% copper coated steel fiber reinforced composites. Ductility of composites 
decreased with increasing wt% of reinforcement. Regression equation was 
developed to predict the ultimate tensile strength of composites. Fracture surface 
of matrix showed dimples on the surface which resulted ductile fracture. Fiber 
pull out was observed in composites and it increased with increasing wt% of 
reinforcement.
 Mandal et al.11 investigated the dry sliding wear behaviour of copper coated 
steel fibers reinforcement in aluminium – magnesium alloy (Al – Mg) fabricated 
using stir casting process. Wt% of reinforcement varied from 0 – 10 and the steel 
fibers were coated using electroless deposition method. Steel fibers of 550–850 
μm average length and 85–120 μm average diameters were reinforced in Al – Mg 
alloy. Wear test was conducted at room temperature by varying load (10 – 40 N) 
with constant velocity of 1.85 m/s and a sliding distance of 2000 m. Microstructure 
of samples showed uniform distribution of fibers in matrix and better interface 
bonding between matrix/reinforcement. The results revealed that reinforcement 
of copper coated steel fibers improved the wear resistance of composites when 
compared to matrix. Cumulative weight loss increased with increasing sliding 
distance and load and decreased with increasing wt% of reinforcement. Wear 
rate and coefficient of friction decreased with increasing sliding distance and 
wt% of reinforcement. A regression equation was developed to predict the wear 
rate of composites. Microscopic examination of wear debris revealed that size of 
wear debris decreased with increasing wt% of reinforcement and increased with 
increasing load. Worn surface of matrix showed long continuous grooves parallel 
to the sliding direction and local delamination was observed. Smooth and fine 
grooves were observed for composites and width of the grooves increased with 
increasing load.
 Hajjari et al.12 investigated the effect of nickel coating on carbon fibers 
reinforcement in 2024 aluminium alloy fabricated using squeeze casting. Carbon 
fibers of 5.7 μm in diameter coated with nickel using electroless method. 40vol% 
of carbon fiber infiltrated in aluminium and squeeze pressure varied from 30 – 70 
MPa while producing composites. Micrographs of uncoated carbon fiber reinforced 
composite showed incomplete filtration and nickel coated carbon fiber reinforced 
composite showed better interface bonding between aluminium and carbon fiber. 
Nickel coating on fibers improved the wettability of carbon fiber with aluminium 
and offered better interface bonding between fiber and matrix. Squeeze pressure 
of 30 – 50 MPa was found as optimum squeeze pressure for the reinforcement of 
nickel coated and uncoated carbon fiber reinforced composites.
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 Urena et al.13 investigated the dry sliding wear behaviour of AA 6061 aluminium 
alloy reinforced with silica coated silicon carbide (SiC) particles and copper/
nickel coated carbon fibers produced by stir casting process. SiC with average 
particle size of 26 μm was coated using sol – gel technique and carbon fibers 
with average diameter of 7.2 μm were coated by electroless process. Composite 
was produced by considering 20wt% of SiC and 2wt% of carbon fibers. Metallic 
coating on fibers improved the wetting behaviour while processing, dissolved in 
aluminium and prevented the formation of intermetallic compounds. Micrograph 
of composites showed uniform distribution of reinforcement throughout the matrix. 
Reinforcement of SiC particles and C fibers in aluminium improved the hardness 
and wear resistance of composites compared to monolithic aluminium alloy. 
Copper coated carbon fiber reinforced composites exhibited superior hardness 
and wear resistance over nickel coated carbon reinforced composites. Al – SiC 
- C reinforced composite resulted better wear resistance over Al - SiC reinforced 
composites due to the reinforcement of secondary reinforcement as carbon fibers 
in aluminium.
 Hajjari et al.14 discussed the effect of nickel coating on carbon fiber 
reinforcement in 2024 aluminium alloy fabricated using squeeze casting process. 
Carbon fibers with average diameter of 5.7 μm were coated using electroless 
method. Squeeze pressure varied from 30 to 70 MPa and 20wt% of fiber was 
reinforced in aluminium alloy. The results revealed that addition of carbon fibers 
improved the tensile strength of composites while compared to 2024 aluminium 
alloy. Nickel coating on fibers protected the fiber against reaction with aluminium 
and improved the wettability while processing the composites. Micrograph of 
composite confirmed better interface bonding between carbon fibers and aluminium 
alloy due to the presence of nickel as coating on fibers. Application of high squeeze 
pressure separated the nickel coating and damaged the distribution of fibers in 
matrix which decreased the tensile strength of composites. Maximum tensile 
strength was observed for the composite fabricated with squeeze pressure of 30 
MPa. Fracture surface of composite showed fiber pull out and cracks were initiated 
at the interface of aluminium and carbon fibers resulted failure of composite.
 Ivanus15 reported the effect of copper coating on silicon carbide (SiC) particles 
reinforced in copper alloy fabricated using powder metallurgy technique. SiC 
particles with average diameter of 20 μm were copper coated using electroless 
plating technique and vol% of reinforcement varied from 5 – 20. The results 
revealed that addition of silicon carbide particles improved the mechanical 
properties and wear resistance of composites compared to monolithic copper 
alloy. Copper coating on reinforcement resulted better interface bonding between 
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matrix and reinforcement. Hardness and tensile strength of composites increased 
with increasing volume fraction of reinforcement up to 10%. Further addition of 
reinforcement reduced the mechanical properties of composites. Copper coated 
SiC reinforced composites exhibited superior mechanical and wear resistance over 
uncoated SiC reinforced composite and matrix.
 Urena et al.16 discussed the effect of copper coating on short carbon fibers 
reinforcement in AA 6061 aluminium alloy produced using liquid and semi liquid 
processing techniques. Carbon fibers with average diameter of 7.28 μm were 
coated using electroless coating technique and 3vol% of fibers was reinforced 
in aluminium alloy. The results showed that copper coating on fibers prevented 
the formation of intermetallic compound between aluminium and carbon fibers. 
Microstructure of castings showed uniform dispersion of carbon fibers throughout 
the matrix and wettability promoted better interface bonding between matrix and 
reinforcement. Hardness of composites increased with addition of carbon fibers 
and copper coated carbon fiber reinforced composites exhibited superior hardness 
over uncoated carbon fiber reinforced composites and monolithic aluminium alloy.
 Singh &Balasubramanian17 investigated the reinforcement of copper coated 
carbon fibers in 6061 aluminium alloy processed through stir casting process. 
Carbon fibers of 4 - 8 mm length and 6 μm in diameter were coated using electroless 
technique. Wt% of reinforcement varied from 1 to 6 and reinforced with aluminium 
alloy in a semi-solid state while processing the composites. Microstructure of 
composites showed uniform distribution of fibers throughout the matrix and better 
interface bonding between matrix/reinforcements with micro porosities in castings. 
Reinforcement of carbon fibers improved the mechanical properties of composites 
compared to monolithic aluminium alloy. Hardness of composites increased with 
increasing wt% of reinforcement and maximum hardness was observed at 1wt% of 
carbon fiber reinforced composites. Ultimate tensile strength and yield strength of 
composites increased with increasing wt% of fibers up to 4wt%. Further addition of 
fibers reduced the tensile strength due to the presence of more amounts of voids at 
the interface of carbon fiber and aluminium alloy. However ductility of composites 
decreased with increasing wt% of reinforcement in matrix.
 Ramesh et al.18 reported the mechanical properties of Ni - P coated silicon 
nitride (Si3N4) particles reinforcement in 6061 aluminium alloy fabricated using 
stir casting process. Si3N4 particles with average diameter of 2 – 10 μm were 
coated using electroless technique and wt% of reinforcement varied from 0 – 10. 
Microstructure of composites showed uniform dispersion of particles throughout 
the matrix. Ni - P coating on reinforcement improved wettability resulted better 
interface bonding between matrix and reinforcement. Addition of reinforcements 
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improved the mechanical properties of composites compared to monolithic 
aluminium alloy. Hardness and tensile strength of composites increased with 
increasing wt% of reinforcement and maximum hardness and tensile strength were 
observed for 10wt% silicon nitride particles reinforced composites. Fracture surface 
of matrix showed dimples on the surface resulted ductile fracture during tensile 
test. In contrast, cracks were initiated at the interface of matrix/reinforcement, 
deboned particles from matrix and fracture of reinforcement phase were observed 
in composites.
 Tang et al.19 discussed the effect of various coatings on carbon fiber reinforced 
6061 aluminium composites processed by vacuum pressure infiltration method. Ni 
and Cu coatings were carried out using electroless method. Sol – gel method was 
used to coat Al2O3 on fibers. 10wt% of carbon fiber with average diameter of 7 
μm, 2 - 3 mm length was reinforced in aluminium alloy. A pressure of 7 MPa was 
applied while processing the composites. Coating on fibers improved the wetting 
of fibers in matrix during processing and copper coating on reinforcement offered 
better interface bonding between fiber and matrix. Reinforcement of carbon fibers 
in matrix increased the hardness and tensile strength of composites with reduction 
in ductility. Copper coating on fiber reinforced composites exhibited better 
hardness compared to Ni, Al2O3 and uncoated fiber reinforced composites. Al2O3 
coated fiber reinforced composites resulted superior tensile strength compared to 
other coated fiber reinforced composites and uncoated fiber reinforced composites.
 Xia et al.20 investigated the mechanical and wear properties of copper coated 
carbon fiber reinforced copper matrix composites fabricated using hot pressing 
technique. Carbon fibers of 6 μm diameter and 4 – 8 mm length were coated using 
electroless plating technique. Vol% of carbon fiber was varied from 0 – 20 and 
sintered at a pressure of 100 MPa. Micrographs of composites showed better 
interface bonding between matrix and reinforcement and copper coating was 
uniform and continuous throughout the length of fiber. Addition of reinforcement 
improved the mechanical properties and wear resistance of composites when 
compared to matrix. Density, hardness, bending strength of composites increased 
with increasing wt% of reinforcement and 15vol% of reinforcement offered 
better mechanical properties compared to other vol% of reinforcement. Friction 
coefficient decreased by the reinforcement of carbon fibers in matrix. Wear rate 
of composites decreased with increasing wt% of reinforcement and 10wt% of 
reinforcement exhibited lower wear rate. Worn surface of matrix showed excessive 
plastic deformation and adhesive wear was predominant. Adhesive with oxidative 
wear was predominant in composites and worn surface showed mild grooves 
compared to matrix.
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 Ning et al.21 discussed the effect of nickel coating on titanium carbide (TiC) 
reinforced stellite 712 composites processed using sintering with hot iso-static 
pressing. TiC with average particle size of 10 μm was reinforced in stellite and wt% 
of reinforcement varied from 20 – 50. Microstructure of coated TiC composites 
showed better interface bonding between matrix and reinforcement. Reinforcement 
of TiC particles improved the wear resistance of composites compared to matrix. 
Nickel coated titanium carbide particles improved the ductility and fracture 
toughness of composites.
 Pourhosseini et al.22 investigated the effect of coatings on mechanical properties 
of Al – Al2O3 composites fabricated using stir casting process. Alumina particles 
were coated using electroless technique and the effect of Cu, Ni and Co coating 
were investigated by varying wt% of reinforcement as 1 - 10. Microstructure of 
composites showed better interface bonding between matrix and reinforcement 
due to the wetting of coated reinforcements in molten aluminium. Also uniform 
dispersion of particle was achieved throughout the matrix. The results revealed 
that addition of alumina particles in matrix improved the mechanical properties of 
composites compared to monolithic aluminium alloy. Hardness, tensile strength, 
yield strength and compressive strength of composites increased with increasing 
wt% of reinforcement with reduction in percentage of elongation. Nickel coated 
alumina particle reinforced composites exhibited superior mechanical properties 
over other coated particle reinforced composites and matrix.
 Chelladurai et al investigated the mechanical properties and wear behaviour 
of steel fibers, wires and mesh reinforced aluminium based composites using 
liquid metallurgy route. Copper and zinc coating on reinforcements offered better 
interface bonding between matrix and reinforcement.23-31 The results reveal that 
coated reinforced composites exhibited better mechanical properties and wear 
resistance while compared to monolithic alloy.

2. Conclusion

Coating on reinforcements improves the interface bonding between matrix and 
reinforcement and prevents the formation of intermetallic compounds. Electroless 
method is cheap and cost effective process to produce coating on reinforcements. 
Good interface bonding between matrix and reinforcement increased the hardness, 
tensile strength and wear resistance of composites. Hence the coated reinforced 
composites can be used in various automotive and aerospace applications.
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1.1 Introduction

The Conventional energy sources such as oil, natural gas, coal and nuclear are finite 
and generate pollution. In recent years, renewable sources such as solar, wave and 
wind are used for the generation of electricity. Wind is one of the major renewable 
sources.1 The amount of energy from a WECS (Wind Energy Conversion System) 
depends not only on the wind at the site, but also on the control strategy used 
for the WECS. In order to achieve optimum wind energy extraction from the 
WECS, the wind turbine generator (WTG) is operated in variable speed mode. 
The variable speed capability is achieved through the use of an advanced power 
electronic converters.8

1.2 Generation of Electricity from Wind Energy

Wind power is converted into electricity by a wind turbine. In a typical, modern, 
large-scale wind turbine, the kinetic energy in the wind (the energy of moving air 
molecules) is converted to rotational motion by the rotor – typically a three-bladed 
assembly at the front of the wind turbine. The rotor rotates a shaft which transfers 
the motion into the nacelle (the large housing at the top of a wind turbine tower).
Inside the nacelle, the slowly rotating shaft enters a gearbox that greatly increases 
the rotational shaft speed. The output (high-speed) shaft is connected to a generator 
that converts the rotational movement into electricity at medium electrical energy 
(a few hundred volts).12 The Power flows through heavy electric cables inside the 
tower to a transformer, which steps up the voltage to the distribution voltage level 
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(a few thousand volts). The basic components of a wind electric system proposed 
in this project are as shown in Figure 1.2. Wind Turbine converts wind energy 
in to rotary mechanical energy. A mechanical interface consists of step up gear 
and a suitable coupling transmitter, which is connected between wind turbine and 
Permanent Magnet Synchronous Generator (PMSG). The variable AC voltage 
from the generator is first converted into DC using an uncontrolled diode bridge 
rectifier. The voltage across the rectifier terminal is regulated by controlling the 
duty ratio of DC/DC converter. The available DC power is fed to the load at the 
required level of voltage and frequency by PWM inverter.6

Fig. 1: Basic components of wind electric system

 Most of the wind turbine generators use Horizontal axis wind turbine due to 
the advantages of ease in design and cost effective for higher power ratings. The 
principal components of a modern wind power plant are the tower, the rotor and 
the nacelle.
 The entire nacelle assembly is placed over the tower through a yaw assembly. 
Anemometer on the nacelle top is used to measure the wind speed and transmits 
wind speed data to the controller. The wind vane, which is also located on the top 
of the nacelle senses the wind direction and communicate with the yaw drive to 
orient the turbine properly with respect to the wind. Yaw motor powers the yaw 
drive. The control signal from the controller releases the yaw brakes and the entire 
nacelle assembly is oriented towards the maximum wind direction.12

1.2.1 Power Obtained from the Wind

Wind is merely air in motion. The air has mass, though its density is low. When 
this mass has velocity the resulting wind has kinetic energy, which is proportional 
to the product of mass and square of the velocity.5

 The mass of air passing in unit time is the product of air density (ρ), area swept 
by the blades (A) and velocity of Wind (V).
 The kinetic energy pass through the area K.E = ρAV3

 …(1.1)
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1.2.2 Simple Momentum Theory

The retardation of wind passing through a windmill occurs in stages, one before 
and one after its passage through the windmill rotor. The momentum depends on 
differences between upwind (V1) and downwind (V2).

12

 The rate of change of momentum = m (V1 – V2) …(1.2)
 The power absorbed = m (V1 – V2) V  …(1.3)
 The rate of change of kinetic energy in wind = (1/2) m (V1

2 – V2
2) …(1.4)

 From the equations (1.2) and (1.4)
  m (V1 – V2) V = (1/2) m (V1

2 – V2
2) …(1.5)

 Thus the retardation of the wind V1 – V before the rotor is equal to retardation 
V – V2 behind it.
 The power extended by the wind rotor is
  P = ρ AV (V1 – V2) V
  = ρ AV2 (V1 – V2)

Fig. 2: Horizontal axis wind turbine

493



102 Technological Developments in Engineering, Management, Arts and Science

   = ρ A (V1 + V2/2)2 (V1 – V2)
   = ρ A V1

3[(1 + α)(1 – α2)] …(1.6)
 Where the angle α= (V1/V2)
 It can be shown that the power as given in equation (1.6) is maximum when  
α = 1/3 and therefore the final wind velocity V2 is one third of the upwind velocity 
V1. The maximum power thus obtained becomes ρAV1

3 (8/27). An ideal wind 
turbine could therefore extract 59.3% of the power in the wind.
 The simple momentum theory assumes that the air velocity is uniform over 
the area swept by the blades. The fraction of power extracted is known as power-
coefficient (Cp).

1.2.3 Uncontrolled Bridge Rectifier

Rectifiers can be classified as uncontrolled and controlled rectifiers, and the 
controlled rectifiers can be further divided into semi-controlled and fully-controlled 
rectifiers. Uncontrolled rectifier circuits are built with diodes, and fully-controlled 
rectifier circuits are built with SCRs. Both diodes and SCRs are used in semi-
controlled rectifier circuits.11 Power rating of a single-phase rectifier tends to be 
lower than 10 kW. Three-phase bridge rectifiers are used for delivering higher 
power output, up to 500 kW at 500 V dc or even more.

Fig. 3: Three phase uncontrolled bridge rectifier

 In each region there are two diodes that are conducting at the same time. 
One diode provides the path for the current toward the load resistor and other 
establishes the return path. Diodes 1, 2, and 3 provide the forward path while 4, 5, 
and 6 provide the return path. Each diode conducts during two conduction regions. 
Each voltage source carries a current for the 4 conduction regions.
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Fig. 4: Output voltage waveform for three phase uncontrolled bridge rectifier

1.2.3.1 Theoretical Analysis11

When 60 120wt≤ ≤ , Vab supplies power to Load via 1 and 5

 Average output voltage Vdc = 
120

60

6
sin

2
Vm wtdwt

π ∫  …(1.9)

 Upon integration, the above equation yields,

   Vdc = 3 Vm
π

 …(1.10)

 Average load current Idc = 
L

Vdc
R

 …(1.11)

 The rms output voltage Vrms= ( )
120

2

60

6
sin

2
Vm wt dwt

π ∫  …(1.12)

 When integrated the above equation, it yields
 Rms output voltage across load Vrms = 0.955 Vm …(1.13)

 Rms value of load current Irms = rms

L

V
R

 …(1.14)

1.2.4 Step Up Chopper

The conversion of fixed DC voltage to an adjustable DC output voltage, through 
the use of semiconductor devices, can be carried out by the use of DC – DC 
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converters or chopper circuits. As stated above, a chopper is DC equivalent to 
an AC transformer having continuously variable turns ratio. In Wind Electric 
Conversion Systems, step up chopper is used to boost up the voltage from the 
three phase diode bridge rectifier. During this Ton time period inductor stores 
energy. When the chopper switch S is off, as the inductor current can not die down 
instantaneously, this current is forced to flow through the diode and load for a time 
Toff.

 (a) (b)

Fig. 5: (a) Step up chopper, (b) Current waveform

 As the current tends to decrease, polarity of the emf induced in L is reversed. 
As a result, voltage across the load given by Vo + L (di/dt), exceeds the source 
voltage Vs. In this manner, the circuit acts as a step up chopper and the energy 
stored in the inductor L is released to the load.11 When the switch S is on, current 
through the load would increase from I1 to I2 as shown in Figure 5 (b). When 
Switch S is off, current would fall from I2 to I1. With S on, source voltage applied 
to L i.e., VL = Vs. When S is off, VL = Vo –Vs.

 Energy input to inductor from the source during the period Ton is
   Win = (voltage across L)(average current through L) Ton

    = 1 2

2s on

I I
V T

+ 
 
 

 …(1.15)

 During the time Toff, when S is off, thee energy released by inductor to the load 
is
   Woff = (voltage across L)(average current through L) Toff

   = 1 2( )
2O S off

I I
V V T

+ −  
 

 …(1.16)

 Considering the system to be lossless, these two energies given by equations 
(1.15) and (1.16)

   1 2

2s on

I I
V T

+ 
 
 

= 1 2( )
2O S off

I I
V V T

+ −  
 

 …(1.17)
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   1
1O S S

on

T
V V V

T T d
   = =   − −  

 …(1.18)

 It can be concluded from equation (1.18) that the average voltage value across 
the load can be stepped up by varying the duty cycle (d). If switch is S is always off, 
d=0 and Vo=Vs. If the switch S is always on, d=1 and Vo=∞ (infinity). In practice, 
switch S is turned on and off so that d is variable and the required step up average 
output voltage, more than source voltage is obtained.11

1.2.5 PWM Inverter

The converter that converts or inverts a DC voltage to an alternating voltage is 
called an inverter. For providing an adjustable – frequency power to industrial 
applications, three – phase inverters are more common than single – phase 
inverters. Three phase inverters, like single phase inverters, take their input DC 
voltage from a battery or more usually from a rectifier. A basic three phase inverter 
is a six step bridge inverter14 and it uses a minimum of six semiconductor switches.

Fig. 6: Three phase bridge inverter

 In inverter terminology, a step is defined as a change in the firing from one 
switch to the next switch in proper sequence. For one cycle of 360º, each step 
would be of 60º interval for a six step inverter. This means that switches would be 
biased at regular intervals of 60º in proper sequence so that three phase AC voltage 
is synthesized at the output terminals of a six step inverter. In many industrial 
applications, control of the output voltage of inverters is often necessary 1. to 
cope with the variations of DC input voltage, 2. to regulate voltage of inverters 
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and 3. to satisfy the constant voltage and frequency control requirement. There are 
various techniques to vary the inverter output voltage. The most efficient method 
of controlling the output voltage and gain is to incorporate PWM control within the 
inverters. If δm is the width of mth pulse and b is the number of pulse, then the rms 
output voltage can be found by11

    
1

2 2

1

b
m

ac in
m

V V
=

δ 
=  π 

∑  …(1.19)

 This type of modulation eliminates all harmonics less than or equal to 2b-1.For 
b=5, the Lower Order Harmonic is ninth.

1.3  Mathematical Modelling and Analysis of Wind Electric 
System

The model contains the following subsystem.
1. Wind turbine model
2. Permanent Magnet synchronous generator model
3. Power Converters model

1.4 Wind Turbine Model5

The power captured by the wind turbine is P = 3 21
2 pR V Cπρ  …(1.20)

 The power coefficient Cp is a nonlinear function of wind velocity and blade 
pitch angle and is highly dependent on the constructive characteristics of the 
turbine. It is represented as a function of tip speed ratio λ

    tR
V
ω

λ =  …(1.21)

 It is important to remark the aerodynamic efficiency is maximum at an optimum 
tip speed ratio. The turbine torque is obtained by dividing turbine power by turbine 
speed.

    
( ) ( )2 31

,
2t t tT V R C Vω = πρ λ

 …(1.23)
 Where Ct (λ) is the torque co-efficient of the turbine and is given by

    ( ) ( )p
t

C
C

λ
λ =

λ  …(1.24)
 The power co efficient Cp is given by

    ( ) ( ) 1

16.5

1

116
0.4 5 0.5pC e

−
λ 

λ = − β − 
λ 

 …(1.25)
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where 

( )

1

3

1

1 0.035
0.089 1

λ =
 

−  λ + β β + 

 …(1.26)

1.5 Mathematical Equations7

A simple method for modeling the wind turbine is shown in Figure 7. The mass of 
the shaft as seen from the generator is very small and it is neglected. The inertia 
of the turbine gives a negative contribution to the when generator is in generating 
mode. The model of the wind turbine is described by the following differential 
equations

 

( )

( ) ( )

( )

1
,

, cos ,

1
cos ,

t
t t S

t

S S S
S t g t t S g g S

t g

g
g g S

g

d
T V T

dt J
dT B B

K T V T T T
dt J J

d
T T

dt J

ω
 = ω − 

    = ω −ω + ω − + α ω −    

ω
 = α ω − 

 …(1.27)
 The generator torque in terms of rotor reference frame variables is given as

   ( )3
2 2g d q q d m q

P
T i i L L i = − + λ   …(1.28)

Fig. 7: Generator and turbine torque interaction

1.6 Analysis of Overall Wind Electric System

Analysis of Horizontal axis wind turbine driven PMSG is done by coupling Wind 
Turbine model, PMSG model and Power Converters model. Analysis is carried out 
for various wind velocities. Output voltage with constant amplitude and frequency 
is obtained with the help of Power Converters for irrespective of wind velocities. 
Figure 8 shows the overall Simulation model of Wind Electric System. This model 
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is simulated for various wind velocities and analysis is done. The simulation results 
are shown in Figures 9 to 16.15

Fig. 8: Simulation model of wind electric system

Fig. 9: Wind turbine speed curve for the wind velocity of 10 m/s

 Depending upon the wind velocity wind turbine speed is varied.

Fig. 10: PMSG output voltage curve for the wind velocity of 10 m/s
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 Figure 10 shows the PMSG output voltage curve for the wind velocity of 10 
m/s. PMSG output voltage is increased with the increase in wind turbine speed.

Fig. 11: Rectifier output voltage for the wind velocity of 10 m/s

 Theoretical Value of Rectifier output voltage for input voltage of 78.3 V
   Vdc= 129.5volts
 Simulation result Vdc = 129.1 volts
 From the simulation result, it can be concluded that the simulation result is 
nearer to the theoretical value.

Fig. 12: Step up chopper output DC voltage curve for the wind velocity of 10 m/s
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 Figure 12 shows the Step up chopper output voltage for the wind velocity of 
10 m/s. Theoretical value of step up chopper for the input voltage of 129.1 V, Vo 
=586.8 V with duty ratio of 0.78. From the simulation results shows that the output 
voltage of the chopper is stepped up depending upon the duty ratio of the chopper 
circuit.

Fig. 13a: PWM pulse generation for Phase A leg in three phase inverter

Fig. 13b: PWM pulse generation for Phase B leg in three phase inverter
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Fig. 13c: PWM pulse generation for Phase C leg in three phase inverter

Fig. 14: SPWM inverter output voltage for the wind velocity of 10 m/s

 The above simulation results for SPWM inverter shows that the output voltage 
frequency depends upon the frequency of the reference waveform and the width 
of the pulses can be varied by varying the modulation index (ratio of amplitude 
of reference voltage and carrier voltage amplitude) of the Sinusoidal Pulse Width 
Modulation technique. Due to which the average output voltage can be varied.
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Fig. 15: Sinusoidal output voltage of SPWM inverter for the wind velocity of 10 m/s

Fig. 16: Load current waveform for a resistive load of 580 ohms (loaded at t = 0.2 sec)

 Figure 15 shows the sinusoidal output voltage waveform from the Sinusoidal 
pulse width modulated inverter.
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Fig. 17: Turbine speed PMSG output voltage frequency characteristics 
of wind electric system

Table 1: Details of duty ratio for different wind speed
Wind Speed 
(rad/Sec)

PMSG output 
voltage (Volts)

Rectifier 
Output voltage 
(Volts)

Duty ratio 
for chopper

Chopper 
Output 
voltage (volts)

Inverter 
output voltage 
(peak) (volts)

5 38.9 64.13 0.89 586.5 586.5
6 46.8 77.14 0.86 586.2 586.2
8 62.6 103.2 0.82 586.1 586.1
10 78.3 129.2 0.78 587 587
11 86.2 142.1 0.75 584.6 584.6
12 94.0 155.2 0.74 587.1 587.1
14 109.9 181.2 0.69 586.4 586.4
15 117.5 194.2 0.67 586.2 586.2

 The analysis of Wind Electric shows that the frequency, amplitude of the PMSG 
output voltage increases with increase in wind turbine speed or wind velocity. 
Constant output voltage with constant frequency can be obtained from the power 
converters which are coupled with Permanent Magnet Synchronous generator. 
Depending upon the wind speed, duty ratio of the step up chopper can be varied to 
get the boost up voltage with constant magnitude.

Conclusion

The Horizontal axis wind turbine driven Permanent Magnet Synchronous 
Generator is modeled using MATLAB/SIMULINK tool and is also analyzed for 
various wind velocities. As the speed increases, both frequency and amplitude 
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of the output voltage from the Permanent magnet synchronous generator also 
increases. In order to obtain the constant output voltage with constant frequency 
the PMSG is coupled with the Power converters. An uncontrolled rectifier rectifies 
the output voltage of PMSG and rectified output is given to the Step up chopper 
in order to boost up the voltage. Step up chopper produces constant DC voltage 
irrespective of wind velocities. The constant DC voltage from the Step up chopper 
is given to the input of Sinusoidal Pulse Width Modulated (SPWM) inverter to 
obtain an AC output voltage of constant amplitude with constant frequency. There 
by Constant output voltage with constant frequency is obtained from the proposed 
Wind Electric System.

References
 1. Ester Hamatwi,1 Innocent E. Davidson,2 and Michael N. Gitau, ‘Rotor Speed Control 

of a Direct-Driven Permanent Magnet Synchronous Generator-Based Wind Turbine 
Using Phase-Lag Compensators to Optimize Wind Power Extraction’, Journal of 
Control Science and Engineering Volume 2017, Article ID 6375680.

 2. R. A. Gupta, Bhim Singh and Bharat Bhushan Jain, ‘Wind energy conversion 
system using PMSG’, International Conference on Recent Developments in Control, 
Automation and Power Engineering 2015.

 3. Chia-Nan Wang, Wen-Chang Lin and Khoa Xuan Le, ‘Modelling of a PMSG Wind 
Turbine with Autonomous Control’, Hindawi Publishing Corporation Mathematical 
Problems in Engineering Volume 2014, Article ID 856173, 9 pages.

 4. A.B. Dehkordi, A.M.Gole and T.L.Maguire, “Permanent Magnet Synchronous 
Machine model for real Time Simulation”, International Conference on Power 
Systems Transients (IPST05),June 2005.

 5. Kelvin Tan, Syed Islam, “Optimum Control Strategies in Energy Conversion of 
PMSG wind turbine System without Mechanical Sensors”, IEEE Transactions on 
Energy Conversion, Vol 19 No.2 June 2004.

 6. M.Krcum, A.Gudelj and Z.Juric, “Dynamic Simulation of Permanent Magnet 
Synchronous Machine”, IEEE MELECON 2004, May 2004.

 7. A.B. Raju, K.Chatterjee and B.G. Fernandes, “A Simple Power Point Tracker for Grid 
Connnected Variable Speed Wind Energy Conversion System with reduced Switch 
Count Power Converters”, Proceedings of IEEE,2003.

 8. Shigeo Morimotot, Hideaki Nakayama, Masayuki Sanda and Yoji Takeda, “ 
Sensorless Output Maximum Control for Variable – Speed Wind Generation System 
Using IPMSG”, Proceedings of IEEE,2003.

 9. Hernán De Battista,Pablo F. Puleston, Ricardo J. Mantz, and Carlos F. Christiansen, 
“ Sliding Mode Control of Wind Energy Systems with DOIG—Power Efficiency and 
Torsional Dynamics Optimization”, IEEE Transactions on Power Systems, Vol. 15, 
No. 2, May 2000.

506



Investigation on DC Chopper Controlled PMSG Driven Horizontal Axis … 115

 10. Bogdan S. Borowy and Ziyad M. Salameh, “Dynamic Response of a Standalone 
Wind Energy Conversion System with Battery Energy Storage to A Wind Gust”, 
IEEE Transactions on Energy Conversion, Vol 12, March 1997.

APPENDIX

Simulation Parameters

Wind Turbine: 1 - HP, Air density = 1.225 kg/m3, Blade Radius = 1.5 m, Pitch 
Angle = 19°, Gear ratio = 5, Moment of Inertia = 0.05 kg/m2, Shaft compliance 
coefficient = 0.05, Damping Coefficient = 0.1

PMSG: 1 – HP, 208 V, 60 Hz, 4 Pole, Stator resistance per phase = 1.5 ohm, Q 
axis Inductance = 0.05 H, D axis Inductance = 0.05 H, Amplitude of Flux Linkages 
established by the Permanent Magnet = 0.314 V/rad/sec, Moment of inertia = 2 kg/
m2
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1.1 Basic Concepts

In electrical engineering, we are often interested in communicating or transferring 
energy from one point to another. To do this requires an interconnection of 
electrical devices. Such interconnection is referred to as an electric circuit, and 
each component of the circuit is known as an element.

Definition: An electric circuit is an interconnection of electrical elements.

Fig. 1.1: Simple Electric Circuits

1.2 Systems of Units

As engineers, we deal with measurable quantities. Our measurement must be 
communicated in standard language that virtually all professionals can understand 
irrespective of the country. Such an international measurement language is the 
International System of Units (SI).
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 In this system, there are six principal units from which the units of all other 
physical quantities can be derived.

Table 1: Basic Quantities
Quantity Basic Unit Symbol
Length meter m
Mass kilogram Kg
Time second S
Electric Current ampere A
Temperature kelvin K
Luminous Intensity candela cd
Charge coulomb C

 One great advantage of SI unit is that it uses prefixes based on the power of 10 
to relate larger and smaller units to the basic unit.

Table 2: Multiplier
Multiplier Prefix Symbol
1012 tera T
109 giga G
106 mega M
103 kilo k
10-2 centi c
10-3 milli m
10-6 micro µ
10-9 nano n
10-12 pico p

1.3 Basic Definitions

Electric Current

It is defined as rate of flow of electric charge. The unit of current is ampere.

   

Fig. 1.2: Movement of free electron in a conducting material 
before applying electric potential
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Fig. 1.3: Movement of free electron in a conducting material 
after applying electric potential

 Usually the flow of direct current is assumed to be from positive terminal 
(Anode) to negative terminal (Cathode). This current is said to be conventional 
current flow. If the direction of current is from cathode to anode, then it is called 
electron current.

Electric Potential

It is the work done in moving a charge of one coulomb between two points. Its 
unit is volt.

   

Electric Resistance

The resistance of a circuit is the property by which it opposes the flow of current. 
The unit of resistance is ohms (Ω).

Fig. 1.3: Collision of free electron with metal atoms

 When an voltage is applied, the free electron moves and they collide with other 
atoms. The collision between the free electron and the atoms is reflected as an 
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‘opposition’ to the flow of free electron. That means, this collision process ‘resists’ 
the flow of free electron. Hence it is referred to as the resistance of the material.

Resistance in Terms of Physical Quantities

The resistance of a conductor depends on
a. its length (l)
b. Cross-sectional area (a)
c. material of the conductor
d. temperature

 The resistance of a material is given by,

   
where,
 ρ – Specific resistance or resistivity in ohm-m

Electrical Conductance

The reciprocal of resistance is called conductance. Its unit is mho ( )

   
 Similarly the reciprocal of resistivity is called conductivity (σ).

   
 Its unit is Siemen/metre.

Power

It is defined as rate of doing work. Unit of power is Watts.
    P = VI
where,
 V – Potential difference in volts
  I – Electric current in ampere

Energy

It is the amount of work done for ‘t’ seconds.
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   Energy = P × t
    = VI × t
 Unit of energy is watt-hour.

Types of Elements

There are two types of elements found in electrical circuits.
1) Active elements (is capable of generating energy), e.g., generators, batteries, 

and operational amplifiers (Op-amp).
2) Passive element (is capable of absorbing energy), e.g., resistors, capacitors and 

inductors.

PROBLEMS
1. In a circuit, 100 C of charge circulates at a constant rate for every 5 seconds. 

Find the current.
 Given:
   dq = 100 C
   dt = 5 sec
Solution:
 The current flowing through the circuit is given by,

    

   
     i = 20A
2. An electric heater draws 12A at 230V for a period of 3 hours. If electrical 

energy costs 40 paise per unit, find the cost of operating the heater.
 Given:
    V = 230V
    I = 12A
    t = 3 hours
   unit cost = 40 paise
Solution:
 The energy consumed by the electric heater is,
   E = P × t
   = V × I × t
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   = 230 × 12 × 3
   = 8280 Watt-hour
   E = 8.280 kWatt-hour
 If cost is 40 paise for 1kWatt-hour, then cost for 8.280 kWatt-hour is,
    = 8.28 × 40
    = 331.2 paise
    = 3.312 Rs.
 Note: 1 Unit = 1 kWatt-hour
3. Calculate the resistance of 100 m length wire having a uniform cross-sectional 

area of 0.1 sq.mm. If the wire is made up of a material having a resistivity of 
50 × 10–8 ohm metre.

 Given:
    l = 100m
    a = 0.1sq.mm
    = 0.1 × 10–6 m2

    ρ = 50 × 10–8 ohm metre
Solution:
The resistance of a material is given by,

   

      
   R = 500 Ω

1.4 Ohm’s Law

Ohms law, sometimes more correctly called Ohm’s Law, named after Mr. Georg 
Ohm, mathematician and physicist born 1789 and died 1854 in Bavaria, defines the 
relationship between power, voltage, current and resistance. These basic electrical 
units apply to direct current, or alternating current. Ohm’s Law is the foundation 
of electronics and electricity. These formulae are very easy to learn and are used 
extensively by electricians. Without a thorough understanding of “Ohm’s Law” an 
electrician would either design or troubleshoot even the simplest of electronic or 
electrical circuits.
 When a voltage is applied to a closed circuit, it causes a flow of electrons and 
consequently a current in the circuit. The resistance of the circuit opposes this flow. 
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The actual value of the current flowing depends on the applied emf and resistance 
in the circuit, the relationship being given by Ohm’s law.

Statement
When the temperature remains constant, current flowing through a circuit is 
directly proportional to potential difference across the conductor.
 Mathematically, we may write
   E ∞ I  (or) V ∞ I
 Therefore, V = Constant x I
 This constant is the resistance (R) of the material. Hence,
    V = IR
 Taking the above equation into account, the formula for power can be written 
as
   P = VI
   = I2R [V = IR]

        
Therefore, according to Ohm’s law:
1. Current is directly proportional to voltage. If voltage is increased by a given 

percentage, current increase by the same percentage. If the voltage is decreased 
by a given percentage, current decreases by the same percentage.

2. Current is inversely proportional to resistance. An increase in resistance results 
in a decrease in current. A decrease in resistance results in an increase in 
current.

3. It is important to note that resistance cannot be changed by changing voltage 
or current. Resistance in a circuit is a physical constant. Resistance in a circuit 
can only be changed by changing components or resistors rated at more or 
fewer ohms.

Limitations of Ohm’s Law

• Not applicable to non-linear devices such as diodes, zener diode, voltage 
regulators etc.

• Does not hold good for non-metallic conductors such as silicon carbide.

PROBLEMS
1. A 110 volt wall outlet supplies power to a strobe light with a resistance of 2200 

ohms. How much current is flowing through the strobe light?
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 Given:
   V = 110V
   R = 2200 ohms
Solution:
 The current flowing through strobe light is

   

    
   I = 0.05A
2. A CD player with a resistance of 40 ohms has a current of 0.1 amps flowing 

through it. Sketch the circuit diagram and calculate how many volts supply the 
CD player.

 Given:
    I = 0.1A
    R = 40 ohms
Solution:
 Circuit diagram

Fig. 1.4

 The voltage supplied for CD player is
   V = IR
    = 0.1 × 40
    = 4V 
3. What is the resistance of the circuit conductor when the conductor voltage 

drop is 3 volts and the current flowing through the conductor is 100 amperes?
 Given:
    V = 3V
   I = 100A
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Solution:
  The resistance of the circuit conductor is

   

   
   R = 0.03 ohms
4. A potential difference of 10V is applied across a 2.5 ohm resistor. Calculate the 

current, power dissipated and the energy transformed into heat in 5 min.
 Given:
   V = 10V
    R = 2.5 ohms
    t = 5 min
 Circuit diagram:

Fig. 1.5

Solution:
 Current flowing in the circuit is

  

    
    = 4A
 Power dissipated in the resistor
    P = VI
    = 10 × 4
    P = 40 Watts
 Energy transformed into heat in 5 min is
   E = P × t
   = 40 × 5 × 60  [1 min = 60 sec]
    P = 24000 Watt-sec
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1.5 Kirchoff’s Law

1. Kirchhoff’s Current Law (I Law)

The sum of current flowing towards a junction is equal to the sum of current 
flowing away from it.

Fig. 1.6: Kirchhoff’s Current Law

 Consider a junction formed by 6 conductors. The current in these conductors 
are i1, i2, i3, i4, i5 and i6.
 According to Kirchhoff’s Current Law (KCL),
 Sum of current entering a node = Sum of current flowing away from the node
   i1+i4+i5+i6 = i2+i3

2. Kirchhoff’s Voltage Law (II Law)

In a closed circuit, the sum of the potential drops is equal to the sum of the potential 
rises.

Fig. 1.7: Kirchhoff’s Voltage Law
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 Fig – ABCDA forms a closed circuit.
 From A -> D, the potential drops across R1, R2 and R3 are of IR1, IR2 and IR3 
respectively.
 From D -> A, the potential rise is V volts.
 Therefore, according to Kirchhoff’s Voltage Law (KVL),
 Sum of potential drops = sum of the potential rises
    IR1+IR2+IR3 = V

1.6 Resistances in Series

Fig. 1.7: Resistances in Series

where,
   V – Supply voltage
   V1 – Voltage drop across resistor R1
  V2 – Voltage drop across resistor R2
  V3 – Voltage drop across resistor R3
  I – Circuit Current
 By KVL,
   V = V1+V2+V3 …(1)
 By Ohms law,
    V = IR
 Since this is a series circuit current I is constant. Hence
   V1 = IR1
   V2 = IR2
   V3 = IR3
 Therefore, (1) can be written as
   IR = IR1+IR2+IR3
   IR = I (R1+R2+R3)
    R = R1+R2+R3
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Fig. 1.8 Equivalent circuit

where,
   R – Total circuit resistance
 Power across (or) Power dissipated across each resistor is given by

 
 Total power supplied,
   P = P1 + P2 + P3
   =  I2R1 + I2R2 + I2R3
   = I2 (R1 + R2 + R3)
 Similarly total power can be also be found from,

  
 Therefore in Series circuit,
1. The same current flows through all the resistances.
2. For each resistance, there will be a voltage drop according to Ohm’s law.
3. The sum of the voltage drops will be equal to the applied voltage according to 

Kirchhoff’s voltage law.
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PROBLEMS
1. A lamp rated 500W, 100V is to be operated from 220V supply. Find the value 

of the resistor to be connected in series with the lamp. What is the power lost 
in the resistor?

 Given:

Fig. 1.9

Solution:
 By KVL,
   Potential rise = sum of voltage drops
    220 = 100 + V1
    V2 = 120V
 The voltage drop across the lamp is 100V. Power consumed by lamp is 500W.
 W.K.T.
      P = VI

   

   
      = 5A
 In a series circuit, current is constant.
 Therefore value of R is
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      = 24 ohms
 Power lost in the resistor = I2R
  = 52 × 24
  = 600W
Note:
   Input power = Pin = VI
    = 220 × 5
    = 1100W
 Also, Pin = power consumed by lamp + power lost in the resistor
    = 500 + 600
    = 1100W
 Therefore, Pin = Sum of powers consumed by load
2. A resistor of ohmic value 30Ω is connected in series with an unknown resistor. 

The potential drops across the two resistances are 144 and 96 volts respectively. 
Find the value of the unknown resistor.

 Given:

Fig. 1.10

Solution:
 The voltage drop across 30Ω resistor is
   V1 = IR1
    144 = I × 30
   I = 4.8A
 The voltage drop across resistor ‘R’ is
   V2 = IR2
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   96 = 4.8 × R2
   R2 = 20Ω
 Hence, the value of the unknown resistor R2 is 20 ohms.
3. Three resistors Ra, Rb, Rc connected in series to 250V source. Given Rc = 

50Ω and Eb = 80V when the current is 2A. Calculate the resistances Ra and 
Rb.

 Given:

Fig. 1.11

Solution:
 The voltage drop across Rc is
   Ec = I × Rc
    = 2 × 50
   Ec = 100V
 Since, E = Ea + Eb + Ec (by KVL)
    250 = Ea + 80 + 100
 Therefore, Ea = 70V
 Hence,

  

  
 Similarly,
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1.7 Resistances in Parallel

Fig. 1.12

 Fig.1.12 shows three resistances R1, R2 and R3 connected in parallel and 
current through theses resistors are I1, I2 and I3 respectively.
 It should be noted that in a parallel circuit the voltage across each resistor is 
same.
 Therefore,

  
 By KCL,
    I = I1 + I2 + I3

  

  
 If there were two resistors in parallel, then the above equation can be written 
as

  
 Therefore, the total resistance or the equivalent resistance when two resistors 
connected in parallel is given by,
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 Hence in a Parallel circuit,
1. The voltage across each resistance is same.
2. Total circuit current is equal to sum of branch currents by KCL.
3. Current in each branch is given by Ohm’s law.

PROBLEMS
1. The effective resistance of two resistors connected in series is 100 Ω. When 

connected in parallel, then effective value in 24 ohm’s. Determine the value of 
two resistors

Solution:
 The equivalent or effective resistance when two resistors are connected in 
series is given by,
   Req = R1 + R2
   R1+ R2= 100 Ω …(1)
   R2 = 100 – R1 …(2)
 The equivalent or effective resistance when two resistors are connected in 
parallel is given by,
   R1R2/R1+R2 = 24  …(3)
 Substituting equation (1) in (3), we get
   R1R2/100 = 24
   R1R2 = 2400 …(4)
 Substituting equation (2) in (4), we get
   R1 (100-R1) = 2400
   100 R1-R1^2-2400 = 0
   R1^2-100 R1 + 2400 = 0
   (R1-60)(R1-40) = 0
 Therefore, R1 = 60 Ω (or) R1 = 40 Ω
 When R1 = 60Ω ; R2 = 100 – 60 = 40Ω
 When R1 = 40Ω ; R2 = 100 – 40 = 60Ω
2. Two resistors connected in parallel across 200V supply take 10A from the 

mains. If the power dissipated in one resistor is 800W, find the value of the 
other resistor. Also find current flowing through each resistors.
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 Given:

Fig. 1.13

  Power dissipated in R1 is 800W
Solution:
 The power input is given by,
   Pin = V × I
    = 200 × 10
    = 2000W
 But, Pin = Power dissipated across R1 + Power dissipated across R2

    2000 = 800 + P2
 Therefore,
   P2 = 1200W
 The power dissipated across R2 is,

   
 The value of resistance R2 is,

   

      
 Therefore,
    R2 = 33.33Ω
 Current flowing through R2 is,
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      = 6.006A
 By KCL,
   I = I1 + I2
   10 = I1 +6.006
 Therefore,
   I1 = 3.994A

3. Find the equivalent resistance between two points A & B shown in Fig. 1.14.

Fig. 1.14

Solution:
Step 1: The three resistances 2, 3 and 3 ohms are in parallel. The equivalent 
resistance for three resistances connected in parallel is given by,

  

    

  
 Therefore, R = 0.8547Ω
Step 2:

 Now, the resistances 2Ω, 0.8547Ω and 4Ω are connected in series. The 
equivalent resistance for three resistances connected in series is given by,
   R = R1+R2+R3
    = 2 + 0.8547 + 4
    = 6.8547Ω
 Hence, the equivalent resistance between two points A & B is 6.8547Ω
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4. Determine the equivalent resistance between terminals A & B shown in  
Fig. 1.15.

Solution:
Step 1: The two resistances 50 and 12.5 ohms are in parallel. The equivalent 
resistance for two resistances connected in parallel is given by,

  

   
    = 10Ω
 Now, the circuit can be reduced as

Step 2: The two resistances 10 and 10 ohms are in series. The equivalent resistance 
for two resistances connected in series is given by,
   R = R1+R2
    = 10 + 10 = 20Ω
 Also, resistances 10 and 20 ohms are in series. Hence,
   R = R1+ R2
    = 10 + 20 = 30Ω
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 Now, the circuit can be reduced as

Step 3: The two resistances 20 and 30 ohms are in parallel. The equivalent 
resistance for two resistances connected in parallel is given by,

  

  
   = 12Ω
 Now, the circuit can be reduced as

Step 4: The two resistances 8 and 12 ohms are in series. The equivalent resistance 
for two resistances connected in series is given by,
   R = R1+R2
    = 8 + 12
    = 20Ω
 Now, the circuit can be reduced as
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Step 5: The two resistances 20 and 10 ohms are in parallel. The equivalent 
resistance for two resistances connected in parallel is given by,

   

    = 6.67Ω

 Now, the circuit can be reduced as

Step 6: Finally, the two resistances 35 and 6.67 ohms are in series. The equivalent 
resistance for two resistances connected in series is given by,
   R = R1+R2
    = 35 + 6.67 = 41.67Ω
 Therefore, the equivalent resistance between terminals A & B is 41.67Ω.

1.8 Introduction to AC Circuits

The alternating current (AC) waveforms refer to continually changing time-
varying voltages and currents. In a set manner from a minimum to a maximum 
value in a specific time interval, the magnitude and direction of these voltages 
and currents vary. This is in contrast to direct current (DC), where voltages or 
currents do not change in magnitude or direction since they are unidirectional. As 
shown in Fig.1.16, AC waveforms can be sinusoidal (sine wave), complex, square 
or triangular.

 
 (a) (b)
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 (c) (d)

Fig. 1.16: Different AC Waveforms

Fig. 1.17: DC Waveform

 The waveform in Fig. 1.17 shows the DC voltage pattern from which it is clear 
that the voltage magnitude does not vary with respect to time. Therefore it is a time 
– independent quantity.
 But the waveforms (a) to (d) in Fig. 1.16 show different AC waveforms whose 
voltage is not constant in magnitude and it varies with respect to time. Hence they 
are said to be time – dependent quantity.
 They are said to be AC quantity since they have different values of magnitude 
at different intervals of time. These values are called instantaneous values of AC 
quantity. The formulas for instantaneous values are
   v = Vm sinωt (for voltage waveform)
    i = Im sinωt (for current waveform)
 It should be noted that the instantaneous values should be denoted by small 
letters.
 The power supplies what we use as a consumer is mostly AC in nature. The 
pattern of AC used is sinusoidal.
 Hence for analysis of an AC waveform, we use waveform (a) in Fig. 1.16 sine 
wave, which is a time – dependent quantity.
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1.9 Different Terms Associated with a Sinusoidal Wave

Maximum value: The value of voltage at ωt = 90o, is maximum value or amplitude. 
Usually it is represented as Vm.
Peak-Peak value: It is the magnitude of voltage from positive peak to negative 
peak. It is denoted as Vpp.
Time period: It is the time taken to complete one cycle. It is denoted by T and its 
unit is second.

Fig. 1.18: AC - Pure Sine wave

Frequency: Frequency refers to the number of cycles completed in one second 
time period. It is commonly measured in cycles per second (cycles/sec) and is 
expressed in units of Hertz (Hz) and represented by the letter ‘f’.
 The general formula for frequency is

  
 If frequency is 50Hz, it means 50 cycles are completed in one second.
 The relation between angular velocity (ω) and frequency is
   ω = 2пf
Wavelength: Wavelength refers to the distance of the cycle of the wave to complete 
one cycle. Lambda (λ) is a Greek letter that is used to represent the wavelength 
in mathematical expression. It is similar to time period except that wavelength is 
measured in distance per cycle whereas time period is measured in time per cycle.
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1.10 Measurement of Alternating Quantity

So far we know that AC voltage alternates in polarity and AC current alternates 
in direction. We also know that AC can alternate in a variety of different ways, 
and by tracing the alternation over time we can plot it as a “waveform.” We can 
measure the rate of alternation by measuring the time it takes for a wave to evolve 
before it repeats itself (the “period”), and express this as cycles per unit time, or 
“frequency.”
 However, we encounter a measurement problem if we try to express how large 
or small an AC quantity is. Whereas in DC, measurement becomes easy, since the 
quantities voltage and current are generally stable.
 There are notations by which an alternating quantity can be designated. They 
are:
1. Maximum value
2. Peak-Peak value
3. Average value
4. Root Mean Square (RMS) value

The above parameters are explained briefly as follows:

1. Maximum Value

One way to express the intensity, or magnitude (also called the amplitude), of an 
AC quantity is to measure its peak height on a waveform graph. This is known as 
the peak or crest value of an AC waveform.

Fig. 1.19: Peak value

2. Peak-Peak Value

Another way is to measure the total height between opposite peaks. This is known 
as the peak-to-peak value of an AC waveform. 
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Fig. 1.20: Peak – Peak value

3. Average Value

Fig. 1.21: Average value

 The average value of a sine wave of voltage or current is the average of all the 
instantaneous values during one alternation.
 For the above graph, average value is given by

  
where,
  i1, i2, i3, i4 and i5 are instantaneous values.
Note: Usually average value has to be find by taking half- a-cycle. If entire cycle 
is taken, then the value will be zero, since the waveform is periodic.
Derivation: But for a sine wave, by mathematics the average value is
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    Sub, i = Im sinθ

  
 Solving the above integration, we get

   
 Similarly if it is a sine voltage, then

   
 Therefore, the average value is equal to 0.636 of the peak value. 

4. Root Mean Square (RMS) Value

It is the root of mean of squared values over a full cycle. It is otherwise known as 
the effective value.

  

  
where,
 i1, i2….iN are instantaneous values and N is the number of instantaneous 
values.
Derivation:
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 Solving the above integration, we get

  
 Similarly if it is a sine voltage, then

  

PROBLEM
A current wave is represented by the equation i = 10 sin250t. Find (a) maximum 
value (b) rms value of current (c) frequency (d) time period.
Solution:
 The instantaneous value of current is given by,
   i = Im sinωt …(1)
 The given equation is,
   i = 10 sin250t  …(2)
(a) Maximum value
 Comparing (1) and (2), maximum value (Im) is
    Im = 10A
(b) RMS value of current
 The formula for RMS value of current is
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     = 7.7A
(c) Frequency
 Comparing (1) and (2),
   ω = 250
   2пf = 250 [Since, ω = 2пf]
 Therefore,
    f = 250/2*3.14
    f = 39.78Hz
(d) Time Period
 The formula for time period in terms of frequency is,

  

   
   T = 0.025 sec

1.11 Power

Electric power is the rate at which electric energy is transferred by an electric 
circuit. The SI unit of power is the watt.

Fig. 1.22: Voltage and Current waveform in DC circuit
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 Fig. 1.22 shows the voltage and current waveform in DC circuit. Therefore in 
DC circuit, there is no phase difference between voltage and current. If ‘Ф’ is the 
phase difference, its value is zero, (ie., Ф = 0o).

Fig. 1.23: Voltage and Current waveform in AC circuit

 In the Fig.1.23, if the voltage waveform is taken as reference, the current 
waveform lags voltage waveform by an angle difference of ‘Ф’ degrees. Hence 
‘Ф’ is said to be phase difference.
 Therefore, considering the phase difference, the formula for power in ac circuit 
becomes,
   P = VI cosФ
 Whereas in dc, the formula for power is
   P = VI (Since Ф is zero)

1.12 Types of Load

To understand the variation of phase difference Ф, different types of loads 
connected to ac supply is discussed below:

1. Resistive Load

When an resistive load is connected to an ac supply, the phase angle or difference 
between voltage and current waveform is zero as shown in Fig. 1.24.

   
 (a) Circuit Diagram (b) Voltage and Current waveform

Fig. 1.24: Resistive load connected to ac supply

 Therefore, for an resistive load, Ф = 0o and hence the formula for power is  
P = VI.
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2. Inductive Load

When an inductive load is connected to ac supply, the current lags behind the 
voltage waveform as shown in Fig.1.25.

  
 (a) Circuit Diagram (b) Voltage and Current waveform

Fig. 1.25: Inductive load connected to ac supply

 In Fig.1.25 (b), current lags behind the voltage waveform by an angle ‘Ф’.

3. Capacitive Load

When the load is capacitive, the current waveform leads the voltage waveform by 
an angle ‘Ф’ as shown in Fig.1.26.

 (a) Circuit Diagram  (b) Voltage and Current waveform

Fig. 1.26: Capacitive load connected to ac supply

1.13 Types of Power

In alternating current circuits, energy storage elements such as inductance and 
capacitance may result in periodic reversals of the direction of energy flow. 
Therefore based on energy flow, the electrical power is classified as:

1. Real Power

The power that does the useful work is called real power. If the load is purely 
resistive, at every instant the product of voltage and current is positive, indicating 
that the direction of energy flow does not reverse. In this case, only real power is 
transferred.
 Real power is given by,
   P = VI cosФ
where, V – rms value of voltage
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    I – rms value of current
   Ф – phase angle between voltage and current
 Real power is also called as true power. The unit of real power is Watts.

2. Reactive Power

It is the power that does do any useful work. It is also known as ‘Wattless’ or ‘Idle’ 
component.
 Reactive power is given by,
   P = VI sinФ
 If the loads are purely reactive, then the voltage and current are 90 degrees out 
of phase. For half of each cycle, the product of voltage and current is positive, but 
on the other half of the cycle, the product is negative, indicating that on average, 
exactly as much energy flows toward the load as flows back. There is no net energy 
flow over one cycle. In this case, only reactive energy flows—there is no net 
transfer of energy to the load.
 The unit of reactive power is Volt-Ampere Reactive (VAR).

3. Apparent Power

Apparent power is the product of the root-mean-square of voltage and current. The 
formula for apparent power is,
   P = VI
 Practical loads have resistance, inductance, and capacitance, so both real and 
reactive power will flow to real loads. Power engineers measure apparent power as 
the magnitude of the vector sum of real and reactive power.
 The unit of apparent power is Volt-Ampere (VA).

Power Triangle

Fig. 1.27: Power Triangle
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 From the above right angled triangle (Fig. 1.27),

 

1.14 Power Factor

It is defined as the cosine of angle between voltage and current.
   Power factor = cosФ
 The general formula for ac power is,
   P = VI cosФ

 

Types of Power Factor

1. Unity Power Factor

In resistive loads, the phase angle difference between voltage and current waveform 
is zero.
i.e.,   Ф = 0o

 Therefore, cosФ = cos0o = 1
 Since the value of cosФ = 1, the power factor is said to be unity.

540



Electrical Circuits 149

2. Lagging Power Factor

The loads which causes the current waveform to lag behind voltage produces 
lagging power factor. E.g. Inductive loads.

3. Leading Power Factor

The loads which causes the current waveform to lead the voltage produces leading 
power factor. E.g. Capacitive loads.

1.15 Single Phase AC Circuit

Fig. 1.28: RL Series circuit

 In dc circuit, opposition to the flow of current is caused only by resistance. 
But in ac circuits, due to the presence of inductance and capacitance, opposition is 
produced by a term called reactance to the flow of current.
 In the Fig.1.28 only inductance is present in series with resistance. Therefore, 
inductive reactance is given by
   XL = 2пfL ohms
where, f – Frequency of ac supply
 For the above circuit diagram,
   VR = IR
   VL = IXL
where, VR – Voltage drop across the resistance
  VL – Voltage drop across the inductor
   I – RMS value of supply current
 The total opposition offered by resistance and inductance to the flow of current 
is called impedance (Z).
 The general formula for impedance is
   Z = R + j(XL ~ XC) (RLC Series circuit)
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where, XC – Capacitive reactance

  
 In the circuit diagram in Fig.1.28, the element capacitor is not present.
 Therefore, Z = R + jXL (Since XC = 0)
 If the circuit has only capacitance in series with the resistance, then
   Z = R + jXC (Since XL = 0) 
 Therefore in ac circuit, taking impedance into account, the formula for RMS 
value of supply voltage is
    V = IZ

Impedance Triangle

An impedance triangle has resistance (always positive) in the x axis and reactance 
(at a right angle to resistance) in the y axis. The line that completes this triangle 
(the hypotenuse is the absolute value of the impedance.

Fig. 1.29: Impedance Triangle

 From the Fig.1.29,
 Impedance Z is given by,

  
 Similarly,
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PROBLEMS
1. A coil having a resistance of 6Ω and an inductance of 0.03H is connected 

across a 50V, 60Hz supply. Calculate i) Supply current ii) Phase angle between 
the current and the applied voltage iii) Power factor iv) Real power

Solution:
 (i) Supply current: In an ac circuit, the formula for RMS value of supply 
current is,

      

      
   XL = 2пfL
    = 2 × 3.14 × 60 × 0.03
   XL = 11.3Ω
 Therefore,

  
 Hence, RMS value of supply current is

  
 (ii) Power Factor:

  
 (iii) Phase angle:
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   cosФ = 0.468
    Ф = cos–1 (0.468) = 27.9o

 (iv) Real power:
   P = VI cosФ
    = 50 × 3.9 × 0.468 = 91.3 Watts
2. A circuit draws a current of 10A at a voltage of 20000V and 0.8 power factor. 

Find i) Real power ii) Reactive power and iii) Apparent power.
 Given:
   I = 10A
   V = 20000V
   cosФ = 0.8
Solution:
 (i) Real Power
 The formula for real power is,
   P = VI cosФ
    = 20000 × 10 × 0.8 = 160000 Watts = 160 kWatts
 (ii) Reactive power:
 The formula for real power is,
    P = VIsinФ
 If  cosФ = 0.8, then
    Ф = cos-1 (0.8) = 36.86o

1.16 Three Phase Circuits

Most of the electrical power generated in the world today is three-phase. Three-
phase power was first conceived by Nikola Tesla. In the early days of electric power 
generation, Tesla not only led the battle concerning whether the nation should be 
powered with low-voltage direct current or high-voltage alternating current, but 
he also proved that three-phase power was the most efficient way that electricity 
could be produced, transmitted, and consumed.

Advantages of Three Phase Circuits

Comparing to single phase A.C. circuits, three phase circuits have the following 
advantages:
1. They have better power factor and efficiency.
2. For a given power rating, a three phase machine is smaller in size leading to 

saving in copper and other material.
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3. Generation, transmission and utilization of power is more economical in three 
phase system.

4. For the same size, the capacity of three phase machine is higher.

Three Phase AC Power Generation

A single-phase alternating voltage can be produced by rotating a magnetic field 
through the conductors of a stationary coil, as shown in Fig. 1.31 (a).

 (a) (b)

Fig. 1.31: Generation of Single phase power

 Since alternate polarities of the magnetic field cut through the conductors of 
the stationary coil, the induced voltage will change polarity at the same speed as 
the rotation of the magnetic field. The alternator shown in Figure 1.31 (b) is single 
phase because it produces only one AC voltage.

  (a) (b)

Fig. 1.31 Generation of Three phase power
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 If three separate coils are spaced 120° apart, as shown in Fig. 1.31 (a), three 
voltages 120° out of phase with each other will be produced (as shown in Fig.1.31 
(b)) when the magnetic field cuts through the coils. This is the manner in which a 
three-phase voltage is produced.

Fig. 1.31: Phase Voltage representation

 Instantaneous values of induced phase voltages are

   
 Similarly, instantaneous values of phase currents are given by,

  
 Thus voltage in each winding differs by an angle of 120o. The magnitude of 
three voltages is equal.

Types of Three Phase Winding Connections

There are two basic three-phase connections, the wye or star connection and the 
delta connection.
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1. Wye Connection

The wye or star connection is made by connecting one end of each of the three-
phase windings together as shown in Fig. 1.32. The voltage measured across a 
single winding or phase is known as the phase voltage, as shown in Fig. 1.32. The 
voltage measured between the lines is known as the line-to-line voltage or simply 
as the line voltage.

Fig. 1.32: Line voltage and Phase voltage measurement

 In Figure 1.33, ammeters have been placed in the phase winding of a wye-
connected load and in the line supplying power to the load. Voltmeters have been 
connected across the input to the load and across the phase. A line voltage of 208 
V has been applied to the load. Notice that the voltmeter connected across the lines 
indicates a value of 208 V, but the voltmeter connected across the phase indicates 
a value of 120 V.

Fig. 1.33: Line current and Phase current measurement

 The relation between line voltage and phase voltage in a star connected system 
is,
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where,
  EL – Line voltage
  Eph – Phase voltage 
 Therefore in a wye connected system, the line voltage is higher than the phase 
voltage by a factor of the square root of 3 (1.732).
 Notice that in Fig. 1.33, 10 A of current flow in both the phase and the line. In 
a wye-connected system, phase current and line current are the same.
   IL = Iph
where,
   IL – Line current
   Iph – Phase current 

Fig. 1.34: Vector Diagram

where, VRN, VYN, VBN – Phase voltages
   VRB, VYR, VBY – Line voltages

From the Fig.1.34, one can understand the following:
• The angle between phase voltage and line voltage is 30o.
• The angle between phase voltages is 120o.
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2. Delta Connection

Fig.1.35: Delta connection

 In Fig. 1.35, three separate inductive loads have been connected to form a 
delta connection. This connection receives its name from the fact that a schematic 
diagram of this connection resembles the Greek letter delta (Δ).
 In Fig. 1.36, voltmeters have been connected across the lines and across the 
phase. Ammeters have been connected in the line and in the phase. In the delta 
connection, line voltage (EL) and phase voltage (Eph) are the same. Notice that 
both voltmeters indicate a value of 480 V.
i.e.,   EL = Eph

Fig.1.36: Voltage and current relationships in delta connection

 Notice that the line current and phase current are different, however. The line 
current of a delta connection is higher than the phase current by a factor of 
the square root of 3 (1.732).
 The relation between line current (IL) and phase current (Iph) is given by
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Three Phase Power

Sometime it becomes confused when computing power in three phase circuits. 
One reason for this confusion is that there are actually two formulas that can be 
used. If line values of voltage and current are known, the power can be computed 
using the formula:

  
 If the phase values of voltage and current are known, the power can be 
computed using the formula:

  
 Notice that in the first formula, the line values of voltage and current are 
multiplied by the square root of 3. In the second formula, the phase values of voltage 
and current are multiplied by 3. The first formula is used more often because it is 
generally more convenient to obtain line values of voltage and current, which can 
be measured with a voltmeter and clamp-on ammeter.

1.17 Balanced Three Phase Load

Balanced System

A balanced system means that the currents in the three phases are equal in magnitude 
and are displaced from one another by 120o.
 A load is said to be a balanced load, if the impedance values in each phase are 
equal and hence the phase currents and power factors in the three phases are equal.
 A balanced load is treated as three identical single phase loads.

PROBLEM
A balanced three phase load consists of a 6Ω resistor and 8Ω reactor (inductive) 
in each phase. The supply is 230V, 3Ф, 50Hz. Find (a) Phase current (b) Line 
current (c) total power. Assume the load to be connected in star. Also find when it 
is connected in delta.
Given:
   R = 6Ω
   XL = 8Ω
   VL = 230V
   f = 50Hz
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Solution:
1) When the load is star connected:

 Fig. 1.37: Star Connection

 (a) Phase current: The formula for phase current is,

   
 Since the load is star connected,

    

  

   
 Therefore,

  
 (b) Line current: For a star connected load,
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 (c) Total power: Per phase power is given by,
  Pph = Vph Iph cosФ
 Phase impedance = 6 + j8

    
 Therefore, per phase power is
   Pph = 132.8 × 13.28 × cos 53.1 = 1059 Watts
 Total power is given by,

  
    = 3 × 1059 = 3177 Watts
2) When the load is delta connected:

Fig. 1.37: Delta Connection

 In delta connection,
   EL = Eph = 230V
 (a) Phase current:

  
 (b) Line current: The formula for line current in delta connection is,

  
     = 1.732 × 23 = 39.84A
 (c) Total power:

  
    = 3 × 230 × 39.84 × cos 53.1 = 9529 Watts
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1.18 Two Wattmeter Method of Measuring Three Phase Power

A wattmeter is an instrument with a potential coil and a current coil so arranged 
that its deflection is proportional to VIcosФ, where V is the rms value of supply 
voltage applied across the potential coil, I is the rms value of supply current 
passing through the current coil, and Ф is the angle between voltage and current 
waveform. By inserting such a single phase wattmeter to measure the average 
real power in each phase (with its current coil in series with one phase of the load 
and its potential coil across the phase of the load), the total real power in a three 
phase system can be determined by the sum of the wattmeter readings. However, 
in practice, this may not be possible due to the nonaccessibility of either the neutral 
of the star connection, or the individual phases of delta connection.

Fig. 1.38: Two Wattmeter method of Three phase Power measurement

 Hence three phase power can be measured by means of only two single phase 
wattmeters having a common potential junction on any of the three lines in which 
there is no current coil as shown in Fig.1.38. This is known as the two wattmeter 
method of measuring three phase power. This method is valid for both balanced 
and unbalanced circuits with either the load or the source unbalanced. The total 
real power delivered to the load is given by the algebraic sum of the two wattmeter 
readings.
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Fig.1.39: Vector Diagram

 The wattmeter readings when connected as shown in Fig.1.38 are
   W1 = VRY IR cos (30 – Ф)  …(1)
   W2 = VBY IB cos (30 + Ф) …(2)
 The total power consumed by the load is given by,
   W1 + W2 = VRY IR cos (30 – Ф) + VBY IB cos (30 + Ф)
    = VRY IR (cos (30 – Ф) + cos (30 + Ф))
    =  VRY IR (cos 30 cos Ф + sin 30 sin Ф + cos 30 cos Ф – sin 

30 sin Ф)
    = VRY IR (2 × cos 30 × cos Ф)

     …(3)
 Hence, the sum of the two wattmeter readings gives the total power consumption 
in the three phase load.
 Similarly,
   W1 – W2 = VRY IR cos (30 – Ф) – VBY IB cos (30 + Ф)
   = VRY IR (cos (30 – Ф) – cos (30 + Ф))
    =  VRY IR (cos 30 cos Ф + sin 30 sin Ф – cos 30 cos Ф + sin 

30 sin Ф)
   = VRY IR (2 × sin 30 × sin Ф)
   W1 – W2 = VRY IR sin Ф  …(4)
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 Equation (4) divided by (3) gives,

  …(5)
 From equation (5),

 
 Therefore, power factor is given by

  …(6)
PROBLEMS
1. Two wattmeters connected an 3-line, three phase ac to measure ac power and 

read 6717 watts and 2558 watts. Find the power drawn by the balanced load 
and its power factor.

 Given:
   W1 = 6717 watts
   W2 = 2558 watts
Solution:
 Power drawn by the balanced load is
   P = W1 + W2
    = 6717 + 2558 = 9275 watts
 Power factor of the load is

 
2. A three phase 500V motor load has a power factor of 0.4. Two wattmeters 

connected to measure the power show the input to be 30kW. Find the readings 
on each instrument.
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 Given:
    V = 500V
   cos Ф = 0.4
   W1 + W2 = 30kW
 Solution:

  …(1)

 The value of power factor is given as 0.4. Therefore, the value of Ф is
    Ф = cos–1(0.4) = 66.6o

    tanФ = tan 66.6o = 2.311
 Substituting the known values in equation (1), we get
    W1 – W2 = 40kW …(2)
 The total power consumed is given as,
   W1 + W2 = 30kW  …(3)
 Solving equation (2) and (3), we get the individual readings as
   W1 = 35 kW and
   W2 = –5 kW
 The negative sign in the second wattmeter indicates ‘down scale’.
3. Two wattmeters connected to measure the input to a balanced three phase 

circuit indicate 2000W and 500W respectively. Find the power factor of 
the circuit (a) when both the readings are positive (b) when latter reading is 
obtained after reversing the connection to the current coil of one instrument.

 Given:
   W1 = 2000 watts
   W2 = 500 watts
Solution:
 (a) When both the readings are positive: Power factor of the circuit is

  

556



Electrical Circuits 165

 (b) When latter reading is obtained after reversing the connection:
   W1 = 2000 watts
   W2 = – 500 watts
 The formula now becomes,
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2.1 Magnetic Quantities

Magnetic Flux

The region around a permanent magnet or the space around a current carrying 
conductor occupied by the lines of force is called magnetic field.
 The magnetic field is represented by imaginary lines of force known as 
magnetic flux. The unit of magnetic flux is Weber and is represented by the letter 
‘Ф’.

Properties of Magnetic flux

1. The magnetic flux lines are only imaginary lines.
2. Each line of magnetic flux forms a closed loop.
3. They do not intersect each other.
4. The magnetic flux which are parallel and in same direction repel one another.

Fig. 2.1: Magnetic flux lines

558



Electromagnetics 167

Magnetic Flux Density

It is the magnetic flux per unit area. It is denoted by the letter ‘B’ and its unit is tesla 
(or) Weber/square meter.

  

Magneto Motive Force

The force which establishes the magnetic flux in a magnetic circuit is called 
Magneto motive force (mmf). It corresponds to electro motive force (e.m.f) in an 
electric circuit.
 The mmf is produced when a current passes through a coil of wire. The mmf is 
the product of the number of turns of the coil (N) and the current through the coil 
(I). The unit of mmf is Ampere - Turns (AT) and it is represented by the letter F.
   mmf = NI Ampere-turns

Reluctance

It is the property of a material which opposes the establishment of magnetic flux in 
it. It is the resistance offered to the passage of magnetic flux through a material. It 
is represented by the letter ‘S’. The unit of reluctance is AT/Wb.

  
 The other formula for reluctance is,

  
where,
  l - Mean length of magnetic circuit in metre
  µo - Absolute permeability of air = 4 x 10-7 Henry/meter
  µr - Relative permeability of the magnetic material
  A - Area of cross section of the magnetic circuit

Magnetic Field Strength

The magneto motive force per unit length of the magnetic circuit is termed as 
“Magnetic field intensity”. It is denoted by the letter H and its unit is Ampere 
Turns/metre.
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where,
  N - No. of turns of the coil
  I - current through the coil in Amperes
  l - length of the magnetic circuit in metres

2.2  Force on a Current Carrying Conductor in a Magnetic Field 
(Magnetic Force)

Fig. 2.2: Force on a Current Carrying Conductor in a Magnetic Field

 Fig. 2.2 show the current carrying conductor placed in a magnetic field. When 
current flows through a conductor, it establishes a magnetic field in clockwise 
direction around the conductor.
 When the external field is in vertically downward direction, the field of the 
conductor aids the same direction external field on the right side of the conductor 
and opposes the external field on the left hand side of the conductor. Due to this 
effect a force is produced which pushes the conductor of the left.
 If the direction of current is reversed as in Fig. 2.2 (b), the flux around the 
conductor is in counter – clockwise direction and the resulting force pushes the 
conductor to the right.
 The magnitude of force is given by,
   F = BIl Newton
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where,
  B - Flux density in Wb/m2

  I - Current in ampere
  l - Length of conductor in metre
 If the conductor is inclined by an angle θ to the magnetic field, then force (F) 
is given by
    F = BIl sinθ
 If the coil has N turns, the force is
   F = BIlN Newton
 Since the force is acting at a radius ‘r’ metre, the torque on the coil is
   T = BIlNr Newton-metre

2.3 Faraday’s Laws of Electromagnetic Induction

First Law

It states that, “if the flux linking a conductor changes, an emf is induced in it”.

Second Law

It states that, “the magnitude of induced emf in a coil is equal to the rate of change 
of flux linkage”.

Fig. 2.3: Motion of Conductor with respect to Magnetic field

 The position (b) of the above figure shows a coil having ‘N’ turns and let the 
flux linking with the coil be Ф1 at time t1.
 When the coil is moved to a small distance closer to the magnetic field (position 
(a)), the flux linking with the coil increases and is Ф2 at time t2.
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 Therefore,
 Initial flux linkage = NФ1
 Final flux linkage = NФ2
 Hence,

  

  
where,

  
 The direction of induced emf is opposite to the cause producing it (Lenz’s 
law).
 Therefore,

  

2.4 Lenz’s Law

Lenz’s law gives the direction of induced current set up due to electromagnetic 
induction. It states that an induced current will flow in such a direction so as to 
oppose the cause that produces it. The cause that produces the current is change of 
flux linkage in the coil.

2.5 Fleming’s Right Hand Rule

The direction of the dynamically induced emf or current can be determined by 
using “Fleming’s Right hand rule”.

Fig. 2.4: Fleming’s Right hand rule
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 Thumb - Direction of motion of the conductor
 Fore finger - Direction of magnetic flux
 Middle finger - Direction of induced emf [or] current

2.6 Fleming’s Left Hand Rule

The direction of rotation of any motor can be found by applying Fleming’s left 
hand.

Fig. 2.5: Fleming’s Left hand rule

2.7 Types of Induced EMF

The emf induced by the electromagnetic induction is classified into the following 
two types.
1. Statically induced emf
2. Dynamically induced emf

1. Statically induced EMF

When the conductor is stationary and the magnetic field is moving around the 
conductor, an emf is induced in the conductor and is called statically induced emf.
 It is subdivided into
a) Self induced emf
b) Mutually induced emf

a) Self Induced EMF

The emf induced in a coil due to the change of its own flux linked with it is called 
self induced emf.
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 Whenever current flows through the coil a magnetic field is produced. By 
varying the resistance in the circuit using rheostat, the current flowing through the 
coil varies and hence flux linking the coil also varies (Fig.2.6). Hence by Faraday’s 
laws an emf is induced in the coil. The magnitude of this self induced emf is given 
by,

  
where,
  N - number of turns of the coil

  
 The negative sign indicates that the direction of induced emf is always such as 
to oppose the cause producing them (Lenz’s law).

Fig. 2.6: Field lines of the magnetic field through and around a current carrying solenoid

Self inductance: When the current in a coil changes an emf is induced in it, which 
opposes the change of current in the coil. This property of the coil is called its self 
inductance or inductance.
 We know that,

  …(2.1)
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 The rate of change of flux depends upon the rate of change of current. Therefore 
self induced emf  may also be expressed as

  

   …(2.2)

where, L is a constant.
 Equating (2.1) and (2.2)

  
  

  

   …(2.3)

where, L is called inductance of the coil and its unit is Henry.
 We know that,

  
 Substituting the formulae for mmf and reluctance as

  

  
 Flux Ф becomes,

  
 Therefore equation (3) can be written as,

   …(2.4)

Mutually induced EMF: The emf induced in a coil due to the changing current in 
the neighbouring coil is called mutually induced emf.
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Fig. 2.7 Mutually Induced Emf

 The change in flux in coil A when links with coil B induces an emf in coil B 
due to mutual induction. The flux produced becomes common to both coil A and 
B and hence it is known as mutual flux. The emf induced in coil A is called self 
induced emf and the emf induced in coil B is called mutually induced emf.
Mutual inductance: It is the ability of one coil to produce an emf in a near by coil 
by induction, when the current in the first coil changes.

  …(2.5)

where, Фm is the Mutual Flux

   …(2.6)

 Equating (2.5) and (2.6),

  

  …(2.7)

 

   …(2.8)

Dynamically induced EMF: When a conductor moves in a stationary magnetic 
field so as to cut the magnetic flux, an emf is induced in that conductor.
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 Since the emf induced in the conductor is due to its motion with respect to field 
it is known as dynamically induced emf.

   

Fig. 2.8: Motion of the conductor in the magnetic field

 Consider a conductor ‘l’ metre long moving at a velocity ‘v’ m/s in a uniform 
magnetic field of density B Wb/m2 as shown in Fig.2.8.
 (a) Conductor perpendicular to magnetic field:
   e = Blv sinθ (equation for (b))
   = Blv sin 90o

   e = Blv volts
 (b) Conductor parallel to magnetic field:
   e = Blv sin 0o

   e = 0 volts
PROBLEM:
A conductor of length 0.5m situated in and at right angles to an uniform magnetic 
field of flux density 1 Wb/m2 moves with a velocity of 40 m/sec. Calculate the emf 
induced in the conductor. What will be the emf induced, if the conductor moves at 
an angle of 60o to the field and then moves parallel to the magnetic field.
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SOLUTION:
 Given data:
   l = 0.5m
   B = 1Wb/m2

   v = 40 m/sec
 Formula: Emf induced in the conductor is given by
   e = Blv sinθ
 a) emf when conductor moves right angles to the magnetic field
 here, θ = 90 o

   e = Blv sinθ
   = Blv sin 90o

   e = Blv × 1
   = 1 × 0.5 × 40
   = 20 V
 b) emf induced when the conductor moves at an angle 60o to the field.
 here, θ = 60o

   e = Blv sinθ
   = Blv sin 60o

   e = 1 × 0.5 × 40 × 0.866
   = 17.32 V
 c) emf induced when the conductor moves parallel to the magnetic field.
 here, θ = 0o

   e = Blv sinθ
   = Blv sin 0o

   e = 1 × 0.5 × 40 × 0
   = 0 V

2.8 Energy Stored in a Magnetic Field

To produce a magnetic field around a coil, energy is needed. Through no energy is 
needed to maintain it, this energy is stored in the magnetic field and is not used up. 
When the current is decreased this stored energy is returned to the circuit.
 The emf induced across ‘L’ is given by
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 Therefore, instantaneous power, P = e. i

  
 The energy (dw) put into the magnetic field during a short interval of time (dt) 
is
   Energy = Power x Time

  

 

2.9 Magnetic Hysteresis and Hysteresis Loop

When a magnetic material is subjected to a cycle of magnetism (i.e. it is magnetized 
first in one direction and then in the other), it is found that flux density B in the 
material lags behind the applied magnetizing force H. This phenomenon is known 
as hysteresis.

Hysteresis Loop

Fig. 2.9: Magnetizing circuit with an alternating mmf
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 Consider an unmagnetized iron bar AB wound with N number of turns as 
shown in Fig.2.9. The magnetizing force can be varied by varying the current 
through the coil.

Fig. 2.10: B – H Curve

 When the iron piece is subjected to one cycle of magnetization, the resultant 
B – H curve ‘abcdefa’ loop is obtained as shown in Fig. 2.10. This loop is called 
Hysteresis loop.
 When current in the coil is zero, H = 0 and hence B is also zero, (since B =µH). 
As H is increased (by increasing the current) the flux density also increases until 
the point of maximum flux density (+ Bmax) is reached. The material is saturated 
and beyond this point the flux density will not increase for further increase of H. 
The flux density remains at its maximum value (+ Bmax).
 Now H is gradually reduced (by reducing the current) it is found that, the flux 
density (B) does not decrease along ‘oa’, but follow the path ‘ab’. At point b, H is 
zero, but the flux density is +Br called residual flux or retentivity of the material.
 To remove the residual magnetism the magnetizing force H is reversed by 
reversing current through the coil. When H is increased in the reverse direction, 
such that H = OC, the BH curve follows the path ‘bc’. Now the residual magnetism 
is zero. The value H= OC is called coercive force (-HC).
 If H is further increased in negative direction, the material again saturates 
(point d) in the negative direction. Reducing H to zero and then increasing it in the 
positive direction completes the curve ‘defa’.
 Thus when can iron piece is subjected to one cycle of magnetization, the BH 
curve traces a closed loop ‘abcdefa’ called Hysteresis loop.
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 During the reversal magnetization, molecular friction takes place in the inner 
molecular material and produces heat. This energy loss in the form of heat is 
proportional to the area of the hysteresis loop.

2.10 Biot - Savart Law

The Biot-Savart Law provides us with a way to find the magnetic field at an empty 
point in space, due to current in the wire. The idea behind the Biot-Savart Law is 
that each infinitesimal element of the current-carrying wire makes an infinitesimal 
contribution to the magnetic field at the empty point in space. Once you find each 
contribution, all you have to do is add them all up.

Fig. 2.11: Biot - Savart Law

 Consider a conductor element dl carrying a current I. Let P be the point at 
which we want to find the flux density. The point is situated at a distance ‘r’ from 
the element dl inclined at an angle θ to the element.
 Therefore, according to Biot-Savart’s law

  

  
where,
  B – flux density at P, Tesla
  µ – permeability of medium, Hm-1

  dl – length of current element, m
  I – current in the conductor, A
  r – distance from element to P, m
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 The integration is carried out over the length of the conductor. The above two 
equations are said to be statement of Biot-Savart law.
 For an infinite conductor (conductor whose length is infinite),

  
 Thus the Biot-Savart Law represents a powerful straightforward method of 
calculating the magnetic field due to a current distribution.
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ABSTRACT
In a normal operation of power systems, the most common faults will always leads to 
disruption of electrical power supply to the consumers. The system thus deviates from the 
normal conditions, always gives rise to surge magnitudes i.e higher than normal value. For 
safety of the electrical equipment, short circuited faults are to be addressed first, as they 
are considered to be the characteristics of transient disturbances. With the application of 
evolutionary programming tools, discernment among different types of transmission line faults 
can be achieved. Thus, Power systems CAD (PSCAD) software is used to design and simulate 
electrical power systems. This PSCAD/EMTDC software is most widely used for simulating 
different faulty and normal conditions on HV transmission lines, like L-G, L-L, D-L-G and 3-ф 
short circuits. The voltage and current variations were examined during short circuit faults, 
with and without fault impedances as well as with respect to distance from fault location. In 
this paper, wavelet transforms was also applied to excerpt information from transient signals 
and also at the same time both in time and frequency domain, used to determine whether the 
transients are due to disturbances or faults from the data obtained from the fault analysis.

Keywords: Transmission Line, Faults, PSCAD/EMTDC, Wavelet, Fault Resistance.

I. Introduction

A. Introduction to Faults

Faults are defined as flow of large current which is due to undesirable and inevitable 
events which could temporarily disturb the power system stability condition if 
there is a insulation failure at any part of the system. If any conducting object 
comes in contact with power conductor a fault or short circuit occurs. There are 
many causes for the fault occurrence, such as lightning, wind damage, trees falling 
across the transmission lines, birds shorting lines, etc. In order to provide system 
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protection, it is necessary to study a power system under fault conditions. This paper 
focuses on causes and analysis of the faults in transmission lines. A comparative 
analysis was also performed to compare the calculated results and with the results 
obtained in the implemented methods. There are two kinds of faults which can 
happen on any transmission lines. They are symmetrical and asymmetrical faults 
which are otherwise called balanced and unbalanced faults individually. The faults 
that happen on the power system are mostly unsymmetrical. Notwithstanding 
this power system faults might be sorted as series and shunt faults, where series 
faults happen to be in line impedance, neither includes neutral or ground nor any 
interconnection between the phases. The as often as possible happening sort of 
shunt fault is LG faults. Shunt faults are the unbalanced between phases or amongst 
phases and ground. In shunt faults, the faulty phase voltage and frequency would 
decline while there is increment of current.6

B. Introduction to Wavelets

Wavelets are scientific functions that cut up information into various frequencies 
parts, and afterward contemplate every component with a determination 
coordinated to its scale. A series of wavelet is a general representation of a square 
integrable function by means of few orthonormal series being generated by a 
wavelets. The essential means behind wavelet transforms is, transformation shall 
allow changes in time extension only, but not in shape which can be done by means 
of selecting suitable basic functions which permits this. With the changes in time 
extension were probable to confirm the consistent analysis frequency of basic 
function. In functional and numerical analysis, discrete wavelet transform is a 
wavelet transform to which the wavelets were discretely sampled. While compared 
to wavelet transforms, the important advantage over fourier transforms is its 
temporal resolution, also captures both location and frequency information.4 A 
continuous wavelet transform (CWT) is used to divide a continuous-time function 
into wavelets. CWT holds the property to build a time-frequency representation 
of a signal which offers a very good frequency and time localization. In case of 
functional and numerical analysis, DWT is defined as a wavelet transform to 
which the wavelets were individually sampled. While compared to other wavelet 
transforms, the crucial advantage over Fourier transforms is temporal resolution 
which means it captures both location and frequency information.7

II. Modelling of Transmission Line

Transmission lines in power system are nonlinear in nature, due principally to the 
frequency reliance of conductors (skin impact), and also the ground or earth return 
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way. The capacity to represent the system precisely and effectively has a basic 
impact in the electromagnetic transient simulation of power system. Bergeron 
models are used to model the transmission line that is to be simulated for fault 
analysis. The Bergeron Model is an extremely basic, steady frequency model 
based on travelling waves. This model speaks to system L and C in a distributed 
way while the aggregate system protection R is lumped.

Fig. 1: Transmission line modeled for conducting fault analysis study

 Figure 1 represents the transmission line modelled for conducting the fault 
analysis study. A transmission line of length 100 Km between two and three phase 
voltage sources acting as substations is considered in this modeling. For every 25 
Km of length, a transmission tower is placed. The conductors used are Chukar 
conductors. Breakers are placed at the substations to interrupt the faults. To study 
the changes in fault currents and voltages due to variation of fault distance and 
fault resistance, faults are applied at a distance of 25 Km from one another for a 
length of 100 Km. Timed fault logic is placed to control the fault timings. Timed 
breaker logic controls the operation of breaker according to the instruction given 
by operator.

III. Simulation of Transmission Line for Fault Analysis3

The transmission line voltage is 220 kV. Timed Fault Logic is used to control the 
faults from where external control is given to Fault Control Panel. Application 
of faults at different locations, start time of fault, duration of fault, type of fault 
is controlled by Fault Control Panel. Breakers interrupt the fault currents at 
given open time. The breaker is closed at given close time. The fault resistance 
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is varied in steps and all types of faults at different fault locations are applied to 
study the faults. Fig. 2 and Fig.3 depicts pre fault voltage and current waveforms 
under steady state conditions. When fault is created at 0.2 secs with varying fault 
resistance at different locations, here in Fig. 4 and Fig. 5 depicts the fault current 
without breaker action and with. In this paper, the simulation model is considered 
of 100 Km, so at regular intervals fault was created and Fig. 6, 7,8, 9, 10 depicts 
the fault currents respectively. The breaker opens at 0.25 seconds and interrupts the 
fault current. The breaker closes at 0.5 seconds and the fault is cleared.

Fig. 2: Voltage waveform at pre fault condition

Fig. 3: Current waveform at pre fault condition

 The LG fault is applied at 0.2 seconds and the duration is 0.2 seconds. The 
breaker opens at 0.25 seconds and closes at 0.4 seconds.
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Fig. 4: Fault current waveform without breaker action

Fig. 5: Fault current waveform with breaker action

 The faults are applied at different fault locations and the results are analyzed. 
The results of LG fault at different fault locations at fault resistance 0 ohms is as 
below.

Fig. 6: Fault curreent waveform at location 1 (0 km)
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Fig. 7: Fault current waveform at location 2 (25 km)

Fig. 8: Fault current waveform at location 3 (50 km)

Fig. 9: Fault current waveform at location 4 (75 km)
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Fig. 10: Fault current waveform at location 4 (100 km)

 In similar way, LL fault, LLG Fault, LLL fault are also analyzed at 0 ohms. 
The faults are analyzed at 25 ohms and 50 ohms also and the values are tabulated 
below in Table 1, Table 2 and Table.3.Below table shows, (i) as the distance of the 
fault from the source increases the fault current magnitudes decrease because as 
distance increases, the impedance increases, (ii) The increase in fault resistance 
makes a decrease in the fault current magnitude. As per Ohms law, current is 
inversely proportional to resistance, (iii) L-G fault is severe fault at the source but 
as distance of fault location increases from the source LLL fault becomes severe.

Table 1: Fault Current for resistance at 0 ohms
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Table 2: Fault Current for resistance at 25 ohms

Table 3: Fault Current for resistance at 50 ohms

IV. Classification of Faults

By using the above plotted graphs, fault classification is done by wavelet 
decomposition and fault classification algorithm.
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A. Interfacing PSCAD with MATLAB

The data of the faulted current waveform graphs is copied into notepad and 
imported in MATLAB and saved as mat files.

B. Wavelet Decomposition1

Wavelet Packet Decomposition (WPD) is also known as Optimal Sub band Tree 
Structuring which is a wavelet transform. While discrete-time (sampled) signal 
are passed through more number of filters. In the DWT, calculation at each level 
is done by passing the last wavelet approximation coefficients (cAj) by means 
of discrete-time LP & HP quadrature mirror filters. To create full binary tree in 
the WPD, both the detail (cDj (in the 1-D case), cHj, cVj, cDj (in the 2-D case)) 
and approximation coefficients need to be decomposed. For n number of levels 
of decomposition, for given as opposed to (3n + 1) sets for the DWT, the WPD 
produces 2n different sets of coefficients. Due to the down sampling process, 
overall count of coefficients remains still the same and there is no dismissal. 
From compression point of view, standard wavelet transform might not produces 
the best results as it is limited to wavelet bases which would be increased by a 
power of 2 towards the low frequencies. For a particular signal, it can be another 
combination of bases which produces more necessary representation for a given 
particular signal. Fig.11 depicts wavelet decomposition for single phase signal. 
This is representation of three level decomposition. The signal is passed through 
low pass filter and high pass filter and then down sampled. The output of first level 
decomposition is one approximation coefficient and one detailing coefficient. The 
result of first level decomposition is again decomposed for different levels.

Fig. 11: Wavelength Decomposition for single phase
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 The three phase fault current waveform Iabc is taken and wavelet decomposition 
is separately applied for each phase. Each phase current wave is passed through 
low pass filter (LPF) and a high pass filter (HPF). After passing through filter, 
the wave is down sampled and gives approximation co-efficient and detailing 
co-efficient Thus it completes one level of decomposition. Three level wavelet 
decomposition is not sufficient to classify all the faults, so the decomposition is 
done for five levels. In the below Fig. 12, the wavelet decomposition is shown for 
three levels. The same procedure is carried out for five level decomposition.

Fig. 12: Wavelength Decomposition for 3 phase
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 In this paper, DWT is utilized for fault discovery reason because of following 
reasons. It gives a quick, dependable, precise fault examination and it likewise 
less demanding to actualize and it gives less calculation time and assets required 
contrasted with the persistent wavelet transform. The three-phase current signal 
of transmission line is taken as information and decayed utilizing discrete wavelet 
change to acquire include extraction. The highlights extricated by handling discrete 
wavelet transforms are greatest and least detail coefficient at five level decay levels 
(d1, d2, d3, d4, d5). The most extreme and least detail coefficient of line current 
at level 4 and level 5 are utilized for the examination. The most extreme and least 
detail coefficient of line current at level 4 and level 5 are ascertained for all unique 
fault writes, for example, Single Phase to Ground, Double Phase Fault, Double 
Phase to Ground Fault and Three Phase Fault utilizing wavelet tool kit. The most 
extreme and least detail coefficient of ordinary condition (pre-fault) values at 
level 4 and level 5 are taken as reference and contrasted and unusual one’s. In the 
event that the most extreme and least detail coefficient estimation of the signal 
surpassed that of an ordinary condition, a fault is recognized. The component 
acquired by handling the discrete wavelet change is given to ground system to 
fault arrangements purposes.

V. Daubechies Wavelet

These wavelets depends on In-grid Daubechies work, a group of orthogonal 
wavelets that defines a discrete wavelet transform and to be characterized by 
maximum number of disappearing moments for the given support. With each 
class of this type, a scaling function (called the father wavelet) generates an multi 
orthogonal resolution analysis. The Daubechies wavelets are supposed to have A 
number of highest disappearing moments, for the given support width 2^ (A – 1).2

Daubechies wavelet have 2 schemes5

• DN using the length or number of taps
• DbA referring to the number of disappearing moments

 Herein, D4 and db2 seems to be same wavelet transforms. From the available 
2A−1 possible solutions of the algebraic equations, at a moment and orthogonality 
conditions, one with external phase scaling factor is chosen. Wavelet Transform 
can easily kept in practice by making use of fastest wavelet transform. Daubechies 
wavelets were broadly used in resolving a wide range of problems, that is self-
similarity characteristic of a signal/fractal problems, signal discontinuities, etc. 
Also these wavelets were not defined in any terms of the resulting scaling functions 
as well as wavelet functions. So, they are impossible to write-down in closed form.

583



192 Technological Developments in Engineering, Management, Arts and Science

VI. Fault Classification Algorithm6

Fig. 15: Fault Classification Algorithm

 Wavelet decomposition is done for the three phase faulted current waveform 
Iabc for all the three phases separately by choosing daubechies wavelet. Three level 
wavelet decomposition gives one approximation coefficient and three detailing 
coefficients for each phase. The sum of the approximation coefficients of all the 
three phases (Sa, Sb, Sc) is considered and given as input for fault classification 
code. Three level decomposition does not classify all the faults. So, the level of 
decomposition is increased to five. Now, the sum of the approximation coefficients 
of three phases when given as input to fault classification code can classify all the 
faults successfully.

Conclusion

In this paper, we observe that, from the PSCAD/EMTDC results of Fault analysis,
• The magnitude of fault currents decrease as the distance of fault location and 

fault resistance increases.
• The increase in the distance of fault location increases the resistance of the line 

and thereby the current flowing through the line decreases.
• Increase in the distance of fault location implies that the length of the conductor 

is increased. As we know that resistance is directly proportional to length.
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• From Ohm’s law, current is inversely proportional to resistance. The increase 
in the fault resistance decreases the fault current magnitude.

• LG fault is the most severe and most occurring fault. LG fault is severe at the 
source side. The increase in the distance of the fault location from the source 
makes the LLL fault most severe.

• Hence by using wavelet transform theory and applying five level wavelet 
decomposition to the current waveform, approximation coefficients are 
calculated and used in classifying the faults by writing the MATLAB code.

Future Scope

The Fault analysis can be performed by implementing transposition in the 
transmission line too. Approximation coefficients and detailing coefficients 
can be calculated by using different wavelets and different levels of wavelet 
decomposition. Fault classification can be performed by using Support Vector 
Machine, Multi resolution analysis, Artificial Neural Networks.
Thus this work could be extended for finding the fault location by using Distance 
relay protection scheme.

References
 1. Prakash K. Ray, B. K. Panigrahi, P. K. Rout, AsitMohanty, Harishchandra Dubey 

“Detection of Faults in Power System Using Wavelet Transform and Independent 
Component Analysis “ First International Conference on Advancement of Computer 
Communication & Electrical Technology, October 2016, Murshidabad, India, DOI: 
10.13140/RG.2.2.20394.82882

 2. Atthapo lNgaopitakkul, Chaowat Apisit, Sulee Bunjongjit and Chaichan Pothisarn 
“Identifying Types of Simultaneous Fault in Transmission Line Using Discrete 
Wavelet Transform and Fuzzy Logic Algorithm” International Journal of Innovative 
Computing, Information and Control Volume 9, Number 7, July 2013.

 3. Makmur Saini, Abdullah AsuhaimiMohdZin,Mohd Wazir Mustaffa Ahmad Rizal 
Sultan “Fault Analysis Using PSCAD/EMTDC for 150 kV South South Sulawesi 
Transmission System “2012 IEEE Symposium On Industrial Electronics and 
Applications,September 23-26,2012,Bandung,Indonesia.

 4. Dr. S. v. E.Safty, Dr. A.A Sharkas, “ Identification of Transmission Line Faults Using 
Wavelet Analysi”,Circuits and Systems, 2003 IEEE 46th Midwest Symposium on 27-
30 Dec.2003.

 5. Makmur Saini, Abdullah Asuhaimi Bin Mohd Zin, Mohd Wazir Bin Mistafa, Ahmad 
Rizal Sultani1, “An Accurate Fault Detection and Location on Transmission Line 
using Wavelet Based on Clarke’s Transformation “ Przegad Elektrotechniczny, ISSN 
0033-2097, R. 90 NR 11/2014.

585



194 Technological Developments in Engineering, Management, Arts and Science

 6. D.Chanda, A.K. Kishore, N.K.Sinha,”Application of wavelet multiresolution analysis 
for classification of faults on transmission lines” 10.1109/TENCON.2003.1273161.

 7. Mamta Patel, R. N. Patel, “Fault Detection and Classification on a Transmission Line 
using Wavelet Multi Resolution Analysis and Neural Network” International Journal 
of Computer Applications (0975 – 8887) Volume 47– No.22, June 2012.

586



13
Counter Measures to Mitigate Security 
Issues and Challenges in IOT
1Dr. K. Rajakumari, 2Dr. M. Udhayamoorthi, 3M. Jagadesh,  
4Dr. P. Hamsagayathri, 5K.S. Mohan
1Department of CSE, Sri Shakthi Institute of Engineering and Technology, Coimbatore
2Department of IT, SNS College of Technology, Coimbatore
3Department of ECE, SNS College of Technology, Coimbatore
4Department of ECE, Bannari Amman Institute of Technology, Sathy, Erode
5Department of IT, SNS College of Technology, Coimbatore.
E-mail: udaya.manasu@gmail.com

ABSTRACT
Internet of Things (IoT) is an ecosystem of interrelated computing devices, mechanical and 
digital machines, objects, animals or people through the internet. The things in IoT is an object 
that assigned with an IP address and have the ability to collect and transfer the data over a 
network without manual intervention. IOT does not need any human to machine interaction, 
it seems to be one of the largest waves of revolution as per the research going on. As more 
and more IoT devices introduced and deployed in uncontrolled, complex environments, 
securing IoT systems presents a number of unique challenges. The quick development of 
IOT has derived with the challenges in terms of security of things. In this paper imperative 
study is done to reveal the security and privacy in internet of thing devices and also discussed 
the different counter measures to mitigate them which would give the future scope for next 
researches in Internet of thing drives.

Keywords: IoT, Security issues, DoS, spoofing, Man-in-the-Middle Attack, mitigation.

1. Introduction
The emerging trends in embedded technologies and the Internet have enabled 
objects surrounding us to be interconnected with each other. We envision a future 
where IoT devices will be invisibly embedded in the environment around us and 
would be generating an enormous amount of data. These data would have to be 
saved and processed to make it understandable and useful.
 The Internet of Things (IoT) plays a extraordinary position in every 
portion of our everyday life. It includes fields such as healthcare, automobiles, 
entertainments, industrial appliances, sports, homes, etc. The frequency of 
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IoT relieves several daily actions, augment the method that cooperate with the 
adaptable surroundings, and supplement the social communications with other 
people and objects.The security levels in the production turn out to be doubtful 
with standards. Vulnerabilities aim the physical interfaces of IoT devices, wireless 
protocols, and user interfaces. It is imperative that intrusion analyst understand 
how to levy the attack facade, examine threats, and expand the potential to sense 
assault in IoT location.

2. IoT Architecture
The principle objective of IoT is to facilitate the devices to be associated using 
whichever network from anywhere. Henceforth IoT is decided to recognize 
appropriate policies about construction and interconnection of a variety of sensors 
and devices1 and as a part of Mobile Adhoc Networks operations also.13

Layer 1 – Physical and Data Link Layer

These layers recognize the objects and sensors capture the data information. 
This layer includes knowledge correlated to sensors, embedded devices, and 
classification.

Layer 2 – Network Layer

This layer is to transport the composed statistics to the dealing out structure. 
To do this, itrelies on the communication networks like the Internet, mobile 
communication, and WirelessSensor Networks.

Fig. 1: Security threats in IOT Model

588



Counter Measures to Mitigate Security Issues and Challenges in IOT 197

Layer 3 – Transport Layer

This layer route the data, examine it and accumulate in a catalog which can be 
used later onrequirement. It contains large cloud processing systems and statistics 
storage systems.

Layer 4 – Application Layer

All the user specific applications or industrial applications are accessible in this 
layer.Applications like Smart Home and Smart Traffic are the great examples.
 After talk about the IoT representation and its layer-wise functionalities, next 
section confers a variety of probable threats on the IoT strategy.

3. Threats on Each Layers
As huge quantity of data composed and processed by IOT is being used by normal 
users or industries. This gives a roadmap for many hackers.2 susceptible data from 
IoT systems like position data, economic data, credit card data, etc. can be chop 
by the impending invaders. Besides, IoT elements like nodes, to molest the third 
party entities3 can be compromised. Tobetter view security threats in IoT, it is 
briefly discussed several possible cyber-attacks on IoT applications as shown in 
Figure 1. On each layer invaders typically invade with different ways which are 
also an important era of discussion but it is beyond the scope of this paper so a brief 
overview is elaborated of such attacks on each layer below.

Device Tampering: Here, aggressors physically exchange the inventive sensor 
node by malicious node. This way it can harm the network by receiving total 
power of it.

Signal Jamming: Hindering the message canal in the midst of the nodes is the 
chief aspire of this attack.

Spoofing: A counterfeit message will be propel to the system craft it with 
assumption as it was coming from the unique node. It may escort the attacker 
toachieve full control of the system making it vulnerable.

Eaves dropping: Assuming wireless, RFID system lead to snooping sensitive 
information like passwords on the fly of data.

Sinkhole Attack: One way to dam the network and augment the energy 
expenditure of nodes. The sinkhole generates disagreement in the middle of 
malicious node and adjacent nodes to increase the message canal entrée. This 
guide to extra serious attacks like denial of service (Dos) attacks.

Man-in-the-Middle Attack (MITM): In this the attackers watch or manage the 
message between the two clients. Not only this it forge the identity and talk devoid 
of any doubts.
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Data Tampering: For the individual reimbursement, one can tampers the 
information by digging up or amending the IoT objects data.

Denial of Service Attack (DoS): This aim the accessibility facial appearance and 
attempt to close the scheme to unavailable for others.

Sniffer: sensitive information is collected from the passage; invaders embed 
sniffer or logger codes to whip files, passwords and communication texts.

Session Hijacking: To utilize the imperfection in session organization, this 
discloses the user individuality. Enchanting identity of individuals, invaders 
doanything that it desire.

Distributed Denial of Service (DDoS) Attack: Similar to DoS attacks it can be 
completed by captivating manage of manifold fatalities and treat as attackers.
 For a better understanding of the security requirements and solutions to IoT 
related problems, this section discusses various recent studies in IoT. Following 
table summarizes the above discussed recent works in various aspects.

Table 1: Summary of security issues IoT
Applications Algorithm Realization Confront
Real-World confront 
in IoT4

Cryptographic 
algorithms

Improvement of 
security possibility 
defending devices 
protect tidy 
devices

Virtual Attacks 
recurrently modernize the 
firmware

Diminish the safety 
risks in IoT system5

business security 
policy

recognize rogue 
devices frustrate 
possible IP 
passage

undeveloped IoT devices 
watch and prevailing

Study of secluded 
Patient scrutinize 
System6

analyses security 
rations and later on 
estimate that are to be 
snooped

device-specific 
security algorithms 
identified

Quality Energy efficiency 
in IoT nodes

Safety connected 
finest carry out for 
the operation of IoT 
plan7,15

Shodan and Censys 
is anlysed in its place 
of web

authentic IoT 
devices in a 
gigantic network

Cyber-physical attacks

Safety risk and 
knowledge to 
conquer8

worm secure IoT 
structural design

layer based 
security challenges 
analyzed

verification DDoS attacks

Network intrusion 
detection (NID)12

Monitoring the devices 
for malicious activity

Equip the tools to 
IoT based network 
devices

Port scans insufficient to 
secure accurately

Contd…
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Applications Algorithm Realization Confront
IoT in medical 
applications11

plan pedestal on smart 
treatment system

remote check 
of Health Care 
System

Data security

The smart cities 
projects in IoT 
scenario10,13-14

Semtech and SigFox’s 
technology 

arrange IoT 
campaign in a low 
cost

Networking 
Transportation policy 
concern

social lens secure the 
IOT9

Three case studies 
done in the IoT 
networks

incidental safety 
of IoT

Offshore growth of IoT 
plans

4. Counter Measures to Mitigate the Security Threats
Various vulnerabilitiesare revealed and with such challenges some of the 
prevention measures are contributed so that it gives an immense pleasure to next 
research in different security era whichis depicted in each issue.

Self-doubting Web Boundary

Deals with

• GUI built into IoT devices that collaborate amid the apparatus, parallel tolerate 
an intruder to raise illegal entrance to the device.

Vulnerability

• Financial credit details
• Scrawny defaulting certificate
• Cross-site Scripting (XSS)
• SQLInjection
• Assembly organization

Counter Measures

• Default credential must be distorted throughout preliminary company
• Ensure key resurgence mechanisms are strong and do not furnish an invader 

with data having a valid account
• Certify credentials should not be exposed
• Weak password not allowed
• Lock the account after failure attempts.

Contd…
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Unconfident Network Forces

Deals with

Vulnerabilities in the complex services admission the IoT device that might 
achieve illicit access to the appliance or allied figures.

Vulnerability

• Vulnerable forces
• Shield excess
• Untie port via UpnP
• Vulnerable UDP forces
• Denial-of-Service
• DoS via association
• Device Fuzzing

Counter Measures

• Compulsory ports are showing and existing
• Forces are not exposed to defense excess and fuzzing attack
• Guarantee not vulnerable to DoS attacks
• Make sure network ports are not bare to the internet via UpnP

Timid Cloud Edge

Deals with

Entail deprived validation reins or data travelling in an unencrypted arrange allow 
an enemy admittance to the applianceor the fundamental data.

Vulnerability

• Explanation details
• None description shut out
• Credentials bare in Network passage.

Counter Measures

• Evade passwords and ideally evasion usernames to be altered original setup
• Itemize password reset mechanisms
• Guarantee lockout mechanism following failed login attempts
• Apply two factor confirmation
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Unconfident Mobile Edge

Deals with

Puny verification or unencrypted statistics means permit an attacker entrance to 
the device or essential data of an IoTmachine that exploit vulnerability

Vulnerability

• Credential not locked
• Network Traffic seen the open credential

Counter Measures

• Guarantee consumer financial records cannot be temize using functionality 
such as code word rearrange device

• Guarantee lockout mechanism after failed login attempts
• Make certain credentials are not depiction whilst associated to wireless 

networks
• Realize double factor authentication

Inadequate Security Configuration

Deal with

Enforces to exploit the physical powerful passwords. IoT device could be attacked 
allocate illegal entrance to the mechanism or the data.

Vulnerability

• Granular Permission deficient
• Code word safety Options lacking
• No Security Monitoring
• No Security Logging.

Counter Measures

• Divide usual users from managerial client
• Encrypt data at rest or in transport
• Strong secret word guidelines
• Facilitate event logs
• Audit the security
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5. Conclusion
This paper explains the significance of IoT where it continues to cultivate at 
a rapid rate and root into each and every field of real life. It also implies the 
architecture, security threats that curtail the development of IoT applications and 
its counter measures. Privacy is crucial in IoT especially as the characteristics 
of such a network are different than the typical Internet network. Such issues 
and requirements are identified and discussed in this paper. Thereby different 
countermeasures to defeat the attacks related to security is discussed which would 
gain the scholars the opportunity for the future research.
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ABSTRACT
One of the most exceptionally important tasks in software development life cycle is to produce 
precise effort estimations and schedule. Effort estimate is used as input to project planning, 
budgeting, pricing policies and investment analyses by the developers. Missing or Incomplete 
data are exasperation to a certain extent everywhere but especially in effort estimation it is 
a greater hindrance. Over estimation of the software effort can result in losing the chance 
to win a bid and underestimation can lead to detrimental effect on the quality of software 
or monetary loss. Accuracy in effort estimation is decisive for developers and customers 
also it is required to do preplanning, budgeting, risk analysis and productivity assessment 
and customers requires estimation for taking place in contract negotiation process by the 
developers. Accuracy of data during effort estimation is termed as the characteristics of the 
dataset and it is a great deal of uncertainty in such datasets. Quality of data is the major 
challenge in Software estimation because missing values leads to High degree of inaccuracy 
and the missing value is commonly measured to ignore the whole project data or its feature. 
All the popular empirical estimation models require accurate inputs for estimation of effort 
or in other words, the accuracy of the output of these models is depends upon the accuracy 
in the input parameters. It is very difficult to obtain such accurate information at the early 
development stage of a software project. Controlling the huge uncertainty in existing estimation 
model is hard since it could not be modelled purely based on mathematics. These issues led 
to the introduction of variety of techniques to solve the relevant issues of effort estimation in 
GSD projects. The objective of this chapter is to identify what are the factors that will have 
major impact in GSD projects and how to overcome these factors while calculating effective 
estimation for a GSD projects.

Keywords: Effort Estimation, GSD (Global software development), socio-cultural distance, 
Geographical distance, Critical Success Factor (CSF).

1.1 Introduction

Global Software Development (GSD) has grow to be a one of the major 
business need internationally worldwide which is been previously cited to be 
off shore development, Software development over Internet, multi-site software 
development, distributed software project development.
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 Global Software Development assumes and follows sun rule i.e. exploit the 
Complete time for the software project development therefore GSD is also called 
no sun set in software development.1 GSD has three distinct but complementary 
perspectives: Business perspective, Socio Economical perspective and Technical 
Perspective. The incident of Global Software Development (GSD) is taking possible 
and the implication of GSD boost with the course of time. GSD offers highly 
skilled personal with low cost. It is one of the reasons behind shifting software 
industry from co-located development to GSD. This shifting brought some new 
challenges in software development. The problems arising from the geographical, 
temporal and socio-cultural distance are the main challenges for GSD. Lack of 
formal communication generates misunderstandings in requirements or changes 
in the requirement specification. Real time contact between the distributed team is 
more difficult with temporal and geographical difference. Socio-cultural difference 
leads problems, such as, different opinions about the nature of the software 
development process.9 Language problem also discourages employees to online 
meeting. To avoid this fear he/she prefers to asynchronous communication e.g. 
email etc. However, sometime one cannot express a problem through only words; 
he needs gesture. Body language and pitch. Moreover, the distance and complexity 
of coordination is directly proportional. As distance increases, the complexity of 
coordination increases in software development process. This complexity also arise 
lack of familiarity with remotely located colleagues and increase in communication 
cost as well. Apparently, trust and teamwork cannot take birth in this situation. 
GSD environment erg to reduce these complexities also needed to enhance the 
ability to focus on coordination of resources. It is important to overcome these 
challenges in development and also essential to offer generic solutions to these 
challenges.

1.1.1 GSD

The software development process is determined as a collection of actions, 
procedures, practices and technologies which is used by people and companies 
for software development and to maintain associated software and products. The 
main concern in the software development process is established on the following 
basis: – The quality of the software mainly dependent on the quality of the process 
used. It is possible to define, manage; measure, as well as software process can 
be improved. Even though if well defined software process is used it is not that 
much simple to develop software. The GSD is characterized based on how the 
development team geographically distributed on a worldwide scale which leads 
to computation of globalization of efforts required. Majority of GSD projects fails 
due to varying estimates which is available widely so software development filled 
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with many difficulties.The record of descriptions that differentiate GSD from 
normal (centralized) development is small and specific: distance (the distance 
between developing team scattered from each other and these developers from 
their customers or end users); time-zone differences (time zone mainly a puzzling 
factor with distance); and national culture (it comprises language barrier, traditions, 
custom). These three parameters will have major effects on various levels:
• Strategic issues: The choice whether a software project should be developed 

by globally distributed teams, where this software project can be better 
developed, and how this software project to be divided across multiple sites is 
a toughest task. Many analyst expressed options about the risks and benefits of 
global project development. This GSD development depends upon resources 
availability at different sites, degree of expertise in technology, infrastructure 
required for development so on. Many appropriate models are essential under 
various circumstances.

• Cultural issues: In Global Software development there is a need for close 
collaboration between individuals with diversified cultural backgrounds. 
Culture differs in many dimensions from national, ethnic, professional so 
on. Many people find such differences which leads to severe and persistent 
misunderstanding. For example, e-mail in some culture may be offensive for 
someone with different background. Culture differences frequently intensify 
communication problems.

• Knowledge management: The advantages of GSD benefits cannot be explored 
if there is no valuable information and knowledge-sharing mechanisms among 
the people. Even substandard documentation can also leads to unsuccessful 
collaborative development. Generally documentation depends on confrontation 
among developers but in context of Global Software Development the 
effectiveness of documentation is vital for all aspects such as required to 
simplify unspoken inference and doubts, and to support maintainability.

• Technical issues: When various teams work on different sites then one of 
the crucial problems is lack of synchronization among them. So there should 
be uniform milestones between the members and clear entry point and exit 
point for every task. Naturally, risk management has not taken into account 
possible influence on the distribution, dissimilar cultures, schedule and 
outlook. The overheads for software projects are amazing related to control 
and coordination. Due to the differences in distance in GSD project neither 
people cannot synchronize by glance between compartment walls nor will 
managers have a control by visiting the team’s office. In addition, time zone 
differences can be resolved related to issues or algorithm clarification on fly by 
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a quick phone call. Ever since networks traverse globally distributed places are 
frequently sluggish and untrustworthy. So the tasks that require broadcasting 
vital data must be thoroughly designed and executed for example in case of 
configuration management it is very essential and important. In case of GSD 
projects it is important to control product changes and also ensure all the 
concerns related to the project. Many tools and techniques have been developed 
in GSD environment to control and coordinate the development teams working. 
Majority of these tools focus on formal communication and non interactive 
communication channels. The conventional problems and existing challenges 
of GSD can be summarised as follows. Companies are searching for aggressive 
benefits in development in terms expenditure, quality and flexibility, gazing 
for increased productivity and reduced risk. Most organizations are forced 
to explore the competitive benefits for global solutions. There are two major 
choices at present employed: offshore outsourcing and offshore in sourcing.

1.1.2 Insufficient Communication

Initial stages of software development require a large amount of healthier 
communication. Software projects require two Communication needs such as a 
clear formal, official communications and well-understood interface. In critical 
tasks If the interface is designed badly there is a threat for time lose and also 
task descend through the cracks. Vital communication channel can be surprisingly 
disabled during development such that developers not situated jointly will have 
less informal, impulsive transformation across sites. Informal transformations 
helps people in knowing what is progressing around them, what other individuals 
are doing in the project, what represents different fragments of the project are 
in, who has knowledge and skills in which area, and several other necessary 
information that facilitate developers to work together efficiently. One of the issue 
produce for any software project is extended periods. The deficiency in ongoing 
conversation from multiple sites results in misalignment and rework. Basically if 
the project is unsure then communication channel plays a vital role and becomes 
more important. These affairs are even more composite in case of outsourcing 
arrangements. In many cases restricted or filtered communication is used due to 
the fear of losing intellectual property or other proprietary information concerned 
to product or schedules. This frequently damages this critical channel.

1.1.3 Issues Related to Project and Process Management

When teams accommodating processes will have deficiency in synchronization 
between sites will be critical for example, if the team at one location and the 

598



Project Management in GSD Environment 207

test group at another location if they define unit-tested code in a different way. 
Synchronization requires uniform milestones and a precise entry point and exit 
point criteria. Although concurrent development process models suggested in the 
literature and they are used, in Global Software Development it is very difficult 
for developing effective concurrent engineering philosophy due to unpredictable 
requirements, unbalanced specifications, and the lack of good tools which 
support collaboration across schedule and space, and deficiency in of informal 
communication. In few cases they practice risk management in a conventional 
fashion, not considering the probable encounters of diverse cultures and attitudes.

1.2 Project Management in GSD

Because of time zone, geographic and communication differences, the project 
management is now a great challenge in GSD. Project management seems to 
be same entity for both co-located and GSD environment and, an experienced 
project manager can set the project on the success path.1 Some concealed risks 
sway project’s success. Project managers are advancing and updating themselves 
according to the new paradigm of GSD. Both (literature and industry) are lacking 
to provide the standardized approaches. Sights of GSD process management and 
problem solution. Some generic problems and hurdles need to solve and remove. 
According to conclusion about global project management, it is recommended to 
overcome problems of communication maimer. Employees also hesitate to adopt 
new means of interactive communications. Switching the personnel between 
their partners according to task distribution causing problems associated with 
wrong approach in project process distribution that affects the overall result of 
the project. There are also some problems of unclear-shared goals in the GSD 
environment. A project manager has to share this knowledge with the employees 
and the organizations. Effort estimation3 is one of important activity of project 
management. It is closely associated with risk management.4 For GSD project, 
risk management requires more intension because there are some additional GSD 
factors involved. GSD factors, e-g multi sourcing, geographical distribution, 
temporal diversity, socio-cultural diversity, linguistic diversity, contextual 
diversity and political and legislative diversity are the main roots for GSD threats 
that imperial the success of global project. These threats are directly affect the 
GSD project management activities.9 These threats reveal the weird nature of GSD 
project. They also generate a force that develops obstacles in a project.
 Project managers require significant effort5 to forecast obvious and hidden 
risks associated with GSD factors, and perform necessary precautions to overcome 
challenges associated with these factors to succeed in GSD.7 All these GSD factors 
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affect project management activities and thus should be taken into account by 
project managers when estimating project schedule. Major Challenges in Global 
Software Development arise from geographical, temporal and cultural distances.8

The major consequent challenges are
 i. Loss of Tameness
 ii. Coordination and Control
 iii. Loss of Communication Richness

1.3 Need for Coordination in GSD

 (i) To manage interdependencies and achieve project goals when several actors 
are involved and multiple activities are performed

 (ii) To suggest compatible process across sites to reduce distances and the 
amount of coordination required between client and vendor.

 

Client Client 

Software engineering 

Project mangement

Distance 

Culture Communi
cation 

Coordinat
ion Control 

Trust for 
motivation

Synchronisation/
asynchronisation

Tools /
methods/ 
strategies

Techniques 

Out scouring 

Calibration 

Coding & testingProject architechture

Fig. 1.1: Coordination between Distributed Teams in GSD Environment
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GSD Issues
• Geographical Distance
• Temporal Distance
• Socio-cultural Distance
• Organizational Distance
• Technological Distance
• Knowledge Distance

1.3.1 Research Methodology

Interviews were chosen as the major research methodology. Depending on the 
communication between the partners, interviews can be divided into telephone 
interviews and personal interviews with both persons facing each other Telephone 
interviews have several advantages over personal interviews, mainly due to the 
ease of access: ever since the interviewer does not have to travel to the interviewee, 
the costs of telephone interviews are much lower. In addition, a large number of 
interviews can be conducted within a short amount of time. It is also easier to 
access interviewees who are reluctant to sacrifice time for a personal meeting. On 
the other hand, there are many disadvantages of telephone interviews compared to 
personal ones: Since only spoken words are transmitted over the telephone, it is 
harder to get information. This reduces both the possibility of the interviewer to 
formulate complex questions and his or her ability to obtain all of the interviewees’ 
responses (e.g., their mimic action). The respondent might also not be willing 
to discuss sensitive topics over the telephone. Besides, the interviewer has less 
control compared to a personal interview. The interviewee can, for example, easily 
terminate the interview by simply hanging up the phone. Thus, it is recommended 
to use the telephone interview as an alternative only in certain circumstances. We 
tried to follow this guideline by conducting as many interviews as possible in 
person and only used telephone interviews if there was no other option. We also 
tried to minimize the problem by mailing the questionnaire to the interviewees in 
advance so that they had all questions in front of them. This helped very much to 
avoid misunderstandings during the interviews. Throughout the interview, we used 
a detailed questionnaire that contained both open and closed questions. All answers 
were recorded9 and, with the exception of one, transcribed literally. The interview 
transcription and the notes were then analyzed using coding: Pieces of the answers 
were categorized and grouped together in order to identify commonalities and 
differences.
 All interviewees confirmed that the six goals presented.
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• Costs
• Time
• Quality
• Staffing
• Intellectual property protection
• Proximity to customer

 Based on the outcomes of the interview study, several changes were applied to 
build a model which demonstrates the impact of GSD.

1.3.2 Problems in Communication, Coordination, and Control

The factors identified in the literature study as having an impact on communication 
problems were physical distance, language differences, cultural differences, 
differences in company culture, and common experiences of working together. 
Infrastructure distance, time shift and process maturity.3 Out of these factors, time 
shift was mentioned most often as having the biggest impact on communication 
problems. Time shift between sites caused many problems because of delayed 
communication. The results are grounded in both a systematic literature review 
and a subsequent interview study; there is a set of threats to validity that have to be 
considered when interpreting the data.
• It was not possible to keep the factor deficiency of belief within the model 

because it was understood differently by the practitioners.
• Interviews were given to an outsider. This might have prevented the 

practitioners from reporting all problems openly.

 The impact of all of the factors identified here does not only depend on 
whether a project is globally distributed or not, but also on the question of what 
the distribution of work across sites looks like: For example, the impact of task 
coupling and cultural differences on productivity is higher in a scenario in which 
closely coupled tasks are assigned to sites with large cultural differences compared 
to a scenario in which only tasks with loose coupling are assigned to different sites 
that have only low cultural differences between them.4

 However, we discovered that in practice, work assignment is done rather 
unsystematically and takes into account only few factors, such as the availability 
of the workforce and local cost rates. This discrepancy between decision criteria 
and the fact that, at the same time, the practitioners reported many problems caused 
by the factors identified here indicates a potential for improvement.
 We thus see a need for systematic decision support in GSD task allocation 
that can help practitioners to efficiently take into account all relevant influencing 
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factors for their allocation decision and thus decrease the risks of global software 
development. In doing so, models like the one developed here are needed for 
understanding the impact of allocation decision on project success.

(A) Solutions to GSD Difficulties

Though many probable solutions are exists for every problems identified, but the 
organizations mainly focused on work standardization, planned assets, committed 
process and risk management for the solution. Evaristo suggested a solution that 
comprises integration and enhancement of trust between global teams. Carmel has 
supported effective requirements engineering and formal development process 
which focus on initial planning is mandatory for distributed project, assessing the 
project characteristics and the unit of work available for the project. furthermore, 
the process commitment plays an vital role to begin the communication between 
global teams. An additional solution applied was guiding in soft skills which 
projects mainly on nontechnical factors such as authority, communication, 
traditions, context involvement, project administration, and scientific training. 
When the global teams do not use the same process then standardization is appealed 
by considering three strategies such as driving standardization, merging practical 
components from different sites into novel methodology, and enforcing high-
level guidelines. Risk management is drastically growing in both organizations. 
Some companies follow traditional risk management without taking the possible 
impacts of distribution, dissimilar cultures, schedule and attitudes. This has led 
to the necessity for global risk management process. Organizations are spending 
on the real requirements discovery which is essential for project characteristics 
and travel limitations. In every project major effort spend for the endorsement of 
project artifacts. At last, assimilation activities are conducted focusing mainly at 
trust achievement. Majority of these activities are achieved when teams meet & 
few of them are developed virtually.

(B) Global Software Development Critical Success Factors (CSF)

Based on organizational procedures Critical Success Factors are directly identified. 
For the similar activity it is possible to achieve different CSF related to the policies 
acquired by every organization. Summarizing the outcomes following critical 
success factors was identified. Formal software development process is considered 
to be significant factor for global projects. Variant CSF comprises huge allocation 
in training that evolved in enhanced relationships. The preliminary planning was 
vital for assessing global projects accurately and to choose the appropriate unit 
to allocate every project. Process commitment was measured as a success factor 
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since it was the primary contact among global project teams. Combining activities 
enhanced soft skills of persons, improved beliefs and reducing the cultural 
differences among people. Finally, integration has enhanced the interaction and 
feedback.

1.4 Results

Even though the results are grounded in both a systematic literature review and 
a subsequent interview study, there is a set of threats to validity that have to be 
considered when interpreting the data.
• It was not possible to keep the factor “lack of trust” within the model because 

it was understood differently by the practitioners.
• Interviews were given to an outsider. This might have prevented the 

practitioners from reporting all problems openly.
 The impact of all of the factors identified here does not only depend on 
whether a project is globally distributed or not, but also on the question of what 
the distribution of work across sites looks like: For example, the impact of task 
coupling and cultural differences on productivity is higher in a scenario in which 
closely coupled tasks are assigned to sites with large cultural differences compared 
to a scenario in which only tasks with loose coupling are assigned to different sites 
that have only low cultural differences between them.
 However, we discovered that in practice, work assignment is done rather 
unsystematically and takes into account only few factors, such as the availability 
of the workforce and local cost rates. This discrepancy between decision criteria 
and the fact that, at the same time, the practitioners reported many problems caused 
by the factors identified here indicates a potential for improvement.
 We thus see a need for systematic decision support in GSD task allocation 
that can help practitioners to efficiently take into account all relevant influencing 
factors for their allocation decision and thus decrease the risks of global software 
development. In doing so, models like the one developed here are needed for 
understanding the impact of allocation decision on project success.
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I. Introduction

Today internet is faster changing technology with rapid growth and increasing 
demands of users day by day. To extract information from huge documents of web 
as per user requirements at a faster rate is most challenging task. Web mining is 
useful to get data in faster rate as per user specific interest. it reduces time of server 
and cost saving and increases speed of response and improves performance of 
server system. Web mining gets information which is useful and finds knowledge 
from user click streams, hyperlinks and behavior of user. There are 3 categories 
in web mining such as web structure mining, web content mining and web usage 
mining. The web structure mining gets structure of data been accessed by user. The 
web content mining gets information about type of content being extracted by user. 
The web usage mining records every click made by user and identifies patterns 
from log files. The main objective of web usage mining is used to identify user 
interest and predicts user navigation
 Web Mining is the extraction of interesting and potentially useful patterns 
and implicit information from artifacts or activity related to the World Wide 
Web. Web usage mining provides the support for the web site design, providing 
personalization server and other business making decision, etc. In order to better 
serve for the users, web mining applies the data mining, the artificial intelligence 
and the chart technology and so on to the web data and traces users’ visiting 
characteristics, and then extracts the users’ using pattern. It has quickly become 
one of the most important areas in Computer and Information Sciences because of 
its direct applications in e-commerce, CRM, Web analytics, information retrieval 
and filtering, and Web information systems.
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There are three types of web mining:
1. Web content mining
2. Web structure mining
3. Web usage mining

Fig. 2: Web mining types

Fig. 1: Web mining taxonomy
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1. Web Content Mining

Web content mining is the process of extracting useful information from the 
contents of web documents. Content data is the collection of facts a web page 
is designed to contain. It may consist of text, images, audio, video, or structured 
records such as lists and tables.
 Application of text mining to web content has been the most widely researched 
are following:
• Topic Discovery And Tracking,
• Extracting Association Patterns,
• Clustering of Web Documents
• Classification of Web Pages.

 Research activities on this topic have drawn heavily on techniques developed 
in other disciplines such as
• Information Retrieval (IR) and
• Natural Language Processing (NLP).

2. Web Structure Mining

The structure of a typical web graph consists of web pages as nodes, and 
hyperlinks as edges connecting related pages. Web structure mining is the process 
of discovering structure information from the web. This can be further divided into 
two kinds based on the kind of structure information used.
• Hyperlinks: A hyperlink is a structural unit that connects a location in a web 

page to a different location, either within the same web page or on a different 
web page.

 – Intra-document hyperlink: A hyperlink that connects to a different part 
of the same page is called an intra-document hyperlink.

 – Inter-document hyperlink: A hyperlink that connects two different pages 
is called an inter-document hyperlink.

• Document Structure: The content within a Web page can also be organized 
in a tree structured format, based on the various HTML and XML tags within 
the page.

3. Web Usage Mining

Web usage mining is the application of data mining techniques to discover 
interesting usage patterns from web usage data, in order to understand and better 
serve the needs of web-based applications. Usage data captures the identity or origin 
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of web users along with their browsing behavior at a web site. web usage mining 
itself can be classified further depending on the kind of usage data considered:
• Web Server Data: User logs are collected by the web server and typically 

include IP address, page reference and access time.
• Application Server Data: Commercial application servers such as
 – Weblogic
 – StoryServer
 The significant features are to enable E-commerce applications such as B2B 

E-commerce and B2C E-commerce. A key feature is the ability to track various 
kinds of business events and log them in application server logs.

• Application Level Data: New kinds of events can be defined in an application, 
and logging can be turned on for them for generating histories of these events.

II. Real Time Applications

The web applications being developed at a much faster rate in the industry than 
research in web related technologies. Many of these are based on the use of web 
mining concepts, even though the organizations that developed these applications, 
and invented the corresponding technologies.

1. Web Search—Google

Google is one of the most popular and widely used search engines. It provides 
users access to information from over 2 billion web pages that it has indexed on its 
server. The quality and quickness of the search facility makes it the most successful 
search engine. Earlier search engines concentrated on web content alone to return 
the relevant pages to a query.
 Google was the first to introduce the importance of the link structure in 
mining information from the web. PageRank, which measures the importance 
of a page, is the underlying technology in all Google search products, and uses 
structural information of the web graph to return high quality results. The Google 
toolbar is another service provided by Google that seeks to make search easier 
and informative by providing additional features such as highlighting the query 
words on the returned web pages. The full version of the toolbar, if installed, also 
sends the click-stream information of the user to Google. The usage statistics 
thus obtained are used by Google to enhance the quality of its results. Google 
also provides advanced search capabilities to search images and find pages that 
have been updated within a specific date range. Built on top of Netscape’s Open 
Directory project, Google’s web directory provides a fast and easy way to search 
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within a certain topic or related topics. The advertising program introduced by 
Google targets users by providing advertisements that are relevant to a search 
query. This does not bother users with irrelevant ads and has increased the clicks 
for the advertising companies.

2. Web-Wide Tracking—DoubleClick

Web-wide tracking is tracking an individual across all sites he visits, is an intriguing 
and controversial technology. It can provide an understanding of an individual’s 
lifestyle and habits to a level that is unprecedented, which is clearly of tremendous 
interest to marketers. A successful example of this is DoubleClick Inc.’s DART ad 
management technology.
 DoubleClick serves advertisements, which can be targeted on demographic 
or behavioral attributes, to the end-user on behalf of the client, i.e. the web site 
using DoubleClick’s service. Sites that use DoubleClick’s service are part of The 
DoubleClick Network and the browsing behavior of a user can be tracked across 
all sites in the network, using a cookie. This makes DoubleClick’s ad targeting to 
be based on very sophisticated criteria.

3. Understanding Web Communities—AOL

One of the biggest successes of America Online (AOL) has been its sizeable and 
loyal customer base. AOL provides them with useful information and services. 
Over time these communities have grown to be well-visited waterholes for AOL 
users with shared interests. Applying web mining to the data collected from 
community interactions provides AOL with a very good understanding of its 
communities, which it has used for targeted marketing through advertisements 
and e-mail solicitation. In return, consumer survey and new product development 
experts of the sponsoring organization get to participate in the community, perhaps 
without the knowledge of other participants. The idea is to treat the community as 
a highly specialized focus group, understand its needs and opinions on new and 
existing products, and also test strategies for influencing opinions.

4.  Understanding Auction Behavior—eBay

eBay started as an online auction house in the 90s for people to sell collectibles and 
used goods to one another. Today, 80% of items sold on the platform are new, and 
89% of items are sold at a fixed price.
 eBay is taking steps to make its platform look and operate more like Amazon. 
It’s encouraging sellers to offer free guaranteed 3-day shipping. It’s combining 
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product listings from sellers with the same item, enabling consumers to find the 
best price more easily. It also launched a Best Price Guarantee, offering customers 
a 110% rebate on the difference between an item they bought on eBay and an 
identical listing on a competitors’ website. eBay is operating more and more like a 
business-to-consumer retailer instead of a marketplace for other businesses.
 The moves are starting to pay off. GMV growth (on a currency-neutral basis) 
started accelerating in 2018, growing 7% in the first half of the year. Still, that 
growth is considerably slower than other companies on this list, and slower than 
the overall growth of the e-commerce industry.
 While eBay turns around its GMV growth, it’s also working to increase its 
profit margin. It moved to intermediate payments itself by starting to cut ties with 
former subsidiary PayPal. The company will handle all of its payments in-house 
by 2021, which the company expects to provide significant value to sellers on the 
platform. That could result in both higher profits and better GMV growth.
 In September 1995 eBay opened the first Internet based consumer to consumer 
auction. The corporate model was to provide a central market for the sale of goods. 
Independent sellers use eBay to sell their goods through auctions lasting from 
three to ten days so that bidders can bid at a convenient time. eBay’s revenues 
are primarily from the posting and sales of goods. They extract two primary fees, 
a listing fee and a sales fee. These fees are increasing in the reservation price the 
auctioneer sets and the final sales price, with a maximum of 5 percent of the final 
sales price and listing fees under two dollars. The mean listing fee was one dollar 
for the monitors in our data set, and final sale fee was $2.50, with a median final 
sales fee of $1.50. For all of eBay at the time our data was collected the average 
fee per item auctioned–not all of which sell–was $1.41, and 7 cents in fees were 
generated for every dollar of sales.

5.   Personalized Customer Experience in B2C E-commerce— 
Amazon.com

Amazon.com crafted a new business model in the 1990s for Internet entrepreneurs 
using the Web as a place for transactions. As consumers learned to replace physical 
distance with mouse clicks, Amazon created e-business and e-commerce models 
that generated massive profits for the online clearinghouse.
 Amazon helps a seller create her own page on which she can list her products, 
that’s serving consumers, too, although not directly. However, Amazon also offers 
its own products, both new and used, which consumers can purchase directly 
from Amazon. Now that Amazon has entered the digital media realm with its 
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exclusive Kindle e-reader and selection of e-books, Amazon serves consumers in 
this way, too. Through the Amazon Prime service, Amazon provides consumers 
with discounted instant video and e-books as well as free shipping specials for a 
monthly fee.
 The main effort is in getting a customer to the store. Once a customer is in the 
store they are likely to make a purchase — since the cost of going to another store 
is high — and thus the marketing budget is in general much higher than the in store 
customer experience budget (which keeps the customer in the store). In the case 
of an on-line store, getting in or out requires exactly one click, and thus the main 
focus must be on customer experience in the store.
 When Amazon helps a seller create her own page on which she can list her 
products, that’s serving consumers, too, although not directly. However, Amazon 
also offers its own products, both new and used, which consumers can purchase 
directly from Amazon. Now that Amazon has entered the digital media realm with 
its exclusive Kindle e-reader and selection of e-books, Amazon serves consumers 
in this way, too. Through the Amazon Prime service, Amazon provides consumers 
with discounted instant video and e-books as well as free shipping specials for a 
monthly fee.

6. Personalized Portal for the Web—MyYahoo

Yahoo was the first to introduce the concept of a “personalized portal,” i.e. a web 
site designed to have the look-and-feel and content personalized to the needs of 
an individual end-user. This has been an extremely popular concept and has led to 
the creation of other personalized portals such as Yodlee for private information 
like bank and brokerage accounts. Mining MyYahoo usage logs provides Yahoo 
valuable insight into an individual’s web usage habits, enabling Yahoo to provide 
personalized content, which in turn has led to the tremendous popularity of the 
Yahoo web site.

7. CiteSeer—Digital Library and Autonomous Citation Indexing

CiteSeer works by crawling the web and downloading research related papers. 
Information about citations and the related context is stored for each of these 
documents. The entire text and information about the document is stored in 
different formats. Information about documents that are similar at a sentence 
level (percentage of sentences that match between the documents), at a text level 
or related due to cocitation is also given. Citation statistics for documents are 
computed that enable the user to look at the most cited or popular documents in 
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the related field. They also a maintain a directory for computer science related 
papers, to make search based on categories easier. These documents are ordered 
by the number of citations.

8. Google Analytics

Google Analytics is a web analytics service offered by Google that tracks and 
reports website traffic, currently as a platform inside the Google Marketing 
Platform brand. Google launched the service in November 2005 after acquiring 
developer Urchin.

Fig. 3: Google Analytics

 Google Analytics is the most widely used web analytics service on the web. 
Google analytics is used to track the website activity of the users such as session 
duration, pages per session, bounce rate etc. along with the information on the 
source of the traffic. It can be integrated with Google Ads, with which users 
can review online campaigns by tracking landing page quality and conversions 
(goals). Goals might include sales, lead generation, viewing a specific page, or 
downloading a particular file. Google Analytics› approach is to show high-level, 
dashboard-type data for the casual user, and more in-depth data further into the 
report set. Google Analytics analysis can identify poorly performing pages with 
techniques such as funnel visualization, where visitors came from (referrers), how 
long they stayed on the website and their geographical position. It also provides 
more advanced features, including custom visitor segmentation. Google Analytics 
e-commerce reporting can track sales activity and performance. The e-commerce 
reports shows a site›s transactions, revenue, and many other commerce-related 
metrics
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III. Conclusion

Web mining is an application of data mining and very useful extraction of useful 
information from web sites and server log file. There are 3 types of web mining such 
as web content mining, web structure mining and web usage mining. This chapter 
describes about basics of web mining and real time applications such as B2C 
E-commerce Amazon.com,Auction Behavior eBay,CiteSeer-Digital Library and 
Autonomous Citation Indexing, personalizing web- yahoo, Web Communities—
AOL,Web Search—Google.
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ABSTRACT
Modeling is essentially the basis of engineering. A model is a proper simplification of realism. 
Before the conduct of an experiment it is possible to predict the output by deriving analytical 
solution to the problem. This reduces the cost spent on the experiment and the time. But 
due to complexity instead of analytical solution, the numerical solutions are used. Numerical 
solution replaces a continuous problem by discrete where the solution can be obtained only 
at a finite number of points in space. In this chapter we discuss the numerical solution of 
models by FDM, FEM and DEM.

Keywords: Numerical Modeling – FDM – FEM - DEM.

1. Introduction

Modeling is the process of representing complex reality as mathematical equations. 
It’s a tool used to design and analyze engineering problems. In engineering, 
modeling can be divided into two parts:
 i. Physical/Empirical modeling: Engineers collect useful information by 

developing a empirical or semi-empirical algorithms for substantial 
application. Eg: Laboratory and in situ model tests.

 ii. Theoretical/Analytical modeling: The development of a mathematical 
model with suitable assumptions for a corresponding physical problem is 
called theoretical modeling. This model results in a differential equation 
or algebraic equations. Most of the mathematical model of an engineering 
problem cannot be solved analytically and requires a numerical solution. 
With the advancement in technology, many numerical modeling software 
are available to solve engineering problems.
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 Numerical modeling has been broadly used in industries for both forward 
problems like simulation of space shuttle flight, material strength, ground 
water flow, earthquakes, medication formulae studies and in inverse problems 
like tomography, non-destructive evaluation (NDE), source location, structure 
deformation during loading tests, image processing. Although numerical models 
provide solutions to engineering problems, these results should be carefully 
analyzed with existing laboratory test data.

2. Chapter Contents

We consider the numerical solution of mathematical problems which are described 
by ordinary differential equations (ODEs) and partial differential equations (PDEs). 
The three classical choices for the numerical solution of PDEs are
1. The Finite Difference Method (FDM)
2. The Finite Element Method (FEM)
3. The Discrete Element Method (DEM)

 The FDM is the oldest technique and is based upon the Taylor expansion 
to approximate the ordinary and partial differential equations. The FDM uses a 
topologically square network of lines for obtaining discretized PDE. This is the 
main obstruction of the method while handling complex problems in multiple 
dimensional spaces. This motivates the use of an integral form of the PDEs and 
subsequently led to the development of the finite element technique. The chapter is 
structured as follows. We start with the FDM for ODE, classified partial differential 
equations as elliptic, parabolic, hyperbolic and then FDM for PDE. FEM and DEM 
are discussed with comparison between the three techniques.

2.1 FDM for Solution of Second Order Ordinary Differential Equation

Taylor’s series expansion of y(x) is y x h y x h
y x

h
y x

+( ) = ( ) + ( )
+

( )
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 Thus the forward difference and backward difference formula for first 

derivativis y y y
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2.2 Finite Difference Approximation to Partial Derivatives

2.2.1 Classification of Partial Differential Equations
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  is non linear then above equation is called quasi linear 

equation otherwise it is called second order linear equation.
 The above equation is called Elliptic if B2 - 4AC < 0
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  Parabolic if B2 - 4AC = 0
  Hyperbolic if B2 - 4AC > 0.
Example: Consider the equation x U x U x Uxx xy yy+( ) − +( ) + +( ) =1 2 2 3 0 .

 It is hyperbolic when y< -1 or y > 1 and x ↑ 0 ; Elliptic for -1 < y < 1 and x ↑ 0;
 Parabolic when x = 0 or y = ± 1.

2.2.2 Finite Difference Approximation

Consider a rectangular region in the xy plane with sides parallel to the axes. Divide 
this region into network of rectangles of sides h and k units by drawing lines x = 
ih, y = jk
i, j = 0, 1, 2, 3... The points of intersection of these family of lines are called mesh 
points (or) lattice points (or) grid points. Thus, U(x, y) = U(ih, jk) =Ui, j.

2.2.3 Finite Difference Formula for Partial Derivatives

Consider u(x, y0), where x is a variable and y0  is fixed then u(x, y0) is a single 
variable function.
 Thus the Taylor’s series expansion is

  u x h y u x y h
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2.2.4 Solution of 1- D Heat Equation (Parabolic Type)

Consider a rod of length l, let the ends of the rod be subjected to certain temperature 
say p and q, respectively. Let f(x) be the initial temperature given to the rod.

 Our aim is to find the temperature of the rod at any point x and any time t (i. e) 

u(x, t). Based on physical condition, the 1D heat equation is given by ∂
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a
u
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� .

 This equation contains 2nd derivative w. r. to x and 1st derivative w.r.to t. Hence 
2 boundary condition and 1 initial condition is required to solve the above equation. 

Hence BVP of 1D heat equation is ∂
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 BC: u(0, t) = p; u(l,t) = q for every 0<t<T
 IC: u(x, 0) = f(x) for every 0<x<l.

Method 1: Bender – Schmidt scheme (or) Explicit Method
Here we use forward difference approximation for ut  and central difference 

approximation for uxx . Hence above equation becomes
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Remark:

The solution becomes unstable when �λ ≥
1
2

. Hence the next method proposed by 

Crank Nicolson is necessary because it does not restrict the value of λ.

Method 2: Crank – Nicolson method (or) Implicit Method
In this method uxx  is replaced by the average of its central difference approximations 

on the jth and j+1th time rows (i.e)
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2.2.5 Solution of 1-D Wave Equation (Hyperbolic Type)

Consider the elastic string of length l. Let the initial displacement be f(x) and the 
initial velocity is g(x). Let the string be subjected to certain disturbances. This 
results in transverse vibrations of the string. Our objective is to find the deflection 
(or) displacement u(x, t) at any point x and at any time t. The mathematical model 

is given by ∂
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conditions and two initial conditions as given below,
 BC: u(0, t) = 0; u(l, t) = 0 for every 0<t<T
 IC: u(x, 0) = f(x); u x g xt ,�0( ) = ( )  for every 0<x<l.

Derivation of finite difference formula:
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2.2.6 Solution of 2-D Steady State Heat Equation (Elliptic Type)

Type 1 (Laplace Equation)
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2.3 Finite Element Method

FEM is a numerical method in which continuous physical systems are discretized 
into simple geometric shapes called finite element. Discretizing means modeling 
a body by dividing it into an equivalent system of finite elements interconnected 
at a finite number of points on each element called nodes. Applications of FEM in 
structural problems include Buckling problem, Stress Analysis, Vibration Analysis 
and Impact Problem. Fluid Mechanics, Heat Transfer and Electric or Magnetic 
Potential are examples of non-structural Problems.

2.3.1 Analytical Processes of Finite Element Method

Structural Stress Analysis Problem
 The conditions like Equilibrium, Constitutive law, Compatibility and Boundary 
conditions are used to represent the system behavior as a system of equations. 
The two approaches available are Force (flexibility) method in which internal 
forces as considered as unknowns and Displacement (stiffness) method in which 
the nodal disp are unknowns. Due to simplicity in formulation the displacement 
method is more desirable than force method. Many Finite Element softwares have 
incorporated the displacement method for solving structural problems.

Analysis procedures of linear static structural analysis
• Identify the geometrical model as 1D, 2D or 3D.
• Discretize and select the element type.
• Select a shape function
• Define the compatibility and constitutive law

 1D
du
dx

x: = ε  and σ ε= E

• Form the element stiffness matrix and equations by Direct equilibrium method, 
Work or energy method or Method of weight Residuals.

• Assemble the element equations to obtain global system equation and introduce 
boundary conditions.

• Solve the system equations using Gauss Elimination method or Gauss Iteration 
method.

• Interpret the results using deformation plot or stress contour.
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 Computer Programs for Finite Element Method are ANSYS, NASTRAN, 
ABAQUS, MARC and COSMOS.

2.4 Discrete Element Method

Engineers and scientists want to predict the mechanical behaviour of materials. 
DEM is a method to study such a behavior of granular materials and structures 
comprising of smaller components like bricks, grains etc… In this method we 
apply repeatedly Newton’s second law and force displacement law. The usual 
calculation techniques like FEM or finite difference methods are unable to reflect 
directly the behaviour of materials. For this reason engineers started searching for 
alternative modeling technique.
 From 1990, DEM became an important tool for modern engineers. Due to 
the development of computer softwares the realistic problems could be readily 
analysed on computer in reasonable computational time.
 Modifying the definition of Cundall and Hart (1992), a numerical model is said 
to be a discrete element model if
• It consists of separate, finite-sized bodies each of them being able to displace 

independently of each other;
• Larger displacement of the elements are allowed (i.e. not infinitesimally 

small);
• The elements that come into contact with each other are automatically detected 

while performing the calculations.

 The ability of the elements to move independently of each other is a basic 
difference from FEM where different continuity conditions have to be satisfied 
at the common nodes of neighbouring elements. In addition, while several FEM, 
frame or fracture mechanical software are able to simulate the separation of 
elements, a DEM code must possess the ability to handle contact creation too. 
In modern DEM investigations the individual particles may be made breakable 
(e.g. McDowell and Harireche, 2002; Cheng et al, 2003): they can fall into their 
components or groups of components under suitable mechanical conditions.

2.4.1 Algorithm of DEM

1. Initial positions, orientations and velocities are found.
2. Update particle link – list(find new or broken contacts).
3. Calculate force and Torque on each particle. Eg: For spheres F ma=  and T I= α.

4. Integrate equations of motion to find out new positions, orientations and 
velocities.
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5. Accumulate statistics to calculate transport properties.
6. Time increment t t dt= + .
7. Repeat steps 2 to 6.

 The softwares designed for DEM are BALL & TRUBAL, YADE, MFIX-
DEM, PFC2D, PFC3D, EDEM, LIGGGHTS and Mercury- DPM.

References
 1. J. Bonet and R.Wood, Nonlinear Continuum Mechanics for Finite Element Analysis. 

Cambridge University Press, 1997.
 2. W. Cheney and D. Kincaid, Numerical Mathematics and Computing, 4th edn., 

Brooks/Cole Publishing Co., 1999.
 3. Bicanic, Ninad (2004). "Discrete Element Methods". In Stein, Erwin; De Borst; 

Hughes, Thomas J.R. (eds.). Encyclopedia of Computational Mechanics. 1. Wiley. 
ISBN 978-0-470-84699-5.

 4. T. Hughes, The Finite Element Method: Linear Static and Dynamic Finite Element 
Analysis, Dover Publishers, 2000.

 5. B. Szabo and I. Babu˘ska, Finite Element Analysis, Wiley, 1991.
 6. G.E. Karniadakis and S. Sherwin, Spectral/hp Element Methods for CFD, Oxford 

University Press, 1999.
 7. G. Smith, Numerical Solution of Partial Differential Equations: Finite Difference 

Methods, Oxford University Press, 1985.
 8. K. Morton and D. Mayers, Numerical Solution of Partial Differential Equations, 

Cambridge University Press, 1994.
 9. J. Thomas, Numerical Partial Differential Equations: Finite Difference Methods, 

Springer-Verlag, 1995.
 10. H. Versteeg and W. Malalasekera, An Introduction to Computational Fluid Dynamics. 

The Finite Volume Method, Longman Scientific & Technical, 1995.
 11. O. Zienkiewicz and R. Taylor, The Finite Element Method: The Basis, vol. 1, 

Butterworth and Heinemann, 2000.
 12. R. Cook, D. Malkus, and M. Plesha, Concepts and Applications of Finite Element 

Analysis, Wiley, 2001.
 13. C. Hirsch, Numerical Computation of Internal and External Flows, vol. 1, Wiley,1988.
 14. A. Quarteroni and A. Valli, Numerical Approximation of Partial Differential 

Equations, Springer-Verlag, 1994.
 15. Katalin Bagi, DEM Draft 01: Introduction to DEM, Fundamentals of the Discrete 

Element Method.
 16. Munjiza, Ante (2004). The Combined Finite-Discrete Element Method. Chichester: 

Wiley. ISBN 978-0-470-84199-0.

625



17
A Review on D.I. Diesel Engine using 
Solenoid Operated System
1S. Sivananthan, 2B. Prakash, 3S. Gnanasekaran,  
4C. Samson Jerold Samuel
1,2Assistant Professor, Department of Mechanical Engineering, K. Ramakrishnan College  
of Engineering, Samayapuram, Trichy – 621112.
3Assistant Professor, Department of Mechanical Engineering, Sri Shakthi Institute  
of Engineering and Technology, Coimbatore, Tamilnadu, India – 641062.
4Associate Professor, Department of Mechanical Engineering, Sri Krishna College of  
Engineering and Technology, Coimbatore, Tamilnadu, India – 641008.

Introduction

In four stroke internal combustion engines, the valves control the gas inlet and 
outlet events. Solenoid valve operated (SVO) systems perform the required valve 
timing independently of the crankshaft position. With this feature, SVO systems 
have a great potential for increasing engine performance, ensuring optimum fuel 
consumption and minimizing emissions. The intent of this investigation is to 
improve an SVO system, which has 24V supply potential, and to investigate engine 
performance at different lifting valve operations and then to determine the support 
limits of an internal combustion engine. At the end of the development of the SVO 
system, the transition time for 6mm valve lift is measured as 50 ms. accordingly, 
it will be evaluated that a four-stroke internal combustion engine can be supported 
up to 2128 rpm. The present analysis evaluates solenoid operated diesel Engine. A 
single cylinder Diesel Engine adapted to study the Brake thermal efficiency, Brake 
specific energy consumption, and emissions in Low Cetane fuels. In this study, the 
diesel engine will be tested using Diesel with and without the solenoid operated 
valve. From this study the emissions like HC and CO is to be evaluated. The results 
will be comparing with conventional cam operated engine.

Combustion and Emission of Conventional Vs Camless Engine

This graph provides a detailed information of combustion of the conventional 
engine and camless engine, where the brake thermal efficiency gradually increases 
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Fig. 1: Design and circuit diagram

Fig. 2: BP vs Brake thermal efficiency
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with brake power for the camless engine when compared to conventional engine. 
Due to the fast actuation of the intake valve makes higher amount of air mass takes 
place increases the swirl force and high pressurized temperature inside the cylinder 
induces the better mixture with high pressurized fuel in the combustion chamber 
well converts the heat from a fuel to mechanical energy.
 This graph clearly shows that, with the delivered brake power the carbon 
monoxide emission increases due to air deficiency cause the incomplete combustion 
and where the oxidation process does not occur completely for conventional 
engine. In the electromechanical actuator system by the developed valve actuation 
improves the complete combustion leads to high air presence, the oxidation 
process tends to occur makes most of the carbon to CO2. This provides the reduced 
amount of carbon monoxide emission in camless engine. A high carbon monoxide 
emission in the cam engine and low in camless engine by using of this solenoid 
valve actuation system.
 This graphs says that the result of brake power and specific fuel consumption 
slightly changes and most of them are equal in cam engine and camless engine. 
This indicate that the camless engine gives almost similar efficient as compared to 
the conventional engine.

 Brake Power and Carbon dioxide graph 6.4 shows that by changing the valve 
train shows that the carbon dioxide deceases in the camless engine. CO2 is produced 
from the combustion of fuel containing carbon. The carbon combines with oxygen 

Fig. 3: BP vs CO
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Fig. 4: BP vs BSFC

Fig. 5: BP vs CO2

induced into the engine. The carbon dioxide emission can be lowered by using the 
high compression ignition technology. In this graph CO2 the normal engine shows 
in the rate of 10 and solenoid powered camless engine decreased at the rate of 9.
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Table 1: Camshaft engine emission report
CO HC CO2 O2 NOX Lambda Opacity
% PPM % % PPM %
0.049 11 1.84 18.12 146 7.704 1.9
0.035 13 3.72 15.45 542 3.88 7.1
0.025 16 5.39 13.06 1258 2.688 18.6
0.03 22 7.22 10.51 1829 2.013 33.5
0.147 36 9.53 7.19 2017 1.512 60.5

Table 2: Camless engine emission report
CO HC CO2 O2 NOX Lambda Opacity
% PPM % % PPM %
0.034 17 1.85 18.13 163 7.714 0
0.016 22 3.85 15.11 715 3.732 2.8
0.004 27 5.57 12.56 1351 2.576 14
0.024 36 7.32 9.9 1824 1.94 26.7
0.239 45 9.96 6.03 2023 1.402 61.8

Conclusion

The concept of variable valve actuation has been performed by replacing internal 
combustion engine’s camshaft valve train with an electromechanical controlled, 
solenoid actuators. Initial development confirmed its functional ability to control 
the valve timing, lift, velocity, and event duration, as well as to perform selectively 
variable deactivation in a four-valve or two valve engine. The electromechanical 
valve train is integral with the cylinder head, which lowers the head height and 
improves the engine packaging. Valve stroke requirements have been achieved 
some improvement and, at some input variations, have been exceeded. Performance 
and emission testing has shown some limitations related to the flow rate and input 
waveforms. However, the carbon monoxide has been controlled and, it is these 
limitations that have provided the inspiration for continued development and 
discovery. Further research and development are needed to take full advantage of 
this system exceptional flexibility.
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ABSTRACT
In the present work, friction stir processing (FSP) is employed to change the surface properties 
of aluminium. Aluminium AA5086 is taken for the present study. Friction stir processing is 
done on PAOFONG vertical milling machine by hardened steel tool with tip diameter of 2 mm. 
The spindle speed is 1480 rpm with feed rate of 1mm/min and depth of cutting is 2mm. the 
hardness of the samples were measured using micro hardness test. It is found the hardness 
of friction stirred aluminium is higher than the base aluminium alloy. The tensile strength of 
friction stir processing was increased compared to the base metal. The microstructure of the 
stir zone was analyzed using XRD, SEM tests.

1. Introduction

Friction stir processing (FSP) is based on the principle of friction stir welding 
technique (FSW) invented by The Welding Institute (TWI) in 1991. Friction 
Stir Processing (FSP) is a technique of solid-state processing used as a material 
joining tool and as a surface processing tool. The material’s melting temperature 
attained a high temperature where severe plastic deformation A rotating tool is 
done along a specified path through a fixed workpiece material as shown in Fig1.1. 
The Friction Stir Processing (FSP) tool usually consists of a cylindrical shoulder 
and a concentrate pin given the successful use of the off-axis pins. The tool’s pin is 
forced into the workpiece and increases the welded or processed zone’s penetration 
depth. The tool serves two main functions: (a) heating of the workpiece and (b) 
movement of the joint manufacturing material. The friction between the tool and 
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the deformation of plastics. Localized heating makes the material around the pin 
softer and the mixture of tool rotation and material motion from the front of the 
pin to the back of the pin. When the solid is deposited at the top of the work 
piece rotating the tangential velocity of the tool, the material flows around the 
pin supporting its forward motion of the retreating part of the tool (Fig. 1.1). On 
the forward side, the tangential velocity of the instrument is in the same direction 
as the instrument feed. The tangential velocity of the rotating tool is opposed by 
the stationary specimen that modifies the microstructure of processed metallic 
components in near-surface layers. In specific, fine grain structure can be produced
• Surface Composite
• Microstructural modification of cast alloy
• Alloy with specific elements

Fig. 1.1: Process and the mechanism of friction stir processing

 The Friction stir processed (FSP) surface is divided into four areas. The first 
is the material or parent metal affected that is a material remote from the weld 
that has not been deformed and is not affected by heat in terms of micro-structure 
or mechanical properties, although it may have experienced a weld thermal 
cycle. Secondly, in this zone, which is closer to the center, the heat-affected zone 
the material has undergone a heat cycle that has altered the microstructure and 
mechanical properties. In this region, however, there is no plastic deformation. The 
third zone is the Thermo mechanically affected zone (TMAZ)) where the FSP tool 
has plastically deformed the material in this region and the heat from the method 
will affect the material also. In the case of aluminum, significant plastic strain 
can be obtained without recrystallization in this region, and there is generally a 
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distinct boundary between the recrystallized zone (nugget) and the deformed zones 
of TMAZ. Finally, the Finally, the Fourth region is characterized as the nugget: the 
completely recrystallized area, sometimes referred to as the stir zone, relates to the 
area originally occupied by the key. The word stir area is frequently used in friction 
stir processing, where large amounts of content are processed.

2. Design of Tool Geometry

It is possible to divide the non-consumable stir tool used in FSP processes into 
two categories: tools with pins and pin-less tools (Fig2). Of these, pin tools are 
used more widely and pin-less tools are usually used to modify material surfaces 
or encapsulate improved particles during the processing of composites. The size of 
the tool and the shape of the pin have a huge effect on the heat manufacturing and 
fabric glide for the duration of Friction Stir Processing (FSP) processing. When 
a tool with a larger shoulder diameter is used, the friction warmness is greater 
focused, and the cloth plastic deformation is extra intense. This results in a stable 
micro structure and a higher refinement of 2nd segment particles. Studies on the 
impact of pin profiles on warmness technology during the plunge degree show that 
an powerful tool pin place plays a key role within the friction deformation and 
warmth manufacturing; subsequently, the temperature in the course of the plunge 
stage is lowest with using a conical pin.

Fig. 2.1: Friction stir processing (FSP) rotational tool

 The tool’s material is available in rod. The geometries of the cylindrical tools 
were generated according to the designated sizes using the turning machine. Fig. 
2.1 provides the tool specifications and parameters.
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Fig. 2.2: The details of size of friction stir processing (FSP) rotational tool

3. Methodology

 A manual vertical milling machine (made by PAO FONG) is used for Friction 
Stir Processing (FSP). Feed rate 1mm/mint, tool speed 1480 rpm and depth of 
cutting was 2mm, single pass Friction Stir Processing (FSP) was done. Tool used 
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for Friction Stir Processing (FSP) was fabricated using mild steel. The geometry 
of tool in shown in fig. tool was prepared as per the geometry and heat treated at 
400˚ c following by oil quenching. The hardness of the tool was measured which is 
equivalent tool steel. The fabricated tool is used for Friction Stir Processing (FSP).

4. Working Procedure

A specially designed non-consumable cylindrical tool is rotated and plunged into 
the selected area to friction the required location within a plate or metal. Tool has 
a small diameter pin with a concentrated larger shoulder, the penetration depth 
is regulated by the tool shoulder and the entrance probe length. When the tool 
descends to the part, the rotating pin contacts the surface, rapidly produces friction 
between the tool pin and the metal surface heat and softens a small metal column, 
the rotating tool provides:
 When the shoulder contacts the metal surface, its rotation creates additional 
frictional heat and plasticizes a larger cylindrical metal column around the pin 
inserted. The shoulder also provides a forging force that contains the upward 
metal flow caused by the tool pin, During Friction Stir Processing (FSP), the work 
piece and the tool are moved relative to each other so that the tool traverses, until 
the required area is processed. The processed zone cools, without solidification, 
as there is no liquid, forming a recrystallized, fine grain microstructure. The 
processing specimen were analyzed by microstructure and mechanical properties.

5. Result and Discussions

Microstructure

The microstructure of base and FSP AA 5086 samples are shown in Fig. 5.1. 
The base samples shows equiaxed dendrite like deformed structure shows the 
Magnesium regions.The combination of squeezing pressure and rapid rotation 
during friction stir processing leads to frictional heating and softening of the 
sample’s faying surfaces. It may be possible to melt due to high temperature, but 
it can not be seen. The high heat lowers the materials ‘ flow strength by closing 
atoms causing fine grains. In FSP, there is more heat transfer rate affecting the 
surface adjacent to the nugget. The surfaces affected are classified into the affected 
thermo-mechanically zone (TMAZ) and the affected heat zone (HAZ). In TMAZ 
there is a mixture of fine and large grains, whereas in HAZ there is a large growth 
of grains due to high heat transfer. In FSP, there is more heat transfer rate affecting 
the surface adjacent to the nugget. The surfaces affected are classified into the 
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affected thermo-mechanically zone (TMAZ) and the affected heat zone (HAZ). In 
TMAZ there is a mixture of fine and large grains, whereas in HAZ there is a large 
grain growth due to a high heat transfer rate.
 Processed zone samples of the base metal optical images and of the Friction 
Stir Processing (FSP). It was observed that the grain size was finer compared to 
the base metal Fig 5.1(a) in the Friction Stir Processing (FSP) samples. Compared 
to the base metal, the Friction Stir Processing (FSP) samples. The AA5086 alloy 
received had an average 10 mm grain size. Due to the dynamic recrystallization 
process that took place during Friction Stir Processing (FSP) Fig, very fine equiaxed 
grains were observed in the nugget zone. 5.1(b).
 Friction Stir Processing Friction Stir Processing (FSP) process is the creation 
of a transition zone (TMAZ) between the parent material and the nugget zone. 
During Friction Stir Processing (FSP), TMAZ experiences temperature and 
deformation. The thermo- mechanically affected region (TMAZ) is characterized 
by a highly deformed structure. The parent metal’s elongated grains were deformed 
in a pattern of upward flow around the nugget zone. Although plastic deformation 
occurred in the thermo-mechanically affected region (TMAZ), recrystallization 
did not occur in this zone. Due to insu fficient stress of deformation. However, 
dissolution of some precipitates was observed in the thermo-mechanically affected 
zone (TMAZ) due to high-temperature exposure Friction Stir Processing (FSP). 
Generally, the extent of the dissolution depends on TMAZ’s thermal cycle. It was 
also revealed that the grains in the thermo-mechanically affected zone (TMAZ) 
usually contain a high sub-boundary density and a heat-affected zone (HAZ) 
exceeds the thermo- mechanically affected zone (TMAZ) Figure 5.1(b). There is 
a thermal cycle in this zone, but there is no plastic deformation. The distribution 
of precipitates in the grain boundaries has been reduced due to dissolution. This 
means that the heat-affected area (HAZ) has the same grain structure as the parent 
material.

 Optical Microstructure: Base Metal Optical Microstructure: FSP samples
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Micro Hardness

Aluminum alloy hardness can generally be improved by several techniques: 
solid solution hardening, grain refining strengthening, work or strain hardening, 
and precipitation (aging) hardening. Changes in aluminum alloys heat-treatable 
(precipitation-hardened) and non-heat- treatable (solid-solution-hardened) 
may be distinct during Friction Stir Processing (FSP). Friction Stir Processing 
(FSP) generally does not result in sample softening for solid- solution-hardened 
aluminum; in the processed zone, the hardness profile was roughly uniform; 
however, it was slightly higher than that in the base material. In this work, the 
hardness profile is mainly affected by dislocation density, as the main hardening 
mechanism for AA5086 is strain hardening. The average hardness value for the 
grain refinement zone in the nugget was around 77 HV due to the strain hardening 
mechanism, which shows a smooth increase from the hardness of base metal 51 
HV. There is only a slight decrease in hardness observed in the HAZ region on both 
advancing and retreating sides. This decrease occurred in this region as a result of 
the thermal cycle during the process. Therefore local softening was observed on 
both sides of the processed zone.

Fig 5.2: Micro hardness profile of the processed zone

Tensile Test

The preparation of the schematic specimen from the processed zone of friction 
stirs Fig 5.4. Tensile specimen sizes were determined in according with the ASTM 
E8-08 standard 50 mm (complete length), 12 mm (width) and 30 mm gauge length 
Fig 5.5. Specimens of longitudinal and transverse tensile were prepared.
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Fig. 5.4: Schematic illustration of the specimen preparation 
from the friction stir processed zone

 

Fig. 5.5: Size of samples used for tensile test

• Sample (a) shows normal tensile curve as like ordinary aluminum with more 
ultimate strength fig 5.6

• Sample (b) shows an normal in tensile behaviour. The graph resembles like 
mild steel which proves the hardness is more and failure is ductile to brittle 
transition failure in longitudinal tensile test friction stir process sample fig 5.7

Scanning Electron Micrographs (SEM)

Figure 5.9 shows that the SEM fractography. Base Metal and Friction Stir 
Processing samples. The Base Metal shows the mixture of eutectic cleavage and 
dimple morphology. It can be seen the some eutectic Mg and Cu particles pull-out 
from the surface. This elongated pull-out is the main source of stress concentration 
factor and leads to fracture. Their exist some dendrites structure which behave like 
grains. This strong interaction between the particles and slip band. Generates stress 
concentration during plastics deformation. The final fracture of the samples passes 
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through the eutectic region or phase and generated the formation of flat area. As 
a result, the tensile fracture shows the transverse granule the fracture nature. The 
tensile of Al-Mg samples can be explained by SEM image are shown in Fig5.8. 
The fractography clearly show the large dimples and cavities, which indicates the 
ductile fracture. The dimples are fine and processing less cleavage than Friction 
Stir Processing (FSP).

Fig. 5.7: Longitudinal Tensile Test Friction Stir Process Sample

Fig. 5.6: Transverse Tensile test of friction stir processing specimens
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Fig. 5.9: SEM image of FSP zone

Fig. 5.8: SEM image of base metal

5. CONCLUSION

Aluminium alloy AA 5086 was taken for the investigation. The alloy samples were 
Friction Stir Processing (FSP) for the analysis of microstructure and mechanical 
properties.
• To developed a modified setup for friction stir processing (FSP)
• A single Friction Stir Processing (FSP) pass resulted in a significant grain 

refinement in AA5086.The microstructure is characterized by equiaxed fine 
grains with well- defined grain boundaries.
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• The microstructure developed through the method of dynamic recovery and 
dynamic recrystallization.

• The strength of the Friction Stir Processing (FSP) material improved 
significantly and at the same time the ductility was not retained.

• Hardness has also substantially improved.
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ABSTRACT
One of the most exceptionally important tasks in software development life cycle is to produce 
precise effort estimations and schedule. Effort estimate is used as input to project planning, 
budgeting, pricing policies and investment analyses by the developers. Missing or Incomplete 
data are exasperation to a certain extent everywhere but especially in effort estimation it is 
a greater hindrance. Over estimation of the software effort can result in losing the chance 
to win a bid and underestimation can lead to detrimental effect on the quality of software 
or monetary loss. Accuracy in effort estimation is decisive for developers and customers 
also it is required to do preplanning, budgeting, risk analysis and productivity assessment 
and customers requires estimation for taking place in contract negotiation process by the 
developers. Accuracy of data during effort estimation is termed as the characteristics of the 
dataset and it is a great deal of uncertainty in such datasets. Quality of data is the major 
challenge in Software estimation because missing values leads to High degree of inaccuracy 
and the missing value is commonly measured to ignore the whole project data or its feature. 
All the popular empirical estimation models require accurate inputs for estimation of effort 
or in other words, the accuracy of the output of these models is depends upon the accuracy 
in the input parameters. It is very difficult to obtain such accurate information at the early 
development stage of a software project. Controlling the huge uncertainty in existing estimation 
model is hard since it could not be modelled purely based on mathematics. These issues led 
to the introduction of variety of techniques to solve the relevant issues of effort estimation in 
GSD projects. The objective of this chapter is to identify what are the factors that will have 
major impact in GSD projects and how to overcome these factors while calculating effective 
estimation for a GSD projects.

Keywords: Effort Estimation, GSD (Global software development), socio-cultural distance, 
Geographical distance, Critical Success Factor (CSF)

1.1 Introduction

Global Software Development (GSD) has grow to be a one of the major 
business need internationally worldwide which is been previously cited to be 
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off shore development, Software development over Internet, multi-site software 
development, distributed software project development.
 Global Software Development assumes and follows sun rule i.e exploit the 
Complete time for the software project development therefore GSD is also called 
no sun set in software development[1] GSD has three distinct but complementary 
perspectives: Business perspective, Socio Economical perspective and Technical 
Perspective. The incident of Global Software Development (GSD) is taking possible 
and the implication of GSD boost with the course of time. GSD offers highly 
skilled personal with low cost. It is one of the reasons behind shifting software 
industry from co-located development to GSD. This shifting brought some new 
challenges in software development. The problems arising from the geographical, 
temporal and socio-cultural distance are the main challenges for GSD. Lack of 
formal communication generates misunderstandings in requirements or changes 
in the requirement specification. Real time contact between the distributed team is 
more difficult with temporal and geographical difference. Socio-cultural difference 
leads problems, such as, different opinions about the nature of the software 
development process.9 Language problem also discourages employees to online 
meeting. To avoid this fear he/she prefers to asynchronous communication e.g. 
email etc. However, sometime one cannot express a problem through only words; 
he needs gesture. Body language and pitch. Moreover, the distance and complexity 
of coordination is directly proportional. As distance increases, the complexity of 
coordination increases in software development process. This complexity also arise 
lack of familiarity with remotely located colleagues and increase in communication 
cost as well. Apparently, trust and teamwork cannot take birth in this situation. 
GSD environment erg to reduce these complexities also needed to enhance the 
ability to focus on coordination of resources. It is important to overcome these 
challenges in development and also essential to offer generic solutions to these 
challenges.

1.1.1 GSD

The software development process is determined as a collection of actions, 
procedures, practices and technologies which is used by people and companies 
for software development and to maintain associated software and products. The 
main concern in the software development process is established on the following 
basis: – The quality of the software mainly dependent on the quality of the process 
used. It is possible to define, manage; measure, as well as software process can 
be improved. Even though if well defined software process is used it is not that 
much simple to develop software. The GSD is characterized based on how the 
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development team geographically distributed on a worldwide scale which leads 
to computation of globalization of efforts required. Majority of GSD projects fails 
due to varying estimates which is available widely so software development filled 
with many difficulties. The record of descriptions that differentiate GSD from 
normal (centralized) development is small and specific: distance (the distance 
between developing team scattered from each other and these developers from 
their customers or end users); time-zone differences (time zone mainly a puzzling 
factor with distance); and national culture (it comprises language barrier, traditions, 
custom). These three parameters will have major effects on various levels:
• Strategic issues: The choice whether a software project should be developed 

by globally distributed teams, where this software project can be better 
developed, and how this software project to be divided across multiple sites is 
a toughest task. Many analyst expressed options about the risks and benefits of 
global project development. This GSD development depends upon resources 
availability at different sites, degree of expertise in technology, infrastructure 
required for development so on. Many appropriate models are essential under 
various circumstances.

• Cultural issues: In Global Software development there is a need for close 
collaboration between individuals with diversified cultural backgrounds. 
Culture differs in many dimensions from national, ethnic, professional so 
on. Many people find such differences which leads to severe and persistent 
misunderstanding. For example, e-mail in some culture may be offensive for 
someone with different background. Culture differences frequently intensify 
communication problems.

• Knowledge management: The advantages of GSD benefits cannot be explored 
if there is no valuable information and knowledge-sharing mechanisms among 
the people. Even substandard documentation can also leads to unsuccessful 
collaborative development. Generally documentation depends on confrontation 
among developers but in context of Global Software Development the 
effectiveness of documentation is vital for all aspects such as required to 
simplify unspoken inference and doubts, and to support maintainability.

• Technical issues: When various teams work on different sites then one of 
the crucial problems is lack of synchronization among them. So there should 
be uniform milestones between the members and clear entry point and exit 
point for every task. Naturally, risk management has not taken into account 
possible influence on the distribution, dissimilar cultures, schedule and 
outlook. The overheads for software projects are amazing related to control 
and coordination. Due to the differences in distance in GSD project neither 
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people cannot synchronize by glance between compartment walls nor will 
managers have a control by visiting the team’s office. In addition, time zone 
differences can be resolved related to issues or algorithm clarification on fly by 
a quick phone call. Ever since networks traverse globally distributed places are 
frequently sluggish and untrustworthy. So the tasks that require broadcasting 
vital data must be thoroughly designed and executed for example in case of 
configuration management it is very essential and important. In case of GSD 
projects it is important to control product changes and also ensure all the 
concerns related to the project. Many tools and techniques have been developed 
in GSD environment to control and coordinate the development teams working. 
Majority of these tools focus on formal communication and non interactive 
communication channels. The conventional problems and existing challenges 
of GSD can be summarised as follows. Companies are searching for aggressive 
benefits in development in terms expenditure, quality and flexibility, gazing 
for increased productivity and reduced risk. Most organizations are forced 
to explore the competitive benefits for global solutions. There are two major 
choices at present employed: offshore outsourcing and offshore in sourcing.

1.1.2 Insufficient Communication

Initial stages of software development require a large amount of healthier 
communication. Software projects require two Communication needs such as a 
clear formal, official communications and well-understood interface. In critical 
tasks If the interface is designed badly there is a threat for time lose and also 
task descend through the cracks. Vital communication channel can be surprisingly 
disabled during development such that developers not situated jointly will have 
less informal, impulsive transformation across sites. Informal transformations 
helps people in knowing what is progressing around them, what other individuals 
are doing in the project, what represents different fragments of the project are 
in, who has knowledge and skills in which area, and several other necessary 
information that facilitate developers to work together efficiently. One of the issue 
produce for any software project is extended periods. The deficiency in ongoing 
conversation from multiple sites results in misalignment and rework. Basically if 
the project is unsure then communication channel plays a vital role and becomes 
more important. These affairs are even more composite in case of outsourcing 
arrangements. In many cases restricted or filtered communication is used due to 
the fear of losing intellectual property or other proprietary information concerned 
to product or schedules. This frequently damages this critical channel.
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1.1.3 Issues Related to Project and Process Management

When teams accommodating processes will have deficiency in synchronization 
between sites will be critical for example, if the team at one location and the 
test group at another location if they define unit-tested code in a different way. 
Synchronization requires uniform milestones and a precise entry point and exit 
point criteria. Although concurrent development process models suggested in the 
literature and they are used, in Global Software Development it is very difficult 
for developing effective concurrent engineering philosophy due to unpredictable 
requirements, unbalanced specifications, and the lack of good tools which 
support collaboration across schedule and space, and deficiency in of informal 
communication. In few cases they practice risk management in a conventional 
fashion, not considering the probable encounters of diverse cultures and attitudes.

1.2 Project Management in GSD

Because of time zone, geographic and communication differences, the project 
management is now a great challenge in GSD. Project management seems to 
be same entity for both co-located and GSD environment and, an experienced 
project manager can set the project on the success path.1 Some concealed risks 
sway project’s success. Project managers are advancing and updating themselves 
according to the new paradigm of GSD. Both (literature and industry) are lacking 
to provide the standardized approaches. Sights of GSD process management and 
problem solution. Some generic problems and hurdles need to solve and remove. 
According to conclusion about global project management, it is recommended to 
overcome problems of communication maimer. Employees also hesitate to adopt 
new means of interactive communications. Switching the personnel between 
their partners according to task distribution causing problems associated with 
wrong approach in project process distribution that affects the overall result of 
the project. There are also some problems of unclear-shared goals in the GSD 
environment. A project manager has to share this knowledge with the employees 
and the organizations. Effort estimation3 is one of important activity of project 
management. It is closely associated with risk management.4 For GSD project, 
risk management requires more intension because there are some additional GSD 
factors involved. GSD factors, e-g multi sourcing, geographical distribution, 
temporal diversity, socio-cultural diversity, linguistic diversity, contextual 
diversity and political and legislative diversity are the main roots for GSD threats 
that imperial the success of global project. These threats are directly affect the 
GSD project management activities.9 These threats reveal the weird nature of GSD 
project. They also generate a force that develops obstacles in a project.
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 Project managers require significant effort5 to forecast obvious and hidden 
risks associated with GSD factors, and perform necessary precautions to overcome 
challenges associated with these factors to succeed in GSD.7 All these GSD factors 
affect project management activities and thus should be taken into account by 
project managers when estimating project schedule. Major Challenges in Global 
Software Development arise from geographical, temporal and cultural distances.8

The major consequent challenges are
 i. Loss of Tameness
 ii. Coordination and Control
 iii. Loss of Communication Richness

1.3 Need for Coordination in GSD

 (i) To manage interdependencies and achieve project goals when several actors 
are involved and multiple activities are performed

 (ii) To suggest compatible process across sites to reduce distances and the 
amount of coordination required between client and vendor.

 

Client Client 

Software engineering 

Project mangement

Distance 
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Coordinat
ion Control 
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motivation
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Tools /
methods/ 
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Fig. 1.1: Coordination between Distributed Teams in GSD Environment
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GSD Issues
• Geographical Distance
• Temporal Distance
• Socio-cultural Distance
• Organizational Distance
• Technological Distance
• Knowledge Distance

1.3.1 Research Methodology

Interviews were chosen as the major research methodology. Depending on the 
communication between the partners, interviews can be divided into telephone 
interviews and personal interviews with both persons facing each other Telephone 
interviews have several advantages over personal interviews, mainly due to the 
ease of access: ever since the interviewer does not have to travel to the interviewee, 
the costs of telephone interviews are much lower. In addition, a large number of 
interviews can be conducted within a short amount of time. It is also easier to 
access interviewees who are reluctant to sacrifice time for a personal meeting. On 
the other hand, there are many disadvantages of telephone interviews compared to 
personal ones: Since only spoken words are transmitted over the telephone, it is 
harder to get information. This reduces both the possibility of the interviewer to 
formulate complex questions and his or her ability to obtain all of the interviewees’ 
responses (e.g., their mimic action). The respondent might also not be willing 
to discuss sensitive topics over the telephone. Besides, the interviewer has less 
control compared to a personal interview. The interviewee can, for example, easily 
terminate the interview by simply hanging up the phone. Thus, it is recommended 
to use the telephone interview as an alternative only in certain circumstances. We 
tried to follow this guideline by conducting as many interviews as possible in 
person and only used telephone interviews if there was no other option. We also 
tried to minimize the problem by mailing the questionnaire to the interviewees in 
advance so that they had all questions in front of them. This helped very much to 
avoid misunderstandings during the interviews. Throughout the interview, we used 
a detailed questionnaire that contained both open and closed questions. All answers 
were recorded9 and, with the exception of one, transcribed literally. The interview 
transcription and the notes were then analyzed using coding: Pieces of the answers 
were categorized and grouped together in order to identify commonalities and 
differences.
 All interviewees confirmed that the six goals presented.
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• Costs
• Time
• Quality
• Staffing
• Intellectual property protection
• Proximity to customer

 Based on the outcomes of the interview study, several changes were applied to 
build a model which demonstrates the impact of GSD.

1.3.2 Problems in Communication, Coordination, and Control

The factors identified in the literature study as having an impact on communication 
problems were physical distance, language differences, cultural differences, 
differences in company culture, and common experiences of working together. 
Infrastructure distance, time shift and process maturity.3 Out of these factors, time 
shift was mentioned most often as having the biggest impact on communication 
problems. Time shift between sites caused many problems because of delayed 
communication. The results are grounded in both a systematic literature review 
and a subsequent interview study; there is a set of threats to validity that have to be 
considered when interpreting the data.
• It was not possible to keep the factor deficiency of belief within the model 

because it was understood differently by the practitioners.
• Interviews were given to an outsider. This might have prevented the 

practitioners from reporting all problems openly.

 The impact of all of the factors identified here does not only depend on 
whether a project is globally distributed or not, but also on the question of what 
the distribution of work across sites looks like: For example, the impact of task 
coupling and cultural differences on productivity is higher in a scenario in which 
closely coupled tasks are assigned to sites with large cultural differences compared 
to a scenario in which only tasks with loose coupling are assigned to different sites 
that have only low cultural differences between them.4

 However, we discovered that in practice, work assignment is done rather 
unsystematically and takes into account only few factors, such as the availability 
of the workforce and local cost rates. This discrepancy between decision criteria 
and the fact that, at the same time, the practitioners reported many problems caused 
by the factors identified here indicates a potential for improvement.
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 We thus see a need for systematic decision support in GSD task allocation 
that can help practitioners to efficiently take into account all relevant influencing 
factors for their allocation decision and thus decrease the risks of global software 
development. In doing so, models like the one developed here are needed for 
understanding the impact of allocation decision on project success.

(A) Solutions to GSD Difficulties

Though many probable solutions are exists for every problems identified, but the 
organizations mainly focused on work standardization, planned assets, committed 
process and risk management for the solution. Evaristo suggested a solution that 
comprises integration and enhancement of trust between global teams. Carmel has 
supported effective requirements engineering and formal development process 
which focus on initial planning is mandatory for distributed project, assessing the 
project characteristics and the unit of work available for the project. furthermore, 
the process commitment plays an vital role to begin the communication between 
global teams. An additional solution applied was guiding in soft skills which 
projects mainly on nontechnical factors such as authority, communication, 
traditions, context involvement, project administration, and scientific training. 
When the global teams do not use the same process then standardization is appealed 
by considering three strategies such as driving standardization, merging practical 
components from different sites into novel methodology, and enforcing high-
level guidelines. Risk management is drastically growing in both organizations. 
Some companies follow traditional risk management without taking the possible 
impacts of distribution, dissimilar cultures, schedule and attitudes. This has led 
to the necessity for global risk management process. Organizations are spending 
on the real requirements discovery which is essential for project characteristics 
and travel limitations. In every project major effort spend for the endorsement of 
project artifacts. At last, assimilation activities are conducted focusing mainly at 
trust achievement. Majority of these activities are achieved when teams meet & 
few of them are developed virtually.

(B) Global Software Development Critical Success Factors (CSF)

Based on organizational procedures Critical Success Factors are directly identified. 
For the similar activity it is possible to achieve different CSF related to the policies 
acquired by every organization. Summarizing the outcomes following critical 
success factors was identified. Formal software development process is considered 
to be significant factor for global projects. Variant CSF comprises huge allocation 
in training that evolved in enhanced relationships. The preliminary planning was 
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vital for assessing global projects accurately and to choose the appropriate unit 
to allocate every project. Process commitment was measured as a success factor 
since it was the primary contact among global project teams. Combining activities 
enhanced soft skills of persons, improved beliefs and reducing the cultural 
differences among people. Finally, integration has enhanced the interaction and 
feedback.

1.4 Results

Even though the results are grounded in both a systematic literature review and 
a subsequent interview study, there is a set of threats to validity that have to be 
considered when interpreting the data.
• It was not possible to keep the factor “lack of trust” within the model because 

it was understood differently by the practitioners.
• Interviews were given to an outsider. This might have prevented the 

practitioners from reporting all problems openly.

 The impact of all of the factors identified here does not only depend on 
whether a project is globally distributed or not, but also on the question of what 
the distribution of work across sites looks like: For example, the impact of task 
coupling and cultural differences on productivity is higher in a scenario in which 
closely coupled tasks are assigned to sites with large cultural differences compared 
to a scenario in which only tasks with loose coupling are assigned to different sites 
that have only low cultural differences between them.
 However, we discovered that in practice, work assignment is done rather 
unsystematically and takes into account only few factors, such as the availability 
of the workforce and local cost rates. This discrepancy between decision criteria 
and the fact that, at the same time, the practitioners reported many problems caused 
by the factors identified here indicates a potential for improvement.
 We thus see a need for systematic decision support in GSD task allocation 
that can help practitioners to efficiently take into account all relevant influencing 
factors for their allocation decision and thus decrease the risks of global software 
development. In doing so, models like the one developed here are needed for 
understanding the impact of allocation decision on project success.
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ABSTRACT
Corrosion mitigation and prevention is one of the key areas of research in the present world 
scenario. Lot of damage is inflicted on the infrastructure due to corrosion. Since corrosion is 
a surface related mechanism, it can be controlled or even prevented by adequate surface 
modification technique. This chapter presents information about different innovative coating 
methods that are applied over substrates for reducing corrosion without altering the properties 
of the substrate. The benefits and limitations of the techniques are presented. Some notable 
studies conducted on various coating methods are also discussed.

Keywords: Corrosion, Surface engineering, Coating techniques.

1. Introduction

The economic development of any region, state or country, depends not only on 
its natural resources and productive activities but also upon the infrastructure that 
accounts for processing and marketing of goods. Irrigation systems, roads, bridges, 
airports, maritime, land and air transport, school buildings, offices and housing, 
industrial installations are all prone to corrosion and therefore susceptible to 
property deterioration and degradation with time. Corrosion is a worldwide crucial 
problem that strongly affects natural and industrial environments. Today, it is 
generally accepted that pollution and corrosion are interrelated harmful processes 
since many pollutants accelerate corrosion and form associated products such as 
rust that in turn pollute water bodies. Both are undesirable processes that impair 
the quality of the environment, the efficiency of the industry and the durability of 
the infrastructure assets. Corrosion of metals is reported to cost the U.S. economy 
almost $300 billion per year at current prices. Approximately one-third of these 
costs could be reduced by broader application of corrosion-resistant materials and 
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practices. According to NASA, the cost of corrosion to the USA is around $276 
billion per year. The total corrosion-related cost would reach $1 trillion by the end 
of the year. The NACE Corrosion Costs Study breaks up the US economy into 5 
industries. The report outlines how much damage (in dollars) the corrosion does 
to each industry:
• Infrastructure: $22.6 billion
• Production and Manufacturing: $17.6 billion
• Transportation: $29.7 billion
• Government: $20.1 billion
• Utilities: $47.9 billion

 Keeping the above in view, it is essential to develop and apply corrosion control 
methods. The appropriate selection of technique (e.g. coatings, inhibitors and 
cathodic protection) reduces the damage by corrosion and therefore cuts the costs 
involved. However, increased corrosion costs are at times also necessitated when 
higher and stringent performance requirements and more hostile environments are 
encountered.
 Surface engineering, including surface treatments and coatings, is one of 
the most effective and flexible solution for reducing corrosion. Coatings change 
the surface tribological properties by inducing residual compressive stresses, 
decreasing the friction coefficient, increasing the surface hardness, altering the 
surface chemistry and changing the surface roughness.1 They also improve the 
wear resistance of surfaces and thereby further extend the life of the components. 
During last several decades, numerous coatings and deposition methods have 
been successfully developed and tested to protect surfaces from damage. The 
increasing use of surface coatings in tribological applications is mainly based on 
the following reasons: - More and more scientists recognize that the surface is 
the most important part in many engineering components, and most failures have 
a relationship with the properties of the surface area. Many other functionally 
important properties depend on the surface such as electronic, magnetic, optical, 
bio-compatible characteristics. High quality performance required for mechanical 
components and tools cannot be realized just by selecting advanced materials. In 
this regard, the use of coatings becomes imperative to improve the performance 
of the surface regions while at the same time the substrate retaining its original 
properties responsible for the strength and toughness. In some special situations, 
the systems cannot function without advanced tribological coatings, for example, 
devices and bearing systems in space mechanisms operating under near-vacuum 
conditions or engineering components in aero-turbines running under corrosive or 
erosive conditions.
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 Advent of new coating technologies has promoted the possibility of depositing 
coatings with high efficiency that was previously unachievable. However, there 
are several problems associated with coatings as well. It is impossible to identify 
coatings with all the desired properties, such as high shear strength, high hardness, 
excellent bonding strength, high toughness, etc. because some of them are in 
conflict with each other. For example, fulfillment of high hardness calls for sacrifice 
in toughness and bonding strength. Therefore, we need to select the most suitable 
one from hundreds of thousands of coatings for a specific application, but how can 
we realize it? The use of coatings is a very complex system and there is no general 
rule to help the proper selection of a coating for a assigned tribological application.

2. Applications of Coatings

Selection of suitable coatings can decrease expenses and improve the product’s 
efficiency as mentioned above. The application of coats that form the foundation 
for fresh products is offered by a broad range of alternatives. To obtain the 
required outcomes, it is vital to identify the fit-for-use coated system. Coatings 
find applications in the following industries2

• Oil and gas
• Aerospace
• Electronics and Sensors
• High temperature electronics
• Renewable energy generation
• Automotive
• Bio Medical applications
• Cutting tools
• Magnetic recording devices

3. Coating Techniques

Coatings are effectively used in various sections, from fundamental mechanical 
kinds to more stunning ones such as electronic gadgets. While the assembly of 
metallic coatings on surfaces is taken into account, thermal spray processes are 
widely used for mechanical applications.3 Some leading methods for coating are 
described as follows:

Thermal Spray Coating

In this procedure, the feedstock is heated to a melting point and propelled into 
the working surface as individual drippings, typically in the form of powder or 
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cabling, as shown in Figure 1. Fuel gasses or electrical arcs generate the energy 
needed for the melting process. They split (deform) and solidify, as particles 
impinge on the substratum. Due to the nature of this method, coatings typically 
show greater porosity, due to incomplete bonding of the sprayed material. Some 
of the advantages of this process include relatively low surface heating (350 to 
450 °C) and high production rate. The elevated speed of deposition is 60-95% and 
thanks to its flexibility and simplicity which is commonly used in the sector.

Fig. 1: Thermal spray process4

 Low adhesion, elevated porosity and low heating effectiveness are some of 
the constraints. Materials with a melting point above 2800°C cannot be sprayed. 
The relative entering of ambient air oxygen with higher velocity can also cause the 
coatings to display elevated concentrations of oxidation. The high-speed oxygen 
fuel method (HVOF) is one of the version of conventional thermal spray where, 
it uses a high-pressure stream of gas. Here, the powder is injected and accelerated 
through the central line of the piston to be stored on the substrate and is generated 
by combustion of several kinds of fuel (kerosene, acetylene or propylene).

Cold Spray (CS) Method

In this process, feedstock powder is not melted but only accelerated at higher speeds 
via gasses that are supplied in a convergent-type nozzle at supersonic velocity. 
Usually nitrogen, air or helium is used for the purpose. The elevated kinetic 
energy of the particles causes serious plastic deformation and the development of 
a deposition layer on the particle impacts with the substratum. CS coatings usually 
demonstrate elevated bond strength, outstanding mechanical properties and 
powerful engineering interests over metals such as aluminium, titanium and alloys. 
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This technique has also been employed to deposit thermoplastic powder on non-
metallic substrates. By using a laser source to add thermal energy to the deposition 
zone, Bray et al. (2009) have further enhanced the process, also enhanced binding 
force and promoted higher coating densities for low kinetic energy particles [5].
Cold Spray process is as shown in Figure 2.

Fig. 2: Cold spray process4

 Metallic coverings on surfaces such as plastics, textiles or composite materials 
are particularly interesting for engineering applications. It is particularly hard to 
deposit metals in the nature of such a substratum. Thermal spray technique through 
complete melting of the feedstock material has produced successful coatings.
 Some of the benefits of cold spraying are that it uses low temperature and no 
melting of bulk particles. It eliminates stress on solidification and permits coatings 
that are thicker and small. Lower thermal input decreases the cooling demand and 
therefore no fuel gasses or extreme electrical heating are needed. This process is 
limited because hard brittle materials such as ceramics cannot be sprayed without 
ductile binding. It utilizes elevated flows of gas and therefore consumes big 
amounts of gas.

Plasma Spray Method

Plasma Spray Process is mainly the spraying on the surface of the material with 
another molten or heat softened material to provide the coating layer. Powdered 
material is injected into a plasma flames with elevated temperatures and is quickly 
heated and speeded up. The warm material affects the surface of the substrate 
and cools quickly to form a layer. This properly performed plasma spray method 
is called a cold process, as the substrate temperature during processing can be 
maintained at a low level, avoiding damage and metallurgy modifications and 
distortion. The set up is shown in Figure 3.
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Fig. 3: Plasma spray method

 In 2010 Jingxin Yang et al. worked on Magnesium (Mg) alloy plasma 
coating.6 Plasma surface changes for biomedical use were examined in this study. 
They concluded that Mg and its alloys can be upgraded to a certain degree after 
modification of the surface by means of suitable plasma surface changes.
 Usage of broad range of coating materials, with a broad range of distinct 
requirements, with almost all components accessible as appropriate powder, is some 
of the benefits of this procedure. Inflammation or electrical arcs are responsible for 
higher performance coatings. Various substratum types can be coated with the use 
of plasma spray. This can include metals, ceramics, plastics, glass and composite 
matter.
 It has some constraints as well. The pumping equipment for air-plasma is 
usually very costly to purchase and use. It is an eye-catcher, comparable to all other 
thermal spray procedures, making it hard to cover tiny inner bores with limited 
diameters or access surfaces. The plasma pistol generally has the electrodes and 
other internal elements which get rapidly deteriorated. This often leads to weapon 
electrodes being replaced for quality control to preserve consistency of the layer.

Wire Arc Spraying Method

During this type of spraying method, two wires are fused with a short circuit 
arc and the fused materials are thinly sliced and sprinkled on the objects with 
compressed air. Spraying through electronic arcs and flame are commonly referred 
to as wire processes. For wire arc spraying material, all wired metals and alloys are 
accessible. Figure 4 illustrates the tool.
 In 2012, Linlei Wang et al. worked on Iron (Fe) based amorphous/
nanocrystalline coated materials for AZ91 magnesium alloy substrates that were 
automatically sprayed at high speed arcs.8 He found that Fe-based amorphous/
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nanocrystalline’s resistance to wear is 2 times, 42 times, compared to 3Cr13, and 
the substrate shows excellent wear resistance, respectively.
 Some of the benefits of this procedure include that the arc spray driving 
procedures with a deposition rate of 15 kg per hour or above have the largest 
deposition rate. The power input for plasma and HVOF spraying devices is 
extremely small at only 5-10 kW compared to 50 kW. Little training required for 
the operator. On the other side, the limits include big quantities of smoke and dust 
generated which leads to the operator wearing appropriate respiratory equipment 
and protective clothing. The quality of the covering does not generally match the 
results of plasma and HVOF spraying. The sprayed coatings usually have greater 
porosity and oxide levels and less bond strength compared to deposits of the 
coatings by plasma and HVOF spraying.

Physical Vapour Deposition (PVD)

The PVD technique as shown in Figure 5 is a group of procedures used for 
depositing thin layers of the materials, usually in the range of nanometres to 
several micrometers. PVD procedures are vacuum deposition methods which are 
eco friendly and consist of three basic steps.
 Solid source material vaporization aided by vacuum or gaseous plasma at 
elevated temperature, convey vapour to the surface of the substrate in vacuum or 
partial vacuum and substrate condensation for generating thin films are the key 
steps adopted in this process. Although different PVD techniques use the same 
three basic steps, the techniques used for generating and depositing material are 
different. Thermal evaporation and sputtering are the two most prevalent PVD 
types. Thermal evaporation consists of a deposition method that uses suitable 
vacuum techniques to vaporize the source material by heating the material. 
Sputtering is a plasma-assisted process which produces a vapour by bombarding 

Fig. 4: Wire arc spraying7
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accelerated gaseous ions (usually Argon) out of the source target. The resulting 
stage of vapour is then deposited on the required surface via a condensation system 
both for evaporation and for sputtering.

Fig. 5: Representation of physical vapour deposition

 Some of the benefits are PVD coating is safer than other procedures as they 
involve comprehensive cleaning due to the use of chemicals and are not eco 
friendly. Also, almost every type of inorganic material can be coated with PVD. 
One inconvenience of PVD method is greater costs. The method needs complicated 
machines which require competent operators. The rate of operation of PVD coating 
is also comparatively slow and sluggish. PVD coating is still one of the best ways 
to improve the solidity and durability of a surface.
 In 2007 magnesium alloy was studied by Hikmet Altun et al.9 The research 
examined the impact of the coating on the wear behaviour of the alloy by coating 
the AlN/TiN with the magnesium alloys using the physical vapour deposition 
(PVD) technology of DC magnetron sputtering. The conclusion was that: AlN/TiN 
coating significantly enhanced the magnesium alloy wear resistance. For the AlN/
TiN covering on the uncoated alloy, the surface hardness of the alloy improved 
about 70%. Although thick coatings were acquired, there were some typical flaws 
of the layer due to PVD techniques. Amorphous structure was present in the coating 
layer of AlN/TiN created on magnesium alloy AZ91.

Chemical Vapour Deposition (CVD)

CVD is a linear development procedure in which a precursor gas deposits a thin 
layer on a crust in a reactor. The growing method is small and the growth rate 
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relative to thermal oxide is much greater. It also generates far finer layers of silicon 
dioxide because the film is placed instead of cultivated as shown in Figure 6. This 
method generates a film with a high electrical resistance, which among many other 
applications is suitable for use in IC and MEMS systems. When an external layer 
is required but silicon substrate may not be oxidized, chemical vapour deposition 
(CVD) oxide is carried out.

Fig. 6: Chemical vapour deposition

 The 2019 work on magnesium alloys by Srinivasan Arthanari et al., protective 
performances have been examined on magnesium alloys for plasma-enhanced 
chemical vapour-deposited ethyl cyclohexane coating.10 The Az31 and AM50 
magnesium (Mg) alloys were placed with plasma-enhanced chemicals vapour 
deposition as plasma-polymerized ethyl cyclohexane (ECH). The effects of the 
moment of deposition on the forming, surface morphology, chemical structure and 
electrochemical corrosion behaviour have been examined.
 As a method for depositing thin films, CVD has several merits. One of the key 
benefits is that CVD coatings mostly match the thickness of the film on side walls 
of components with the thickness on the top. The thickness is similar. This means 
that films can be linked to complex shaped parts and can be fully filled with high-
aspect ratio and other characteristics. Another benefit of CVD is that they can be 
deposited with very high purity in relation to the broad array of products that can 
be deposited. It operates at fast deposition rates and CVD often requires no high 
vacuum, just like PVD procedures.
 Moreover, CVD has several restrictions. The characteristics of the precursors 
are one of the main flaws. Precursors are unstable at room temperatures. Precursors 
also could be very poisonous, explosive, or corrosive. CVD responses can also 
result in damaging and dangerous outcomes. Some of these precursors can also be 
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extremely exorbitant, especially metal-organic precursors. The other true weakness 
is the typical deposit of the films on greater temperatures.

Electrodeposition Method

Electro-deposition (ED) uses electricity to pull out the cations from a solution of 
the desired material and to filter this material on a leading substratum as a thin film. 
The principle functions on the electrolysis regulations of Faraday. The depository 
metal (anode) is both immersed in an electrochemical bath and the substratum 
(cathode) is transferred by the direct current. The bath may sometimes involve 
salt to be covered with metal. The anode serves only to complete the circuit in 
that case. The speed of corrosion may rely on the covered material. However, 
the duration of the coating process can be increased for increasing the thickness. 
Usually an electroplating layer consists of a single metal component. The process 
is shown in Figure 7.
 This technique may be used in production of coatings containing organic 
nanofillers (for example, PEO, PTFE or inorganic or organic matrices). Many 
scientists have recorded the electrochemical coding of nano-composites for organic 
matrices.

Fig. 7: Electrodeposition process4

 Some of the strengths of electrodeposition are the strong potential trajectory 
to low-cost production. ED is a versatile deposition technique which can be used 
in the preparing of precursors layer structures to produce thin films from metals, 
metallically alloys and compounds. ED equipment is cheap and energy-efficient 
because it usually takes place near room temperature. When stable electrolytes with 
long lives are used, materials use in the electrodeposition process can be nearly 
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100 percent. Size and strength are the principal drawbacks of electro deposition. 
The electrical deposition is affected by an inferior factor of non-uniform thickness 
of the coating, i.e. the part of a substrate in the vicinity of the anode shows a higher 
thickness in comparison to that of the anode.

Solgel Method

The sol-gel process usually consists of the transformation from a liquid (mostly 
colloidal) “sol” structure into a strong “gel” stage. In the development of “sol,” 
starting materials are generally inorganic metal salts or organic metal compounds, 
such as metal alcohoxides. The precursor undergoes a sequence of hydrolysis 
and polymerization responses during a typical sol-gel method to form a colloids 
suspension, or’ sol.’ Further “sol” processing allows materials to be produced in 
various shapes, such as monolith, movies, fibers and monocot powders. If after 
constant stirring the “Sol” is permitted to cool, a moist gel will be produced. Thin 
films of various characteristics can be placed on a substratum with spin-coating or 
dip-coating technique as shown in Figure 8. The “gel” is transformed into thick 
products with additional drying and heat treatment. Processes of sol-gel have 
demonstrated a range of benefits and drawbacks.11

Fig. 8: Solgel process12

 A main benefit of sol-gel coatings is simple and easy process, cost-effective, 
powerful adhesion and the barrier impact. Inorganic sol-gel coating delivers great 
barrier capabilities. This method can deposit a wide variety of products because 
of the chemistry engaged in the method. It comparatively uses small rinsing 
temperatures. Some of the constraints are prolonged processing times and low 
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yield. It’s not a very smooth method. Since the method includes a chemical 
response between several solution components, it includes in the necessary material 
unwanted electrons, molecules, ions, etc., which damages the electrical or optical 
characteristics of the deposited material. This method is therefore not consistent 
with the contemporary technology for the production of solid state equipment, 
which is the main method for electronic and photonic equipment.

4. Notable Studies

Yilmaz et.al. created composites of Nickel-Nano-TiO2 using both pulse and 
direct coating methods.13 Potential polarisation and electrochemical impedance 
spectroscopy techniques examined the corrosion efficiency of the coatings. The 
findings disclosed an outstanding corrosion-resistant Ni/TiO2 composite, which 
was measured with a greater micro hardness.
 Gawad et.al. have made and recorded microstructure, strength, and resistance 
to corrosions on the Ni-P Al2O3 and Ni-P–TiO2 composite coating.14 The 
potentiodynamic study indicate that the Cu corrosion current density has been 
decreased by over 95% protection efficiency by coating the copper substratum 
with Ni-P alloy which shows that the Ni-P deposits have a positive effect on the 
decrease in the corrosions rate in the active corrosion area.
 By building super hydrophobic surfaces by the suspension flame spraying 
method Chen et.al investigated the efficiencies of Al coating.15 A potential 
dynamic polarization analysis of the aqueous solution NaCl was carried out at 
room temperature at 3.5 wt%. The anti-corrosion results of super-hydrophobic 
coatings were measured. This layer probably prevents chloride ions (corrosive 
ions), which migrate and penetrate into the Al coating, thus increasing the anti-
corrosion performance of the coating. A number of anti-corrosion applications 
could possibly be used with the new cost-effective superhydrophobic coatings.
 The positive effects on mild metal substrates of wire-arc-sprayed steel coatings 
have been recorded for enhancing the behaviour of corroding by Zeng et. al.16 
The corrosive behaviour of the layer was followed by a cycling experiment of 
wetting and drying in a salt solution under the microscope. In relation to the non-
sealing layer, the spray-treated coating was discovered to rust more quickly and 
secured the mild metal substratum from corrosion, but even the coating itself was 
deteriorated by the substratum interference as an anode. The air-atomized layer 
was rustier than the atomised nitrogen one.
 Ahmed et. al. researched the connection between the electrical behaviour of 
HVOF thermally spray coatings of Inconel 625 on a forged sheet and its micro-
structural properties.17 The possible density of the passive current reduces when 
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the porosity concentration has decreased. This suggests that at least portion of 
the corrosion improvements found by laser surface melting of coatings are due to 
porosity removal. The presence of porosity is suggested as the result of crevice 
corrosion in pores that improves the passive current density. Porosity removal 
eliminates this corrosion mechanism, thus enhancing the resistance to corrosion.
 The impact of Ti interlayer on TiN PVD coatings corrosion resistance has been 
investigated by Vega et. al.18 The testing of TiN-interlayer corrosion resistance was 
conducted using electrochemical techniques such as potentiodynamic polarisation 
tests, EIS and SECM. The findings showed that the corrosion resistance is improved 
with the use of dense Ti interlayer. An increase in propagation and a decreased 
diffusion coefficient can explain the enhancement. Increased TiN layer thickness 
increases the resistance to corrosion.
 Huang et.al. researched on low-temperature CVD Graphene nanostructures 
on Cu and their corrosion properties.19 The potentiodynamic polarization analysis 
on pure, CVD (C2H2, 5 min)-coated and CVD-coated Cu films were made. 
Experiments within the range of –0.8 V to 0.6 V v.s. were conducted. At the room 
temperature Ag/Agcl scan frequency was of 10 mV/s. originally, the potential of 
corrosion for pure Cu foil is about-0.267 V. The corrosion potential has moved to 
-0.2 V with several tens of mV and a comparatively small amount of corrosion 
after adding excellent CVD graphene layering. It shows that the property can be 
enhanced under adequate growth circumstances with the CVD graphene coating.
 Tan et. al. investigated on the multi-layer magnesium sol-gel coatings.20 The 
application of multilayer coatings resulted in corrosion safety of magnesium. 
Electrochemical tests show that the sol–gel layers provide corrosion protection 
through anodized pores and act as a barrier by physically sealing them. When the 
primary causes of degradation are defects and porosity, multi-layer application can 
eliminate the diffusion pathway for corrosive particles to reach the metal surface, 
thereby restricting localized attack occurrence.

5. Conclusion

Corrosion has a huge adverse impact on various aspects in heavy industry and 
in the society as well. As such, it has to be minimized for betterment of nation’s 
economic development. Since corrosion is a surface phenomenon, it can be 
controlled by altering the properties of the surface. One among the methods to 
reduce corrosion is surface coating. There are various coating techniques that 
can be applied over different type of materials and the properties can be altered 
without affecting or damaging the substrate material. These coating techniques are 
presented and explained in this work. Notable studies conducted over application 
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of different coating techniques are also discussed. The outcome of this study can 
lead to working on different material combination and coating techniques to create 
composites with reduced corrosion tendency in future.
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ABSTRACT
Composite Materials are potential materials for modern day application as compared to 
metals and alloys due to superior tailorable properties. Metal matrix composite (MMC) has 
better adaptability to extreme operating conditions as compared to polymer composites. The 
large scale developments with wide variety of matrix and reinforcements to obtain fairly good 
isotropic property is possible with Particulate metal matrix composites (PMMC). Although 
the Polymer composite development has been well established as compared to PMMC, 
more challenges are encountered in the development and commercialization of PMMC. In 
this chapter the aspects to be considered for the developments of PMMC are presented.

Keywords: Particulate, wettability, Interface, Strengthening Mechanism, Stir casting, MMC.

Introduction

Any materials used in application are intended to carry out specific function with 
desired properties. The pure metals and non-metals are incapable of possessing the 
required properties are significantly alloyed with organic and inorganic materials. 
The functional range of alloys are limited when the increase in demand for higher 
values of mechanical properties over wide range of operations becomes essential. 
The enhancement of the mechanical properties of the materials are significant as 
per the requirements due to the increase in capacity of machines and automobiles. 
But the alloys cannot have ability to meet the required specific properties due 
to limitations of the structural and material limits. The limitations of the alloys 
are eliminated by composite materials with the additions of oxides, carbides and 
borides to the matrix alloy. The advanced alloys are initially used for the military 
applications but gradually to increase the efficiency and to reduce the weight with 
the commercialization to introduce it to the automobile sector. The low cost of 
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production and mass production concept of MMCs led to the development in 
automobile parts. Also with the increase in government norms and regulations 
towards the emission control, fuel efficiency has to be drastically increased only by 
reduction of vehicle weight, this can be achieved by use of light weight material in 
the production of parts. Traditional steel and cast iron is eliminated by introducing 
the Particulate MMCs. PMMC is the promising candidate to address the challenge.

Metal Matrix Composites (MMC)

Metal matrix composites are two phase mixtures containing an alloy as matrix 
and ceramics as reinforcements, both are physically and chemically distinct and 
insoluble in each other. Till 1970 the metal matrix composite are largely developed 
for military and aircraft applications but after 1970 more research funding in the 
area of research made MMCs as commercial product for all type of industrial 
use.2 In 1980 research began in the development of discontinuously reinforced 
MMC, which opened the doors for further popularity of MMCs in the commercial 
application. Apart from mass production the properties are improved to greater 
extents as compared to unreinforced Alloys. The materials with highest strength 
are studied across all the countries but discontinuously reinforced materials are 
studied in academic research to larger extent. Due to these activities the application 
of MMCs has increased in wide range in the past three decade.2 The application of 
MMCs include commercial vehicles, thermal management, aerospace, recreational, 
packing and infrastructure. The properties that make MMC more popular include 
wear resistance, thermal and electrical characteristics, structural strength, low 
density and fracture toughness. The challenges in the development of MMC to be 
taken care such as chemical compatibility, thermal miss-match, particle morphology, 
size, shape of reinforcements, secondary process, strengthening, wettability and 
interface reactions. The MMC industries are now matured industries, however 
extensions of manufacturing quantity, controlling parameter and applications for 
higher benefit for extension in breadth and length are still available for research.

Particulate Metal Matrix Composites (PMMC)

Particles of Ceramics can be added to the matrix for strengthening and load 
bearing purpose. This led to the development of Particulate composite in which 
the reinforcements are in the form of particles of few microns. The unique 
importance of Particulate MMC is strength and stiffness apart from this the particle 
distribution can be tailored to specific properties like wear resistance to aggressive 
environment, erosion resistance, high dimensional stability, impact strength and 
fracture toughness. The Particulate MMC provides improved affordability and 
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suitability for mass production, three dimensional isotropy, suitability for secondary 
process and low density- light weight material system.2 MMCs are utilizing large 
number of alloy system with many number of carbides, borides and oxides as 
reinforcements in large variety of shape and sizes.
 The application of either continuous or discontinuous MMCs are in the areas 
of defense, aerospace, automobile and recreational.3 The development of MMCs 
are advantageous but at the same time poses technological and policy barriers.

The Technological Barriers are:
 1. Lack of commercial Application.
 2. Lack of standard test procedure
 3. Lack of analytical modelling techniques
 4. Lack of industrial standards
 5. Lack of nondestructive techniques
 6. Problems like wettability, interface reactions, CTE mismatch
 7. Lack of repair and recycle
 8. Lack of Storage
 9. Lack of Mass production facility
 10. Lack of metallurgical understandings

The Policy barriers are:
 1. Large capital investments
 2. MMCs production and profit margin
 3. Government policies and Technology path
 4. Intellectual Property Right concern
 5. Transmission & classification of Data
 6. Environmental Regulations
 7. Governments Recognition
 8. Industrial Regulations
 9. Reliability Index
 10. Industrial Standards

Life cycle of MMC are spread over four stages:
The raw material for MMC are soft matrix material usually alloy and hard ceramic 
material usually carbides, borides and oxides. The Reinforcements are further 
continuous, discontinuous which are in the form of fiber, particulate, Whiskers 
or short fibers. MMC production stage includes development of MMC by various 
methods in which the reinforcement are uniformly distributed and wetted by the 
matrix. The process may be solid state process or liquid state process. The powder 
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metallurgy, spray deposition, stir casting process, melt infiltration, mechanical 
alloying are some of the popular methods for the production of PMMC. The 
secondary process like extrusion, rolling, solutionizing and ageing are used for 
optimization of MMC properties. The application part of discontinues MMCs for 
automobile part like diesel engine piston, bicycle frame, brake rotors, brake drum, 
engine liners, bearings, aircraft vertical stabilizers and continuous fiber reinforced 
MMC for structural applications parts like Hubble antenna boom, Space shuttle 
support struts, aircraft skins, turbine engine fan blades.3 The various applications 
of continues and Discontinuous MMC are shown in figure 2.

Matrix and Reinforcement Materials

The matrix material used for the development of MMC is Aluminium, Titanium and 
Magnesium based alloys. The Titanium based alloys are used in high temperature 
applications and are limited to aircraft, missile and space shuttle applications. The 
Magnesium based alloy are used for structural applications but its usage is limited 

Fig. 1: Life cycle of composite material

Fig. 2: Application of particulate and fiber composites10
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due to low creep performance. The most popular alloy found in the development 
of MMC are Aluminium alloy. Material Selection for an application is based on 
characteristics of particular alloy.

Selection of Reinforcements

Seven mechanical and thermal properties are of direct interest in assessing the 
potential of a new composite: density, modulus, strength, toughness, thermal 
conductivity, expansion coefficient and heat capacity. Selection parameter 
considered for the matrix includes- Strength of the alloy, Availability of the alloy, 
compatibility with the reinforcement and heat treatable.
 The reinforcement selection is parameter includes-Availability, Hardness, 
suitable for Tribological application, Stable with matrix material, high melting 
temperature, reinforcement size, shape, Density, Thermal expansion and 
reduced interface reaction during melting. Although the physical and mechanical 
properties may oftenlimit the constituent selection, it is the chemical reactivity 
of the reinforcement with the matrix alloy either during service or fabrication 
which will in most cases decides the final reinforcement/matrix combination. 
Particulate alignment is not a restrictive factor since such composites are generally 
designed for random orientations and any alignment is introduced as a result of the 
manufacturing process itself.

Wettability of Ceramic Materials

The reinforcement incorporation in to the matrix material without particle cluster 
and effective bonding between the matrix and reinforcements are the primary 
requirements of the composite material. It provides the strength and load transfer 
capacity to the matrix. The bond strength improves the hardness and fracture strength 
of the material. Weak strength in the bond results in failure to withstand the applied 
load and results in failure occurring at lower value. The particle incorporation in 
to the melt should overcome the particle pushing and agglomeration in the melt. 
The Knowledge of wetting of the reinforcement particle in the melt at various 
temperature conditions are to be studied before the development of the composite 
material to control the bond strength. The wetting of the reinforcement by the 
liquid melt is expressed in terms of contact angle between the solid and liquid 
phase. The contact angle desirable is less than 90° for the molten metal on the 
reinforcement surface. Generally it was found that most of the ceramics are non 
wettable at normal temperature. The formation of oxide on the metal surface and 
ceramic reduces the wettability. Under normal temperatures of casting MMC the 
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temperature is generally lower and thicker oxide film on the surfaces causes fewer 
ceramic particles to be incorporated in to the matrix. The quantity of ceramics to 
be incorporated can be raised by using fluxes, gas shield or casting in vacuum. 
The inherent property of the ceramic cannot be eliminated completely to make 
ceramic entry in to the melt. The thermodynamic and mechanical limitations of the 
particle inclusion can be minimized by constant stirring or by pressure infiltration 
process. The metal is melted in controlled atmosphere or in vacuum to reduce 
the formation of oxide layer and to control the constant temperature to increase 
wettability.5 The particle having oxide layer is difficult to be incorporated in to 
the melt which is mainly due to rejection of the particle by molten metal. The 
condition for incorporation of the particle in to the melt is shown in figure 3.The 
incorporation in terms of surface energy is given by γsv > γsl where γsv is interfacial 
energy between particle and liquid, γsl interfacial energy between particle and gas.

Fig. 3: Wettability of solid and liquid phases

 The selection of reinforcement and matrix based on the surface energy and 
compatibility has to be considered for composite material with following points
1. Wettability of the ceramic particle by liquid matrix is primary requirements 

for selection. This can be carried out based on wetting angle data for the given 
ceramic at the temperature. If the wetting angle data are not available then flux 
based methods are used for the selection. The carbides, Borides and Oxides 
are wetted strongly as compared to ionic or covalent bonded materials. The 
reaction between the particle and he melt also facilitates wetting.

2. The particles should have close lattice match with the matrix. The particle which 
makes grain refinement in matrix will be ideal reinforcement for the MMC. If 
the lattice Structure are very close to each other than good incorporation can 
take place.5 Both the mechanical barrier and the thermodynamic barrier are 
affecting the incorporation of ceramics in the matrix.

Interfacial Reactions in MMCs

The Particulate MMC containing the metal and the ceramic will be present as distinct 
phase with each other. The bond existing between the matrix and reinforcements 
depends upon the physical, chemical or mechanical phenomenon. The phase 
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between the matrix and the reinforcement is termed as Interface or Interphase. The 
behavior of the MMC under the action of load can be established on the basis of 
Interface Bond strength. The desired strength, toughness, fracture strength, wear 
strength of a given MMC are strongly depends on interface bond strength. The 
chemical reaction between the reinforcement boundary and the matrix constitutes 
the interface product. The physical phenomenon controlling the interface are heat 
of formation, temperature, holding time, roughness of reinforcements, coefficient 
of thermal expansion, covalent bond and ionic bond etc. Rough surface of the 
ceramics improves the wettability, a large difference between coefficient of 
thermal expansion of matrix and reinforcements has to be avoided. Covalent 
bond is better than the ionic bond of the ceramics to avoid poor wettability. The 
chemical reactions at the interface will affect the strength of MMC. The molten 
metal are highly reactive with oxides and carbides. The chemical reactions will 
be oxidations of matrix and reductions of the reinforcements. These reactions at 
the interface causes chemical degradations of the ceramics leading to weak bond 
strength. The chemical reactions develops the different product that affects the 
performance.6

 From the metallurgical point of view the solidification of the matrix has to be 
controlled to avoid the interface reactions. Due to difference in thermal conductivity 
of the matrix and reinforcement which induces localized thermal gradient. Insoluble 
impurities like Fe, Cu will be carried to the interface during solidification and 
results in formation of heterogeneities such as insoluble precipitates or enriched 
phases concentrated at the interface and grain boundaries when working with 
alloys (Cu-, Si containing Al alloys). This will reduce the bonding strength at the 
interface and ultimately the strength of composite. This can be reduced by process 
like solutionizing or heat treatment by dissolving in the al matrix. The interface 
phenomenon can be tuned in several ways in the MMCs to suit the reinforcement.

Solidification of MMCs

The work on research and development of Metal matrix Composite materials 
are existing from past 5 Decades, The mass production of the MMC are limited 
to certain applications. This has impacted the commercialization of the MMC 
Products. The factors affecting the mass productions are standard established 
process, low production cost, less complexity of production and defect free 
castings. Understanding the limitations of the other existing solid state process, 
challenges in the mass production has been established by casting route for the 
development. The research and development in industrialization of the MMC 
are gaining importance due to casting MMC in large quantity to reduce cost of 
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production. Solidification of MMC during casting has been thoroughly researched 
to clearly establish the process parameters and final characteristics of the MMC 
for various combination of Matrix and Reinforcements. The solidification process 
is another phenomenon which has to be clearly understood to obtain the desired 
properties of the composite. The reinforcements in either particles, whiskers or 
short fibers are suitable for casting process utilizing in small or bulk quantities of 
reinforcements as compared to powder metallurgy.7

 The casting process uses melting the matrix material in crucible at controlled 
temperature, addition of reinforcement and stirring at regulated speed. The mixture 
is further poured in to mould for solidification to produce the casting. The pouring 
and stirring actions are controlled which influences the solidification of the castings. 
The sand mould increases the solidification time which results in coarse grain size. 
On the other hand the metal mould reduces the solidification time to produce fine 
grain size. The parameters like engulfment, particle pushing and agglomeration are 
to be studied for sound castings. The solidification of the Particulate composites 
are influenced by solute segregation, heterogeneous nucleation, particle pushing, 
morphological instability, thermal shielding and agglomeration of the particles 
at the grain boundary. The variation in grain size, micro segregation, macro 
segregation and reinforcement distribution are noticed due to above factors. 
Controlled solidification parameters leads to the enhancement in mechanical 
properties and Tribological properties. The rate of solidification if controlled then 
it leads to better mechanical and Tribological properties. This is due to reduction 
in interface reaction, grain refinement, Precipitation formation, GP zone in the 
matrix, reduced porosity etc. The methods used for controlled solidification are 
Controlling processing parameters like holding temperature as low, Stirring time 
and speed as moderate, two stage melting process. The matrix and reinforcement 
selection based on the interface reactions, Secondary intermetallic in the base 
alloy, Reinforcements coating, Wettability etc. The detailed solidification control 
can be found in reference.1,7

 The following phenomenon are studied in detail for the solidification of MMC-
Wettability - The wetting of solid surface of reinforcement by molten liquid in 
the casting process can be estimated by the pressure to be applied during the 
stirring process. The sold reinforcement has surface interaction with the melt. The 
wettability equations in terms of surface interactions are given by

   σSA – σSL = σLA cosθ …(1)

 To improve the wetting of reinforcement σSA has to be increased or σSL had to 
be decreased.
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 The force induced over the particle will drag the particle in to the molten metal. 
The viscous drag is created due to stirring action which incorporates the particle 
in the matrix. When the molten metal are exposed to atmosphere the formation 
of the oxide layer on the surface reduces the penetration of the particles in to the 
melt. The particles when added to the melt tries to agglomerate due to reduction 
in penetration force acting. Due to these limitations of the particle incorporation 
various studies had developed the techniques such as 1. Reinforcement Pre Heating 
2. Matrix Alloy Modification 3. Coating the Reinforcements.
 Heat treatment of the reinforcement before adding to the melt improves 
the particle incorporation. In this process the gaseous surfaces are treated and 
σSA is raised. Adding Lithium or Magnesium can improve the wetting of the 
reinforcements and incorporation. The coating provided on the reinforcements 
reduces the Oxide layer formed due to oxidation and improves the wettability.
 In physical bond the reaction between the matrix and reinforcements are absent 
and the attractive force between the matrix and reinforcement are binding the two. 
Aqueous solvents, organic solvents and polymers are containing physical bond 
at the interface. Also the shrinkage of the matrix material during solidification 
binds the reinforcements by physical bond. In the chemical bond due to reaction 
between the matrix and reinforcements which produces work of adhesion provides 
the bond strength. This strength is higher order and more than the physical bond. 
Transportation Phenomenon is the final process in solidification which takes place 
due to advancing metal containing the dispersed particles. The Matrix in the liquid 
state converts in to solid state during solidification starting from the mould walls. 
The melt contains the dispersed particles which are forced by the advancing solid 
front. Three possibilities are found during this process 1. Solidifying front pushing 
the particle slowly, 2. Engulfment of the Particles by advancing solidified metals, 
3. Entrapment of the particle in the regions of inter dendritic passage as shown in 
figure 4.

Fig. 4: Transportation phenomenon in solidification process
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the distribution of the reinforcement in the melt depends on
1. Quality of the particle slurry prior to casting
2. Cooling rate
3. Viscosity of solidifying melt
4. Shape, size and volume fraction of the Particle
5. Specific gravity of the melt and Particle
6. Thermal properties of matrix and reinforcements
7. Chemistry and morphology of crystallizing phases and interaction with 

Particles
8. Entrapment or pushing of the particle by solidifying interfaces.8

 The boundary separating the reinforcement and matrix are referred as 
interfaces. The property of the composite material largely decided by the nature of 
the interface. Strong interface increases the tensile strength and young’s modulus of 
the composite materials. Interface depends on Nature of the reinforcement surface, 
Fabrication techniques and chemical reactions of matrix and reinforcements.9 
The physical properties, chemical bonding and mechanical performance are the 
profound parameter in the design of MMC. The studies of interfacial phenomenon 
are mainly based on the two categories of manufacturing route 1. Solid state 
process, 2. Liquid state process. The solidification or sintering of the matrix and 
reinforcement takes at high temperature in which two types of interactions occurs 
during cooling. In the first case chemical interaction develops the chemical bond 
and the physical interaction develops mechanical bond. The wettability, surface 
energy interactions are physical phenomenon and chemical reactions between the 
phases occurs due to chemical affinity. The physical phenomenon wettability to 
be improved in the solidification process and low affinity for chemical reaction to 
be established which reduces the degradation of the ceramic and matrix interface. 
Only selection of matrix and reinforcement will not satisfy these conditions and 
suitable process of treating the reinforcement with coating and pre heating are 
usually adopted.9 The physical phenomenon wettability depends on the heat of 
formation, atomic structure, molten metal, temperature, time of interaction, 
atmospheric condition, crystal structure and roughness. Irregular surface of the 
reinforcements will interlock with the solidification front with good bond strength 
but induces the residual stress which can be relieved by heat treatment. Large 
gap in thermal expansion coefficient of the matrix and reinforcements gives rise 
to weak bond resulting in failure at higher forces. The chemical phenomenon at 
the interface are thermodynamic reactions based on the enthalpy of molten metal 
and reinforcement composition. The oxidation and reduction on either side of 
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matrix and reinforcement gives rise to formation of unwanted layer reducing 
the bond strength between two phases. The temperature control of solidification 
and interaction time influences the oxide formation in the interface regions. 
The interfacial reactions leads to the generation of new phases at the interface 
due to reactions between matrix and reinforcement and starts depositing on the 
reinforcement surface leading to poor strength. The reactions products deposited 
at the interface is brittle in nature which reduces the bond strength and degradation 
of the mechanical properties at the interface.6

Strengthening Mechanisms

Strengthening mechanism of MMC are classified as direct strengthening and 
indirect strengthening.8 The characteristics approach of composite material 
can be predicted by continuum approach and micro-mechanics approach. The 
strengthening mechanism of composite in first approach uses global parameters 
and the later uses deformation at atomic level. Strengthening mechanisms are 
generally derived by micro mechanist approach. All the strengthening mechanisms 
are initially derived for various alloy but same phenomenon can be extended to 
Particulate composite also.19 The work carried by some researchers like Miller 
and Humphreys are significant for strengthening mechanism. The mechanisms are 
1. Quench strengthening 2. Grain strengthening. In the first method solid solution 
was treated so that dislocation are created by difference in thermal expansion 
coefficient between the matrix and reinforcement. The quantity of dislocation 
created depends on the reinforcement size, shape and volume fraction.
 The strength was given by
   σd = α G b ρ½ …(2)
 Where, σd = strength, α = constant between 0.5 and 1, G = modulus of shear, 
b = Berger’s vector ρ = dislocation density
   ρ = 12∆T ∆C Fv/bd …(3)
 Where ∆T = temperature change, ∆C = Product of thermal miss-match, Fv = 
reinforcement volume fraction, d = reinforcement size
 The uniform distribution of the reinforcement leads to uniform increase in 
strength in the composite. The second approach by grain strengthening, the grain 
refiners are used which will generate fine grain size than the unreinforced alloy 
imparting more strength. The strength is related to grain size by Hall-Patch equation
   σo = σI + K D–1/2  …(4)
σo = yield strength, σI = fraction stress representing over all resistance of the lattice 
to dislocation moment D = grain Diameter.
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 The strengthening mechanism are also developed in MMC by secondary 
process and work hardening. The process like Rolling. Extrusion, Age hardening, 
Strain hardening develops greater strength due to grain refinement and reduction 
of porosity.

Processing of Particulate Metal Matrix Composites

The procedure employed for combining the reinforcement and matrix are numerous. 
The ultimate goal of each of the process is to have a good distribution of dispersoid 
and elevated mechanical properties. Specific process are designed according to 
required property enhancement. All the process used for the production of MMC are 
controlled by metallurgical phenomenon. The thermal energy, mechanical energy 
and the chemical reactions are exploited during the process of manufacturing. 
The fundamental understanding of compatibility of matrix and reinforcements are 
essential in terms of Parameters as following
1. Wettability
2. Interface reactions
3. Thermal Expansion
4. Reinforcement distribution
5. Temperature effects
6. Grain size and grain boundary size
7. Orientation, size, volume fraction of reinforcement

 These has to be studied before the selection of production process. Also 
the behavior of material system before and after the process is to be studied. 
The fabrication of the MMC includes primary process and secondary process. 
The primary process involves the fabrication of the composite from matrix and 
reinforcements and the secondary process involves the processing of the fabricated 
composite by rolling, forging, extrusion, heat treatment etc. The secondary process 
produces wrought products.
 The primary process is classified as solid state process and liquid process.

Solid State Processing

1. Powder Metallurgy Process
2. Powder Extrusion
3. Accumulative Roll Bonding
4. Diffusion Bonding
5. Explosive Shock Consolidation
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Liquid State Processing

1. Stir Casting
2. Liquid Infiltrating
3. Squeeze casting
4. Spray co deposition
5. In situ Process

 Classification of the Solid State and Liquid State process and secondary 
process are shown in figure 6.

Solid State Processing

The solid state process involves blending the matrix and reinforcement powder 
followed by compaction. Thermal treatment of compacted materials are carried out 
as per the requirements. The uniform distribution of the particles can be achieved 
to a greater extent in solid state processing. But for the compaction large amount of 
forces are applied which leads to the fracture of the particles or fibers. The material 
handling systems are complex and involves high cost of production. Processing of 
particulate Composite by solid state process (Powder metallurgy) includes matrix 
and reinforcements used in the form of powder, followed by blending and sintering. 
Homogeneous distribution can be achieved by blending with controlled parameters 

Fig. 5: Matrix and reinforcement for continuous and discontinuous MMC11
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and through mixing of the powders. The ratio of size of the reinforcements to 
matrix particles is important factor for uniform distribution. It produces defect free 
composite due to low temperature and compaction.

.
Fig. 6: Primary and secondary Process for MMC11

Liquid State Process

It is the primary process in the development of discontinuous reinforcements by 
melting the matrix material and adding the pretreated ceramic powder with proper 
mixing. The liquid state process employed for the development of Particulate 
MMC is a low cost, suitable for mass production and sound castings are produced. 
It is one of the more widely used processes for Particulate MMC. It is having 
simple production methods and suitable for wide variety of reinforcements size, 
shape and volume fractions. Due to difference in the density of molten metal and 
the reinforcement the following techniques are employed for the development of 
MMCs by various methods:
1. Melting matrix material and addition of reinforcement powder in to the molten 

metal at regulated temperature
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2. Addition of particles with the help of carrier gas (inert gas injection jet)
3. Aluminium foil covered reinforcements are added in a small quantity in to the 

melt with stirring.
4. Addition of reinforcements in to the vortex created in the melt
5. Distribution of powder in the melt by rotating the mold to create centrifugal 

force
6. Mechanically pushing the particles by push rods in to the melt
7. Using ultra sound to inject the particles
8. Vacuum injection of the particles and stirring.11

 Discontinuous MMC are First composites to be commercialized and the details 
of advantages of the Discontinuous MMC (Particulate MMC) are as shown in the 
Table 1.

Table 1: Particulate metal matrix composites summary11

Discontinuous MMC
MMC Process Matrix Form Reinforcement 

Form
Process Advantage Company 

Using
Melt Oxidation Liquid Pre form Able to form complex 

shapes
Lanxide

Ingot Metallurgy Liquid Powder Lowest cost to 
manufacturer, Good 
for high volume and 
high stiffness and wear 
resistance applications.

Duralcan

Powder 
Metallurgy

Powder Powder Good strength and 
stiffness properties, near 
net shape forming

ACMC, DWA

Cospray Liquid 
droplets

Powder Uniform particulate 
distribution and more 
economical than PM

Alcan

Rapid 
Solidification

Flakes Flakes Better strengthening 
of composite and low 
temperature processing 
so no degradation of 
properties.

Pacific 
Northwest 
Laboratories.

Conclusion

Particulate Metal Matrix Composite are of research interest from last three 
decades in relation to applications in automobile and aircraft parts. The limitations 
of performance of the alloy in spite of additional secondary process, heat 
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treatment and strengthening mechanisms has led to the search of new material 
system. The limitations of fiber composite in terms of unidirectional properties 
and cost are overcome by use of particulate composites. The Particulate based 
composite material system are considered as replacement to polymer composites. 
The challenges of development of Particulate composite in terms of matrix, 
reinforcement selection, compatibility, interface reaction, wetability, solidification 
process parameters and type of fabrication process has to be considered. The major 
advantage of Particulate MMC are low cost of materials, Chemical Compatibility 
suitable for mass production and possesses isotropic properties.
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I. Introduction

Today internet is faster changing technology with rapid growth and increasing 
demands of users day by day. To extract information from huge documents of web 
as per user requirements at a faster rate is most challenging task. Web mining is 
useful to get data in faster rate as per user specific interest. it reduces time of server 
and cost saving and increases speed of response and improves performance of 
server system. Web mining gets information which is useful and finds knowledge 
from user click streams, hyperlinks and behavior of user. There are 3 categories 
in web mining such as web structure mining, web content mining and web usage 
mining. The web structure mining gets structure of data been accessed by user. The 
web content mining gets information about type of content being extracted by user. 
The web usage mining records every click made by user and identifies patterns 
from log files. The main objective of web usage mining is used to identify user 
interest and predicts user navigation.
 Web Mining is the extraction of interesting and potentially useful patterns 
and implicit information from artifacts or activity related to the World Wide 
Web. Web usage mining provides the support for the web site design, providing 
personalization server and other business making decision, etc. In order to better 
serve for the users, web mining applies the data mining, the artificial intelligence 
and the chart technology and so on to the web data and traces users’ visiting 
characteristics, and then extracts the users’ using pattern. It has quickly become 
one of the most important areas in Computer and Information Sciences because of 
its direct applications in e-commerce, CRM, Web analytics, information retrieval 
and filtering, and Web information systems.
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Fig. 1: Web mining taxonomy

There are three types of web mining:
1. Web content mining
2. Web structure mining
3. Web usage mining

1. Web Content Mining

Web content mining is the process of extracting useful information from the 
contents of web documents. Content data is the collection of facts a web page 
is designed to contain. It may consist of text, images, audio, video, or structured 
records such as lists and tables.
 Application of text mining to web content has been the most widely researched 
are following:
• Topic Discovery and Tracking,
• Extracting Association Patterns,
• Clustering of Web Documents,
• Classification of Web Pages.

 Research activities on this topic have drawn heavily on techniques developed 
in other disciplines such as

686



Web Mining 295

Fig. 2: Web mining types

• Information Retrieval (IR) and
• Natural Language Processing (NLP).

2. Web Structure Mining

The structure of a typical web graph consists of web pages as nodes, and 
hyperlinks as edges connecting related pages. Web structure mining is the process 
of discovering structure information from the web. This can be further divided into 
two kinds based on the kind of structure information used.
• Hyperlinks: A hyperlink is a structural unit that connects a location in a web 

page to a different location, either within the same web page or on a different 
web page.

 – Intra-document hyperlink: A hyperlink that connects to a different part 
of the same page is called an intra-document hyperlink.

 – Inter-document hyperlink: A hyperlink that connects two different pages 
is called an inter-document hyperlink.

• Document Structure: The content within a Web page can also be organized 
in a tree structured format, based on the various HTML and XML tags within 
the page.
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3. Web Usage Mining

Web usage mining is the application of data mining techniques to discover 
interesting usage patterns from web usage data, in order to understand and better 
serve the needs of web-based applications. Usage data captures the identity or origin 
of web users along with their browsing behavior at a web site. web usage mining 
itself can be classified further depending on the kind of usage data considered:
• Web Server Data: User logs are collected by the web server and typically 

include IP address, page reference and access time.
• Application Server Data: Commercial application servers such as
 – Weblogic
 – StoryServer
 The significant features are to enable E-commerce applications such as B2B 

E-commerce and B2C E-commerce. A key feature is the ability to track 
various kinds of business events and log them in application server logs.

• Application Level Data: New kinds of events can be defined in an application, 
and logging can be turned on for them for generating histories of these events.

II. Real Time Applications
The web applications being developed at a much faster rate in the industry than 
research in web related technologies. Many of these are based on the use of web 
mining concepts, even though the organizations that developed these applications, 
and invented the corresponding technologies.

1. Web Search—Google

Google is one of the most popular and widely used search engines. It provides 
users access to information from over 2 billion web pages that it has indexed on its 
server. The quality and quickness of the search facility makes it the most successful 
search engine. Earlier search engines concentrated on web content alone to return 
the relevant pages to a query.
 Google was the first to introduce the importance of the link structure in 
mining information from the web. PageRank, which measures the importance 
of a page, is the underlying technology in all Google search products, and uses 
structural information of the web graph to return high quality results. The Google 
toolbar is another service provided by Google that seeks to make search easier 
and informative by providing additional features such as highlighting the query 
words on the returned web pages. The full version of the toolbar, if installed, also 
sends the click-stream information of the user to Google. The usage statistics 
thus obtained are used by Google to enhance the quality of its results. Google 
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also provides advanced search capabilities to search images and find pages that 
have been updated within a specific date range. Built on top of Netscape’s Open 
Directory project, Google’s web directory provides a fast and easy way to search 
within a certain topic or related topics. The advertising program introduced by 
Google targets users by providing advertisements that are relevant to a search 
query. This does not bother users with irrelevant ads and has increased the clicks 
for the advertising companies.

2. Web-Wide Tracking—DoubleClick

Web-wide tracking is tracking an individual across all sites he visits, is an intriguing 
and controversial technology. It can provide an understanding of an individual’s 
lifestyle and habits to a level that is unprecedented, which is clearly of tremendous 
interest to marketers. A successful example of this is DoubleClick Inc.’s DART ad 
management technology.
 DoubleClick serves advertisements, which can be targeted on demographic 
or behavioral attributes, to the end-user on behalf of the client, i.e. the web site 
using DoubleClick’s service. Sites that use DoubleClick’s service are part of The 
DoubleClick Network and the browsing behavior of a user can be tracked across 
all sites in the network, using a cookie. This makes DoubleClick’s ad targeting to 
be based on very sophisticated criteria.

3. Understanding Web Communities—AOL

One of the biggest successes of America Online (AOL) has been its sizeable and 
loyal customer base. AOL provides them with useful information and services. 
Over time these communities have grown to be well-visited waterholes for AOL 
users with shared interests. Applying web mining to the data collected from 
community interactions provides AOL with a very good understanding of its 
communities, which it has used for targeted marketing through advertisements 
and e-mail solicitation. In return, consumer survey and new product development 
experts of the sponsoring organization get to participate in the community, perhaps 
without the knowledge of other participants. The idea is to treat the community as 
a highly specialized focus group, understand its needs and opinions on new and 
existing products, and also test strategies for influencing opinions.

4. Understanding Auction Behavior—eBay

eBay started as an online auction house in the 90s for people to sell collectibles and 
used goods to one another. Today, 80% of items sold on the platform are new, and 
89% of items are sold at a fixed price.
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 eBay is taking steps to make its platform look and operate more like Amazon. 
It’s encouraging sellers to offer free guaranteed 3-day shipping. It’s combining 
product listings from sellers with the same item, enabling consumers to find the 
best price more easily. It also launched a Best Price Guarantee, offering customers 
a 110% rebate on the difference between an item they bought on eBay and an 
identical listing on a competitors’ website. eBay is operating more and more like a 
business-to-consumer retailer instead of a marketplace for other businesses.
 The moves are starting to pay off. GMV growth (on a currency-neutral basis) 
started accelerating in 2018, growing 7% in the first half of the year. Still, that 
growth is considerably slower than other companies on this list, and slower than 
the overall growth of the e-commerce industry.
 While eBay turns around its GMV growth, it’s also working to increase its 
profit margin. It moved to intermediate payments itself by starting to cut ties with 
former subsidiary PayPal. The company will handle all of its payments in-house 
by 2021, which the company expects to provide significant value to sellers on the 
platform. That could result in both higher profits and better GMV growth.
 In September 1995 eBay opened the first Internet based consumer to consumer 
auction. The corporate model was to provide a central market for the sale of goods. 
Independent sellers use eBay to sell their goods through auctions lasting from 
three to ten days so that bidders can bid at a convenient time. eBay’s revenues 
are primarily from the posting and sales of goods. They extract two primary fees, 
a listing fee and a sales fee. These fees are increasing in the reservation price the 
auctioneer sets and the final sales price, with a maximum of 5 percent of the final 
sales price and listing fees under two dollars. The mean listing fee was one dollar 
for the monitors in our data set, and final sale fee was $2.50, with a median final 
sales fee of $1.50. For all of eBay at the time our data was collected the average 
fee per item auctioned–not all of which sell–was $1.41, and 7 cents in fees were 
generated for every dollar of sales.

5.  Personalized Customer Experience in B2C E-commerce— 
Amazon.com

Amazon.com crafted a new business model in the 1990s for Internet entrepreneurs 
using the Web as a place for transactions. As consumers learned to replace physical 
distance with mouse clicks, Amazon created e-business and e-commerce models 
that generated massive profits for the online clearinghouse.
 Amazon helps a seller create her own page on which she can list her products, 
that’s serving consumers, too, although not directly. However, Amazon also offers 
its own products, both new and used, which consumers can purchase directly 
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from Amazon. Now that Amazon has entered the digital media realm with its 
exclusive Kindle e-reader and selection of e-books, Amazon serves consumers in 
this way, too. Through the Amazon Prime service, Amazon provides consumers 
with discounted instant video and e-books as well as free shipping specials for a 
monthly fee.
 The main effort is in getting a customer to the store. Once a customer is in the 
store they are likely to make a purchase — since the cost of going to another store 
is high — and thus the marketing budget is in general much higher than the in store 
customer experience budget (which keeps the customer in the store). In the case 
of an on-line store, getting in or out requires exactly one click, and thus the main 
focus must be on customer experience in the store.
 When Amazon helps a seller create her own page on which she can list her 
products, that’s serving consumers, too, although not directly. However, Amazon 
also offers its own products, both new and used, which consumers can purchase 
directly from Amazon. Now that Amazon has entered the digital media realm with 
its exclusive Kindle e-reader and selection of e-books, Amazon serves consumers 
in this way, too. Through the Amazon Prime service, Amazon provides consumers 
with discounted instant video and e-books as well as free shipping specials for a 
monthly fee.

6. Personalized Portal for the Web—MyYahoo

Yahoo was the first to introduce the concept of a “personalized portal,” i.e. a web 
site designed to have the look-and-feel and content personalized to the needs of 
an individual end-user. This has been an extremely popular concept and has led to 
the creation of other personalized portals such as Yodlee for private information 
like bank and brokerage accounts. Mining MyYahoo usage logs provides Yahoo 
valuable insight into an individual’s web usage habits, enabling Yahoo to provide 
personalized content, which in turn has led to the tremendous popularity of the 
Yahoo web site.

7. CiteSeer—Digital Library and Autonomous Citation Indexing

CiteSeer works by crawling the web and downloading research related papers. 
Information about citations and the related context is stored for each of these 
documents. The entire text and information about the document is stored in 
different formats. Information about documents that are similar at a sentence 
level (percentage of sentences that match between the documents), at a text level 
or related due to cocitation is also given. Citation statistics for documents are 
computed that enable the user to look at the most cited or popular documents in 
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the related field. They also a maintain a directory for computer science related 
papers, to make search based on categories easier. These documents are ordered 
by the number of citations.

8. Google Analytics

Google Analytics is a web analytics service offered by Google that tracks and 
reports website traffic, currently as a platform inside the Google Marketing 
Platform brand. Google launched the service in November 2005 after acquiring 
developer Urchin.

Fig. 3: Google analytics

 Google Analytics is the most widely used web analytics service on the web. 
Google analytics is used to track the website activity of the users such as session 
duration, pages per session, bounce rate etc. along with the information on the 
source of the traffic. It can be integrated with Google Ads, with which users 
can review online campaigns by tracking landing page quality and conversions 
(goals). Goals might include sales, lead generation, viewing a specific page, or 
downloading a particular file. Google Analytics› approach is to show high-level, 
dashboard-type data for the casual user, and more in-depth data further into the 
report set. Google Analytics analysis can identify poorly performing pages with 
techniques such as funnel visualization, where visitors came from (referrers), how 
long they stayed on the website and their geographical position. It also provides 
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more advanced features, including custom visitor segmentation. Google Analytics 
e-commerce reporting can track sales activity and performance. The e-commerce 
reports shows a site›s transactions, revenue, and many other commerce-related 
metrics

III. Conclusion

Web mining is an application of data mining and very useful extraction of useful 
information from web sites and server log file. There are 3 types of web mining such 
as web content mining, web structure mining and web usage mining. This chapter 
describes about basics of web mining and real time applications such as B2C 
E-commerce Amazon.com,Auction Behavior eBay,CiteSeer-Digital Library and 
Autonomous Citation Indexing, personalizing web- yahoo, Web Communities—
AOL,Web Search—Google.
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ABSTRACT
The biomedical implants and many engineering applications demand materials with hard 
surface and tough core. In the present study, the enhancement of this combination of 
properties was achieved in Ti6Al4V alloy by severe plastic deformation process called shot 
peening process. The process parameters were optimized using Taguchi L9 orthogonal 
design of experiments. The shot peening pressure, shot peening distance and shot peening 
duration were the parameters taken into consideration as they are directly related to the 
energy imparted to the surface during the process. The optimal levels were independently 
determined with reference to surface hardness of the material. The predicted optimal values 
of surface hardness were confirmed by experiments. Analysis of variance (ANOVA) showed 
that peening distance was found to be more dominant than the other parameters. Results 
from scanning electron microscope (SEM) analysis was used to explain the enhancement 
of properties.

Keywords: Shot peening process, Taguchi, ANOVA, hardness, optimization

1. Introduction

The biomaterials field has a long history, dating back to ancient civilizations such 
as the Egyptians and Romans who utilized gold and iron for dental applications 
and wood for toe replacements over 4000 years ago. Following World War II, 
new materials like Nylon, Teflon, silicone, stainless steel, and titanium came into 
play. In the early years of human existence, there was a complete lack of scientific 
knowledge. However, with advancements in diagnostic tools and increased 
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understanding of materials and surgical procedures, implant technology has gained 
greater significance. The commonly used bio-implants are depicted in Figure 1.
 A diverse range of materials, including metals, alloys, polymers, ceramics, 
and composites, has been widely employed in the production of bio-implants. 
However, the intricate challenge lies in the fact that the physical and chemical traits 
of these implants encounter diverse biological environments, and their interaction 
with tissues and bones is a complex issue.
 When choosing biomaterials, a crucial criterion is their acceptance by the 
human body, ensuring they do not induce adverse effects immediately after surgery 
or during postoperative conditions. To meet these requirements, biomaterials must 
possess sufficient mechanical strength, high corrosion and wear resistance, and 
biocompatibility. The longevity of bio-implants is paramount, necessitating their 
ability to endure for an extended period without failure, ideally lasting until the end 
of a person's life. This necessitates a minimum service period, typically ranging 
from 15 to 20 years for older patients and over 20 years for younger patients. The 
success of a biomaterial or implant is heavily contingent on these aforementioned 
factors.
 The materials presently in use, namely stainless steel, chromium-cobalt alloy, 
and titanium alloy, were chosen in accordance with the aforementioned criteria. 

Fig. 1: Bio-implants

695



304 Technological Developments in Engineering, Management, Arts and Science

Despite their effective performance within the human system, these materials 
typically exhibit failures within approximately 12-15 years, necessitating repeat 
surgery to restore bodily functions. The causes of their failure include mechanical, 
chemical, tribological, manufacturing, and biocompatibility issues. Among these 
challenges, implant failure due to wear and corrosion remains a particularly 
formidable problem.
 The primary categories of biomedical alloys consist of stainless steel, cobalt-
chromium alloys, and titanium alloys. However, the use of these materials presents 
challenges due to the generation of metal debris and ions, which can provoke 
adverse biological reactions. Over the past three to four decades, stainless steel, 
cobalt-chrome-based alloys, and titanium alloys have been successfully employed 
as implant materials. Nevertheless, issues such as crevice/pitting corrosion in 
stainless steel and cobalt-chromium alloys lead to the release of elements like 
Ni, Cr, and Co into the human body, posing harm. Similarly, wear of titanium 
alloy results in the release of toxic V into the body. Consequently, engineers and 
scientists have consistently strived to enhance the surface properties of biomaterials 
to reduce implant failures caused by poor cell adhesion and ion leaching due to 
wear and corrosion.
 In the intricate and sensitive biological system, preventing corrosion using 
inhibitors proves challenging. Therefore, various coating methods, including 
chemical treatment, plasma ion implantation, laser melting (LSM), laser alloying 
(LSA), laser nitration, physical vapor deposition (PVD), and surface texturing, 
have been adopted. Likewise, surface modification techniques such as surface 
machining, sandblasting, acid etching, electro-polishing, anodic oxidation, 
plasma-spraying, and the application of biocompatible/biodegradable coatings 
are employed to mitigate corrosion, enhance osseointegration, and improve 
biocompatibility.
 Shot peening is a cold working technique employed to generate a compressive 
layer and alter the mechanical characteristics of metal. By subjecting a surface 
to peening, it undergoes plastic deformation, leading to modifications in its 
mechanical properties. This process finds application in various components such 
as cams, gears, camshafts, coil springs, biomedical implants, and more.1,2 Shot 
peening contributes to the enhancement of mechanical properties, including fatigue 
life, tensile strength, hardness, as well as corrosion resistance and resistance to 
cracking in metal parts. Various factors, such as pressure, mass flow rate, angle of 
impact, distance from the target, time of shot peening, shot size, and the type of 
shot, exert influence on the shot peening process.3
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 Improper selection of shot-peening parameters can lead to detrimental effects 
on mechanical properties, particularly fatigue.4,5 This highlights the significance 
of carefully choosing shot-peening parameters to enhance mechanical properties. 
Consequently, it is crucial to assess the impact of shot-peening parameters on 
mechanical properties and to make optimal and appropriate selections for improved 
outcomes.
 Design of Experiments (DOE) encompasses a set of statistical methods utilized 
to investigate the relationships between input variables (independent variables) 
and their interactions affecting a response variable (dependent variable).6 Full 
factorial designs, while comprehensive, necessitate a large number of experiments 
as the quantity of process parameters increases, leading to elevated experimental 
costs and time. Robust design represents an engineering methodology aimed at 
optimizing both product and process conditions to be less susceptible to various 
sources of variation, ultimately yielding a high-quality product with reduced 
developmental costs.7 The Taguchi method offers a straightforward, efficient, and 
systematic approach for optimizing designs concerning performance, quality, and 
cost.8 By integrating engineering and statistical knowledge, Taguchi has developed 
a technique for optimizing design and manufacturing processes to achieve high-
quality outcomes with minimized costs and time. The Taguchi method is a valuable 
tool for robust design, aiding in the identification of process parameters and their 
optimal levels to achieve the desired quality characteristics and limit the number 
of experiments required for optimization.9

 Various approaches, including numerical, analytical, and experimental 
methods, can be employed to assess the effects of shot peening.10,11 The analytical 
approach faced limitations, prompting extensive empirical research in the field of 
shot peening.12,13 Numerical simulation offers a cost and time-effective alternative 
to experimental tests, encompassing both single-shot scenarios14,15 and multi-
shot simulations.16,17 Notably, recent work by Ghasemi et al.18, Miao et al.19, and 
Mahmoudi et al.20 has introduced models featuring fully randomized scattering 
of shots, mirroring real-world shot peening and contrasting with uniformly 
distributed shot models. Beyond the modeling of shot peening, researchers have 
also delved into studying its optimal parameters. Nam et al.21 and Al Sumait22 
have identified the optimal coverage for maximizing fatigue life. Petit-Renaud et 
al.23 and Romero et al.24 optimized the objective function to achieve maximum 
compressive stress. Vielma et al.25 and Unal26 considered roughness as their 
objective function. Bhuvaraghan et al.27 explored multi-objective shot-peening 
using a genetic algorithm approach, optimizing compressive residual stress 
while taking into account work hardening and roughness within specific limits. 
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Baragetti28 simultaneously optimized maximum compressive stresses, surface 
roughness, compressive residual stress depth, and maximum compressive stress 
depth. Seddik et al.29 successfully optimized two objective functions: the damage 
variable and compressive residual stress for the shot-peening process.
 The Taguchi method proves to be an effective strategy for minimizing the 
number of experiments and cutting down on time and costs.30 In this methodology, 
identifying suitable levels for each process parameter is crucial, and a standard 
orthogonal array is chosen accordingly. Applying the Taguchi approach, George et 
al.31 optimized shot-peening intensity, while Khani et al.32 determined the optimal 
parameters for shot peening low carbon steel using Taguchi’s technique. In33, the 
Taguchi method is employed to analyze the effects of shot peening on grain size, 
hardness, and residual stress. Notably, in all the mentioned research, objective 
functions were individually examined. The Taguchi method stands out for its high 
efficiency and speed in determining effective parameters and optimal levels.
 In this investigation, the Taguchi Design of Experiments (DOE) methodology 
was employed to assess the impact of shot peening parameters (pressure, distance, 
and time) on hardness. The aim was to identify the optimal configuration of these 
parameters to attain the highest possible surface hardness.

2. Experimental Work

2.1 Materials

The focus of this study revolves around the Ti6Al4V alloy, selected as the primary 
material due to its versatility across various industries, such as aerospace and 
biomedical applications. The base material for the experimental investigation 
measured 10 mm × 10 mm × 5 mm in dimensions. The chemical components of 
the base material are outlined in Table 1.

Table 1: Chemical elements of the base material
Chemical elements Al V Fe O Ti
Wt.% 5.8 3.9 0.4 0.15 Balance

2.2 Shot Peening Processes

The experimental procedures involved the utilization of a pressure blaster PB9182 
SPL machine for shot peening, as depicted in Figure 1. The specific parameters 
selected for the shot peening process are detailed in Table 2. The nozzle was 
positioned perpendicular to the specimen during the procedure, and stainless steel 
shots measuring 0.4 mm were employed for the shot peening process, as illustrated 
in Figure 2.
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Fig. 1: Shot peening process Fig. 2: Stainless steel shots

2.3 Surface Hardness Measurements

The Vickers microhardness test was employed to ascertain the surface hardness of 
the materials. Both the surface-treated shot-peened specimen and the non-treated 
specimen underwent hardness measurement using a force of 500 g and a 15-second 
holding period.

2.4 Design of Taguchi Experiment

The aim of the study was to optimize the parameters of the shot peening process to 
attain elevated hardness levels in the material under investigation.

2.5 Identification of Process Parameters and their Levels

A series of preliminary experiments were carried out to establish the optimal range 
for each factor, which was subsequently divided into three levels. The chosen 
process parameters for this experimental investigation include:

Peening pressure (bar): Air pressure is utilized to propel the shot stream onto 
the specimen's surface, directly influencing the shot speed and, consequently, the 
energy transfer from the shot to the specimen's surface.
 Peening distance from the target (specimen)
 Peening time (seconds)
 The process parameters and their corresponding levels are outlined in Table 2.
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Table 2: Process parameters and their levels for shot peening process
Factor Code Unit Level 1 Level 2 Level 3
Pressure P Bar 2 3 4
Distance D Mm 50 100 150
Time T Sec 10 20 30

2.6 Orthogonal Array

Taguchi’s parameter design stands out as a pivotal step in process optimization. 
Orthogonal arrays (OA) play a crucial role in determining the minimal and practical 
number of experiments for a specific set of factors. To fulfill the condition of the 
minimum number of experiments with three factors, each having three levels, an 
L9 Orthogonal Array was chosen. The array is detailed in Table 3, and its selection 
has significantly reduced the required experiments from 27 to just nine, without 
compromising accuracy significantly. Experimental data for hardness and S/N 
ratios are provided in Table 4.

Table 3: Standard L9 orthogonal array
Trail No. Pressure Distance Time 
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

3. Results and Discussion

3.1 Signal-to-noise Ratios (S/N Ratios)

The Taguchi method is employed to identify the experimental condition with the 
least variability as the optimal condition. This variability is quantified through 
the signal-to-noise ratio (S/N ratio, denoted by η). The experimental condition 
exhibiting the maximum S/N ratio is deemed optimal since the variability of the 
characteristics is inversely proportional to the S/N ratio.34 The experiments adhered 
to the principles of design of experiments, and the objective function in this study 
is the maximization of hardness. Consequently, the S/N ratios were computed 
using the “larger the better” approach.
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where yi is the ith value of the response variable (surface hardness)
 The experimental data were transformed into their respective means and S/N 
ratios, as illustrated in Table 4.

Table 4: Standard L9 orthogonal array with observations and S/N ratio
Trail No. Pressure

(bar)
Distance
(mm)

Time
(sec)

Surface 
hardness 
(VHN)

S/N ratio for 
hardness

1 2 50 10 359 51.1019
2 2 100 20 487 53.7506
3 2 150 30 343 50.7059
4 3 50 20 530 54.4855
5 3 100 30 466 53.3677
6 3 150 10 351 50.9061
7 4 50 30 411 52.2768
8 4 100 10 381 51.6185
9 4 150 20 361 51.1501

 The average means and S/N ratios for all levels of surface hardness are 
presented in Table 5. Employing the maximization criteria, it was determined from 
the mean and S/N ratio values that the optimal level setting for surface hardness is 
P2D2T2.

Table 5:  Response Table for Means (Left) and Signal-to-Noise Ratios (Right) of Surface 
Hardness

Level P D T Level P D T
1 396.3 433.3 363.7 1 51.85 52.62 51.21
2 449.0 444.7 459.3 2 52.92 52.91 53.13
3 384.3 351.7 406.7 3 51.68 50.92 52.12
Delta 64.7 93.0 95.7 Delta 1.24 1.99 1.92
Rank 3 2 1 Rank 3 1 2

3.2 Analysis of Variance (ANOVA)

The analysis of variance (ANOVA) provides a comprehensive insight into the 
impact of specific process parameters on the response. Therefore, ANOVA was 
employed to statistically differentiate significant factors from insignificant ones. 
The ANOVA for the means of surface hardness is presented in Table 6.
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Table 6: ANOVA Table for Means (Surface Hardness)
Source DF % Contribution Adj SS Adj MS F-Value
Pressure 2 1.4 21.6 10.8 0.09
Distance 2 64.88 1000.4 500.2 4.12
Time 2 17.98 277.35 138.68 1.14
Error 2 15.73 242.56
Total 8 1542

 The main effects for means and S/N ratios of surface hardness are depicted in 
Fig. 2. An F-test was conducted to assess the significance of the process parameters. 
The results of the F-test indicated that distance was found to be statistically 
significant in affecting surface hardness of the Ti6Al4V alloy with a contribution 
of 65% while the other parameters were insignificant.

Fig. 2: Main effects plot for means and S-N ratios for surface hardness

3.3 Predicted Values

The mean values of the factors at their respective levels were extracted from Table 
5 for surface hardness. The surface hardness values for the optimal level of process 
parameters were predicted using the formula provided below:
Surface Hardness (predicted) = P2 + D2 + T2 − 2Y
 = 449 + 444.7 + 459.3 – 2(409.88)
 ≈ 533.24 Hv
where Pi, Di and Ti are the average mean values of shot peening pressure, peening 
distance and peening duration of treatment at their ith levels respectively, and Y is 
the overall mean

3.4 Confirmation Experiments

The confirmation experiment was conducted on two different samples with the 
process parameters set at their optimal levels, specifically, a peening pressure 
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of 3 bar, a peening distance 100 mm and a peening duration of 20 seconds, for 
the confirmation of surface hardness. The average surface hardness values were 
determined to be 489.8 Hv. This value falls almost within ±8% of the predicted 
mean values.

Fig. 3: SEM image of Ti6Al4V alloy

3.5 SEM Analysis

Vickers microhardness measurements demonstrated an enhancement in the 
surface hardness of shot peened Ti6Al4V alloy, increasing from 341.1 Hv in the 
non-treated specimen to 489.8 Hv when subjected to a shot peening treatment 
involving a 3 bar peening pressure, 100 mm peening distance and 20 seconds 
peening duration. This hardness represents a 43% improvement compared to the 
non-treated condition. Shot peening (SP) is known for inducing work-hardening, 
leading to a refined domain size, high-density dislocations, and even the formation 
of a nano-crystalline layer on the surface.35 A SEM micrograph of Ti6Al4V alloy 
before shot peening and after shot peening treatment are depicted in Fig. 3.

4. Conclusions

Based on the aforementioned discussion, the following conclusions can be drawn:
• The parameters of the shot peening process were optimized for surface 

hardness.
• ANOVA revealed that all three process parameters, peening pressure, peening 

distance and peening duration of treatment, influence the surface hardness. 
The peening distance was identified as the dominant factor influencing surface 
hardness.

703



312 Technological Developments in Engineering, Management, Arts and Science

• Taguchi analysis indicated that the optimal combination of 3 bar peening 
pressure, 100 mm peening distance and 20 seconds peening duration of 
treatment yielded the maximum predicted surface hardness of 533.24 Hv.

• Confirmation experiments conducted with these optimal settings on two 
different samples resulted in an average hardness of 489.8 Hv in decent 
agreement with the predicted values (533.24 Hv).

• SEM analysis suggested that the observed hardness enhancement is a 
consequence of grain refinement induced by severe plastic deformation during 
shot peening process.

• It was seen that the fatigue strength of a specimen depends on the surface 
hardness. The fatigue strength of the material increases with increasing surface 
hardness. Shot peening improves the surface hardness leads improvement of 
the fatigue strength. 
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ABSTRACT

In the trouble to achieve chemical emulsion that’s both sustainable and kind to the terrain, the objectifica-
tion of quantum computing has a major pledge. In this work, the lately arising content of green chemistry 
is delved, with a particular emphasis placed on the operations of volume computing in chemical mixing. 
Quantum calculating provides an unknown position of computational capacity, with the capability to 
bluffing molecular structures and responses with an unfathomable position of slyness and effectiveness. 
researchers can make new chemical pathways, optimize response circumstances The purpose of this work 
is to present a review of current advancements in quantum computing applied to chemical emulsion and 
to examine the implicit implications for manufacturing processes that are more environmentally friendly 
and sustainable. This will be fulfilled through the community of volume computing and the generalities 
of green chemistry.
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INTRODUCTION

When it comes to working global enterprises similar as climate change, pollution, and the drop of cof-
fers, the field of chemistry plays an essential part. Traditional chemical emulsion procedures generally 
involve dangerous reagents, induce significant quantities of waste, and need a significant quantum of 
energy, all of which contribute to the declination of the terrain. In response to this, the conception of 
green chemistry has surfaced, which advocates for the development of chemical products and processes 
that have a minimum impact on the terrain while contemporaneously maximising their effectiveness 
and their capacity to be sustainable J. Smith and A. Johnson. (2020). The advance paradigm in calcu-
lating technology known as Quantum computing has enormous pledge for the advancement of green 
chemistry. It’ll give essential tools for molecular modelling, design, and optimisation, which will allow 
for the advancement of green chemistry. The purpose of this composition is to probe the crossroad of 
green chemistry with quantum computing, with a particular emphasis on the operations of chemical 
emulsion technology.

A significant paradigm shift has passed in the field of computational chemistry as a result of the opera-
tion of volume computing in chemical exploration P.S. Ranjit, et al.(2022). Because of their computational 
complexity and incapability to directly describe large-scale chemical systems, traditional computational 
approaches, similar as molecular dynamics simulations and density functional propositions, are con-
fined in their capability to model chemical systems. When it comes to distinction, quantum computing 
makes use of the principles of quantum mechanics to do sophisticated calculations exponentially more 
briskly than classical computers. This makes it possible to directly predict molecular packages, response 
mechanisms, and material gestures than was before possible. Using quantum algorithms and quantum 
simulations, researchers can speed up the process of discovering and optimizing chemical responses 
and accessories that are safe for the terrain Christo Ananth, Denslin Brabin, Sriramulu Bojjagani(2022).

also, the field of quantum computing presents new openings for the development of catalysts, cleans-
ers, and response conditions that are suited to the operations of green chemistry R. Patel et al.(2018). 
The analysis of huge chemical response networks and the identification of catalytic routes with great 
selectivity and effectiveness are both now possible thanks to Quantum algorithms. likewise, the operation 
of machine knowledge algorithms facilitates the prophecy of chemical reactivity and the optimization of 
response circumstances, which eventually results in the development of fresh sustainable emulsion routes 
X. Wang and Y. Li(2018). volume simulations, on the other hand, make it possible to directly pretend 
molecular connections and electrical structures, which in turn helps in the development of environmen-
tally friendly accessories that are integrated into climate-controlled products. The confluence of green 
chemistry with volume computing opens up preliminarily unexplored avenues for the modification of 
chemical systems and the creation of environmental sustainability. The purpose of this work is to probe 
the current state of the art in quantum computing procedures for chemical mixing and to explain the pros-
pects for enhancing green chemistry through methodologies that are enabled by quantum computing [6].

RELATED WORK

The convergence of Quantum computing and green chemistry has garnered a significant Quantum of 
attention over the course of the past few years. A great number of studies have been carried out to explore 
the implicit operations and counteraccusations of Quantum computing in connection to chemical confla-
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2D Analysis of Slope Stability Using 
Limit Equilibrium Analysis and Finite 
Element Analysis 

S. Sravya, Angshuman Das , Koteswaraarao Jadda , 
and Dinesh Gundavaram 

1 Introduction 

Slopes play a vital role in the construction of highways and railway embankments, 
earth dams, levees, and canals. In hilly areas, slopes along the highway are more 
susceptible to landslides. Slope failure refers to the sudden movement or collapse of 
soil, rock, or debris on a sloping surface. It is a common geotechnical problem that 
can occur due to various factors, including natural phenomena such as rainfall, earth-
quakes, and erosion, or human activities like excavation, mining, and construction. 
Slope failure can have severe consequences, including environmental deterioration, 
property damage, and loss of life. Some of the significant instances where slope 
failures occurred in India include Agumbe ghat in Karnataka (2019), two landslides 
along the National Highway 1-A in Ladakh Region of Jammu and Kashmir (2023), 
Malin landslide in Maharashtra (2014), Kedarnath landslide at Uttarkhand (2013), 
etc. Therefore, it is crucial to perform slope stability analysis to identify potential 
failure modes and implement appropriate measures to prevent slope failure. 

Slope stability analysis can be performed using empirical or analytical approaches 
for evaluation the stability of excavated or natural slopes in soil and rock, rock-
fill or earthen dams, and embankments. 2D approaches were widely adopted by 
several engineers for slope stability analysis due to their simplicity [1–3]. 2D slope 
stability analysis use simple geometry of 3D slope by considering the plain strain 
or axisymmetric conditions. In past decades the 2D slope stability analyses have
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Abstract 

Natural rivers have a typical cross-section of compound channels having a main channel and one or 

two flood plains. Prismatic compound channels maintain uniform water levels, while non-prismatic 

compound channel exhibits non-uniform and complex flow pattern. Shear stress is generated at the 

interface of the main channel and flood plain due to momentum transfer. The boundary shear stress 

distribution cannot be determined easily as they depend upon the velocity field, the shape of the 

cross-section, and the boundary roughness. This study attempts to develop a model to predict the 

shear stress in the non-prismatic compound channel using two machine learning (ML) techniques (1) 

M5 tree and (2) extreme gradient boosting (XGBoost) by considering the impact of several 

geometric, flow, and roughness parameters such as width ratio, relative flow depth, flow aspect ratio, 

and bed slope. M5 tree provides significant benefit by presenting transparent formulas that yield a 

deeper understanding of the derived equations. XGBoost are powerful gradient-boosting algorithms 

known for their ability to handle structured data. The models are constructed based on several 

correlated physical channel characteristic variables to predict the shear stress. Predicted shear stress 

of both M5 tree and XGBoost models has been found satisfactorily with the coefficient of 

determination (R2) value greater than 0.85 and mean absolute percentage error (MAPE) less than 12 

% for training and testing datasets. However, XGBoost model prediction accuracy is better compared 

to the M5 tree model in predicting shear stress at different sections of non-prismatic compound 

channels. 

Keywords: Prismatic compound channels, non-prismatic compound channel, Main channel, Flood 

plain, M5 tree, XGBoost  
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Abstract 

The open-closed looped raceway pond is one of the best energy-saving options that can meet several 

requirements like; energy and nutritional reclamation, wastewater treatment, and biomass cultivation 

for biofuel production. At present raceway pond (RP) is widely used for producing biofuel using 

microalgae as feedstock. The wide use of this technique is because of its low maintenance and 

construction cost, and its simplicity in operation. Therefore, the hydrodynamic study of RP can be 

helpful to increase the productivity of the pond. In past decades computational fluid dynamics (CFD) 

has gained attention in expressing a wide range of parameters even in multiphase flow with a high 

degree of accuracy in raceway ponds. Various numerical simulations using ANSYS Fluent have been 

suggested by many authors in existing RP hydrodynamics. Modelling of RP is a cost-effective way 

to determine its performance under various environmental and physical conditions. The present study 

aims to use the large eddy simulation (LES) turbulence model to understand the hydrodynamic 

behaviour of raceway ponds using ANSYS-FLUENT software. The study is performed by taking 

three different aspect ratios (10, 15, and 20) with constant inlet velocity of flow to understand the

performance of the raceway pond. The LES turbulence model is used to determine the effect of

velocity and pressure on the performance of RP by varying the geometry of RP.  The paddlewheel is 

used for the mixing mechanism in the raceway pond. Hence the modelling also understands the 

hydrodynamic behaviour of the raceway pond by varying its position with constant rotation speed.  

Keywords: Raceway Pond, ANSYS Fluent, Hydrodynamic, LES, CFD. 
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Abstract 

The discharge estimation in rivers is crucial in implementing flood management techniques and 
essential flood defence and drainage systems. During the normal season, water flows solely in the 
main channel, but during a flood, the water overflows its banks and spills into the floodplains, 
resulting in devastating consequences and loss of livelihood. During the flood, the rivers are 
composed of a main channel and floodplains, collectively referred to as a compound channel. 
Computing the discharge is a challenging task in non-prismatic compound channels where the 
floodplains are either converging or diverging in the longitudinal direction. In compound channels, 
momentum transfer takes place at the interface of the main channel and floodplain due to the 
difference in flow velocity in the subsections. Due to this reason, the flow behaviour becomes very 
complex in a non-prismatic compound channel. Among many flow parameters, velocity distribution, 
bed shear stress and secondary currents are three essential properties affecting the conveyance 
capacity of a channel. However, due to the complexity of the methodology, very few attempts have 
been made by previous researchers to compute the flow properties for non-prismatic compound 
channels by using numerical methods. So, by accounting for those challenges, the present study aims 

to simulate the flow properties for non-prismatic compound channels using subgroups of  k-   and k-
-

Fluent software package. Four different models, i.e., standard k-  RNG k- , standard  k-
k- g non- prismatic compound channel. The 
velocity profiles and turbulent kinetic energy are analysed at three different locations along the 
longitudinal direction of channel and four places across the channel. The present SST k-  has 
produced satisfactory results, as compared to the other three turbulence models. This study will be 
helpful to hydraulic engineers and researchers working on compound channels. 

Keywords: Computational fluid dynamics, Non-Prismatic Compound Channel, Turbulence model, 

ANSYS, k-   model, k- model.  
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Abstract 

Confluences are often observed in natural and artificial channels. The hydrodynamics of open channel 
confluences are highly complex due to the development of flow separation, mixing, and secondary 
currents. Numerical modeling of flows is an important tool used for understanding the behavior of 
complex flow patterns near the confluence. When the construction of physical models is not economically 
feasible, numerical models are used to directly evaluate and predict the performance. In the last three 
decades, a large variety of numerical methods and turbulence models have been developed in order to 
represent the enormous range of flows existing in nature or in industry. This study attempts to address 
this issue through numerical simulation of the flow behavior in an open channel confluence in 
OpenFOAM. A three-dimensional numerical model is set up to evaluate the accuracy of different 
turbulence models for reproducing the flow characteristics of a 90º open channel confluence, which 
consists of a common and simple geometry. The flow behavior is simulated by the finite volume method 
(FVM). The Reynolds-averaged Navier  Stokes equation system was utilized as the governing equations 
and three different turbulence models were employed in this study the standard k-
k -
standard k- -
The water surface was treated by a rigid lid approach. The general flow behavior generated by the 
numerical models was in good agreement with the experimental results, regardless of the rigid lid 

, none of the turbulence models could 
reproduce properly the secondary current or the helicoidal current downstream of the junction. There is 
no appreciable difference has been found in the performance of the standard k-

nd the k-  Epsilon 
turbulence model is more reliable in predicting complex flow geometries such as in the case of the 
confluence of flow than the k-Omega turbulence model and the standard k- Epsilon turbulence model. 

Keywords: OpenFOAM, FVM, Realizable k - -  
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Abstract 

For crop management and agricultural water demand in the Godavari River basin, the largest river 

system in peninsular India. In the present research, Polavaram gauge station of Godavari River in 

Andhra Pradesh, specifically in Polavaram village, Eluru district is considered as study area. The 

study area is accurately extracted using remote sensing technology with Google Earth Pro and 

ArcGIS software, enabling precise spatial mapping and visualization. The primary objective is to 

investigate the prevalence of drought and flood events within the Godavari basin, crucial for effective 

water resource management and agricultural planning. The study incorporates an index value 

-section 

and sediment data, collected from the central water commission (CWC) in Hyderabad. Different 

types of droughts, including meteorological, agricultural, hydrological, and ecological are analysed 

to assess meteorological drought impact, hydrological droughts impact the researchers utilize the 

Standardized Precipitation Evapotranspiration Index (SPEI) over various time periods (1 month,3 

months, 6 months, 9 months and 12 months). The variations in the cross section of the Godavari 

River across different time scales are analysed. Additionally, hydrological drought is examined using 

the Standardized Water-level Index (SWI). These indices are served as essential input for developing 

the model, monitored at different time scales. Furthermore, the project investigates how changes in 

the cross-sectional area impact the discharge of the river. Conveyance estimation system (CES) is 

used to calculate flow rate of given cross-section. Finally, the present study provides valuable insights 

into the flow dynamics of the Godavari River, crucial for effective agricultural water demand 

management and sustainable crop practices in the region. 

Keywords: Standardized Precipitation Evapotranspiration index (SPEI), Standardized water-level 

(SWI), conveyance estimation system (CES), Google earth pro, ArcGIS software. 
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Abstract 

India is a country highly dependent on rainfall for its various activities which include agriculture, 
businesses and other direct metrics which directly affect the economy. The rainfall prediction does not 
only assist in analysing the changing patterns of rainfall, but it will also help in organizing the 
precautionary measures in case of disaster and its management. The changing patterns of rainfall are 

 increase of 
Chlorofluorocarbons emitting from the refrigerators, air conditioners, deodorants, printers etc. causing 
melting of the snow caps, altered weather patterns have become significant part of  life. The 
rainfall for a particular locati on is more dependent on the different factors like, relative humidity, specific 
humidity, temperature, wind speed, wind direction surface pressure, evaporation, transpiration, 
percolation, runoff, ocean currents, population, El Nino & La Nina etc. Rainfall forecasting or predicting 
is very important because heavy and irregular rainfall can have many impacts like destruction of crops 
and farms, damage of property, so a better forecasting or predicting model is essential for an early warning 
that can minimize risks to life and property and also managing the agricultural farms in better way. This 
project aims to create a distinctive and effective mathematical model and machine learning system for 
rainfall prediction. In this study, various rainfall metrics from Osman Sagar catchment of Gandipet 
mandal, Telangana are tested in order to measure the model's effectiveness and perseverance. This study 
focuses on development of mathematical model by using multi linear regression analysis (MLRA) and 
artificial neural network (ANN) models. The data learning is performed using a hybrid and back 
propagation network approach. The relationship between the dependent and independent parameters of 
rainfall have been demonstrated graphically. The MLRA and ANN models used in this study are trained 
and tested to achieve the sustainable results. The model's accuracy is checked by comparing the model's 
monthly rainfall forecasts with actual data after training and testing. The study's findings show that the 
model is effective in forecasting monthly rainfall data with the specific parameters and statistical error 
analysis has been performed to evaluate the strength of the models. Finally, the developed model has 
validated for the year 2022 and the future prediction has been done for the year 2025 and 2030. 

Keywords: Rainfall prediction; Machine Learning; Artificial Neural networks; Multi Linear Regression; 
Error analysis. 
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Abstract 

The lowering of bed levels below the natural levels due to sediment transport is referred to as 

scour. Scouring is the vital cause of failure in hydraulic structures; thus, it is important to know 

the extent of scour. Scour takes place due to the localized divergence in sediment transport due 

to the construction of an obstruction over the existing flow pattern. The study here presents a 

numerical estimation of the maximum equilibrium scour depth under existing conditions at the 

site. The various parameters that are affecting the rate of sediment transport are studied by 

investigating the data sets of previous researchers. The estimation of maximum equilibrium 

scour depth uses the Adaptive Neuro-Fuzzy Inference System (ANFIS) as a modeling 

technique. In the present study, various independent parameters such as pier diameter, sediment 

size, approach flow velocity, approach critical flow velocity, flow depth, Froude number, and 

the dependent parameter, i.e., equilibrium scour depth, are considered. An equilibrium scour 

depth model is constructed by making use of ANFIS. For that, 218 training datasets and 57 

testing datasets are sorted to establish the ANFIS model from previous studies. A gamma test 

has been performed on all the input-output pairs to select the best input combinations to prepare 

an efficient model. The scour depth model is developed using ANFIS with an average MAPE 

of 17.5 for all data sets. 

Keywords: scour, hydraulic structures, independent parameter, ANFIS, equilibrium scour 

depth, gamma test. 
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Abstract 

Assessing soil erosion is important for the watershed's sustainable development, which is a 

global challenge for land-use planners. The environment is still in danger from manmade 

activities leading to land degradation. Planning and conservation efforts in a watershed benefit 

from evaluation of soil erosion. Modelling can offer a systematic and quantitative method to 

calculate soil erosion. In this study, the Revised Universal Soil Loss Equation (RUSLE) soil 

loss model and Geographic Information Systems (GIS) were used to predict soil loss in the 

Hussainsagar watershed in south-central India.  Remote-sensing (RS) data were used to 

estimate “RUSLE” model parameters, and “GIS” was incorporated to pin-point erosion 

hotspots. The results indicate that the northwestern part of the watershed saw the greatest 

estimated total yearly potential soil loss. To prevent soil erosion in the Hussainsagar watershed, 

the results can undoubtedly help with the application of soil management and conservation 

practices. This model considers a number of variables, including the slope-length and gradient 

index (LS), rainfall and runoff erosivity index (R), soil erodibility index (K), crop cover 

management component (C), and supporting practice index (P). On a GIS platform, each of 

these layers was created utilizing various data sources and data preparation techniques. The 

average yearly soil loss in the watershed is close to 0.5 tons/ha/year, according to the study's 

findings.   

Keywords: RUSLE, GIS, Hussainsagar, watershed, Erosion, Soil Loss 
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Abstract

Most of the civil engineering structures involve some type of structural element with direct contact 
with ground. When the external forces such as earthquakes, act on this systems, neither the structural 
displacements nor the ground displacements, are independent of each other. The process in which the 
response of the soil influences the motion of the structure and the motion of the structure influences the 
response of soil is termed as soil structure interaction (SSI). Plinth beam ideology is similar to normal 
roof beam but the difference is its soil structure interaction which is absent in case of normal beam. 
Regular structural design practices disregard the soil structure interaction (SSI) effects. The present 
study considers a plinth beam resting on loose sand having rectangular cross section of length varying 
from 1m to 10m, width 0.2m and depth varying from 0.2m to 1.0m is modeled and analysed using 
ANSYS for obtaining numerical solution while conventional analysis (plinth beam without soil contact) 
is carried out by using STAAD. Pro. 
From the analysis results it is observed that, If the depth of the beam increases SF and BM also increase. 
SF and BM is directly proportional to the flexural rigidity, as flexural rigidity of beam increases SF and 
BM also increases. The reason for higher soil interaction effect at lower depths of beam is the rigidity 
of soil plays an important role when compared to structural rigidity as the soil is more rigid compared to 
structure the soil offers more resistance which reduces the effect of gravity loads. When the structure 
is made more rigid than soil it offers less resistance to gravity loads hence the interaction effects are 
reduced. Maximum shear force, bending moment, deflection have been studied from finite element 
analysis and conventional analysis to establish the SSI effect and the following conclusion have been 
drawn from the study. As depth increase from 0.2m to 1m increase in shear force is reduced from 
80.71% to 4.50% for 10m length of plinth beam due to SSI. As depth increase from 0.2m to 1m increase 
in bending moment is reduced from 75.58% to 4.37% for length of plinth beam 10m due to SSI. As depth 
increase from 0.2m to 1m decrease in deflection is reduced from 87.38% to 5% for 10m length of plinth 
beam due to SSI.
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Abstract

The destructive and non-destructive tests were performed on totally 81 laboratory- made concrete cubes. 
Regression analysis was carried out. Simple relationships were determined and correlated between 
non-destructive testing (NDT) named as Schmidt rebound hammer test and concrete destructive 
compression test. The Schmidt rebound hammer is principally a surface hardness tester with an 
apparent theoretical relationship between the strength of concrete and the rebound number of the 
hammer. Schmidt hammer was applied in both vertical and horizontal positions. The standard concrete 
cubes were prepared with various mix proportions that yielded standard cubes crushing strengths (f cu) 
within a range of 15 to 40 MPa.
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Abstract

The Pavement refers to the long-lasting surface material installed in areas intended for supporting both 
vehicular and pedestrian traffic, such as roads and walkways. There are two primary types of pavements: 
flexible pavements and rigid pavements. In the case of flexible pavements, they consist of three distinct 
layers: bitumen, granular, and subgrade layers. Each of these layers bears the loads from the layer 
above, distributes them evenly, and then transfers them to the subsequent layer beneath. The name 
'flexible pavements' derives from the fact that the entire pavement structure deflects or flexes when 
subjected to loading. Non-conventional pavements are those that incorporate alternative materials. By 
introducing cement into the wet mix macadam (WMM) layer, the pavement's strength is enhanced, and 
one of the bituminous layers, known as dry bituminous macadam (DBM), is eliminated. Consequently, 
this modification reduces the overall cost of the pavement by approximately 40%. This project entails 
designing both a conventional pavement and a non-conventional pavement using the IIT-PAVE software. 
A comparative analysis is conducted between the two pavement types, examining their designs and 
associated costs.

Keywords

Non-conventional Pavements, Wet Mix Macadam (WMM), Dry Bituminous Macadam (DBM), Cement-
modified Pavement, Cost-effective Pavement, IIT-PAVE Software.
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Abstract

Corrosion of steel reinforcement is one of the major serviceability problems especially when the 
reinforcement is exposed to the chlorides either contributed from the concrete ingredients or penetrated 
from the surrounding chloride-bearing environment. Using accelerated corrosion technique, it is 
proposed to study the influence of corrosion inhibitors like calcium nitrites (0%, 2%, 4%, 6%) and sodium 
nitrites (0%, 2%, 4%, 6%) on the Fe550 grade steel reinforcement corrosion of M20 grade Geopolymer 
concrete cylindrical specimens prepared using 3M and 5M alkali activators. In this accelerated corrosion 
technique, Geopolymer concrete cylinders with rebar induced are placed in the 5% NaCl solution and 
the corrosion time and corrosion current required for the corrosion of steel reinforcement bars was 
calculated by supplying a constant voltage of 12volts. Three cylindrical specimens of 200mm diameter 
and 100mm height are cast in each percentage of corrosion inhibitors and the corrosion characteristics 
like mass loss and rate of corrosion of steel reinforcement were calculated. 200mm length and 10mm 
diameter steel reinforcement bar was used in the Geopolymer concrete cylindrical specimens. 4% of 
calcium nitrite and 4% of sodium nitrite with 3M and 5M alkali activators were found to be optimum 
with less mass loss and rate of corrosion. The mass loss and rate of corrosion of 3M alkali activator 
Geopolymer concrete mix were less compared to that of 5M alkali activator geopolymer concrete.
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Accelerated Corrosion Apparatus, Corrosion Inhibitor Alkali Activators, Corrosion Rate, Mass Loss, 
Geopolymer Concrete.

754



ISBN : 978-93-92105-84-5GPREC-2023, Andhra Pradesh 62

GPREC-23

Corrosion Characteristics of Rebar in Fly Ash-GGBFS 
Synthesised Alkali Activated Concrete

T.Muralidhara Rao*
Department of Civil Engineering, CVR College of Engineering, Hyderabad, India

Chava Venkatesh
Department of Civil Engineering, CVR College of Engineering, Hyderabad, India

Chereddy Sonali Sri Durga
Department of Civil Engineering, CVR College of Engineering, Hyderabad, India

Jagadeesh Bommisetty
Department of Civil Engineering, CVR College of Engineering, Hyderabad, India

Ravi Kumar Reddy C
Department of Civil Engineering, Chaitanya Bharathi Institute of Technology, Hyderabad, India

Abstract

Corrosion of steel bars is one of the major serviceability problems especially when the reinforcement bars 
are exposed to chlorides either from the concrete ingredients or the surrounding chloride environment. 
Using accelerated corrosion technique, it is proposed to study the influence of anodic corrosion inhibitors 
like calcium nitrites (0%, 2%, 4%, 6%) and sodium nitrites (0%, 2%, 4%, 6%) on the Fe550 grade steel 
reinforcement corrosion of M20 grade Geopolymer concrete (70%FA+30%GGBFS) cylindrical specimens 
prepared using 3M and 5M alkali activators. In this accelerated corrosion technique, Geopolymer 
concrete cylinders with rebar inserted are placed in the 5% NaCl solution and the corrosion time and 
corrosion current required for the corrosion of steel reinforcement bars was calculated by supplying a 
constant voltage of 12volts. Three cylindrical specimens of 200mm diameter and 100mm height are 
cast in each percentage of corrosion inhibitors and the corrosion characteristics like Corrosion rate, 
mass loss, Corrosion density, Corrosion current, Corrosion time of steel reinforcement were calculated. 
200mm length and 10mm diameter steel reinforcement bar was used in the Geopolymer concrete 
cylindrical specimens. 4% of Calcium nitrite (Ca(No2)2) and 4% of Sodium nitrite (NaNo2) with 3M and 
5M alkali activators were found to be optimum with less mass loss and rate of corrosion. The mass loss 
and rate of corrosion of 3M alkali activator Geopolymer concrete mix were less compared to that of 5M 
alkali activator geopolymer concrete.
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Concrete, Serviceability, Sustainable environment.
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Abstract

India has an urban population that makes up more than 34% of the country's total

population. Water, petroleum, oil products, and other liquids are kept in storage tanks and

overhead tanks. These tanks have been employed in several different �elds, including

agriculture, the food industry, paper mills, �re�ghting, and water distribution. It is well
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Abstract

In the existing work, cost optimization for an R/C structure system was performed by

using machine learning. In fetch optimization, the aspects of the shear wall were

contemplated as design variables, and the objective was to �nd the optimal shear wall

aspects that keep down the overall cost of the material. The limitations of the structural
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Abstract—Emerging technologies of today are altering the way 

we think about the built environment. In the meantime, many 
technologies have undergone revolutionary changes, and India, an 
expanding nation, offers opportunities for development in several 
new areas. The goal of the study is to show how organizations 
need to adapt their perspective and create new strategies for 
emerging technologies such as artificial intelligence (AI), machine 
learning (ML), big data, quantum, and space exploration in light 
of the swift advancements in technology. This paper presents that 
although India has come across a lot of advancements in this era 
of emerging technology, certain challenges have been faced in 
aspects like adapting, feasibility, and approval which brought 
many changes across the country, which in turn is impacting the 
pace to transform the country towards Industry 4.0 and Industry 
5.0. Therefore a study is presented to understand the impact of 
emerging technologies for countries coming up as Industry 4.0 
and Industry 5.0. This paper emphasizes on for India’s initiatives 
for emerging technologies to come up as VIKSIT BHARAT 
@2047.  

Keywords— Big Data, Quantum computing, Artificial 
Intelligence, Hypersonic platforms, Fabrication, Industry 4.0 and 
Industry 5.0.  

I. INTRODUCTION 
In the next 20 years, emerging technologies like Big Data 

and Advanced Analysis, Artificial Intelligence, Robotics, 
Hypersonic Platforms, Space Systems, Quantum Technology, 
and Advanced Materials and Manufacturing will disrupt and 
revolutionize future conflicts. Countries like the USA and 
China are investing heavily in these technologies. Presently, 
India lacks self-reliance even in core technology areas and 
supply chains which is a prerequisite to excel in emerging 
technologies. Though India has initiated certain steps in this 
direction, however, various challenges need to be overcome to 
make tangible gains and eventually attain leadership status in 
these emerging technologies. The extremely intelligent linked 
systems of Industry 4.0 produce a fully digital value chain. It 
primarily relies on cyber-physical production systems, which 
combine data, IT, communications, and physical components. 
These systems turn conventional plants into intelligent 
factories. The goal here is to have machines communicating 
with other machines, products, and information processing and 
distribution in real time, which will have a significant impact 
on the industrial ecosystem as a whole. [11, 13] 

Human conflict has been in existence since the dawn of 
civilization, however, domains and ways of prosecution of 
conflicts have been changing continuously.  With the advent of 
aircraft and missile technologies, air medium has become the 
third domain of prosecution of warfare in addition to already 
existing land and sea domains. With the Launch of satellites, 
air medium has been extended to space. Dependency on 
networks and information in the prosecution of conflicts 
created cyberspace as the fourth domain. It is amply clear that 
the advancement in technology is one of the prime drivers of 
transforming conflicts. One important metric for assessing a 
nation's performance in the digital era is the Networked 
Readiness Index. [14, 15] Whether a nation has the drivers 
needed for digital technologies to reach their full potential and 
whether these innovations are substantially affecting the 
economy and society are the determining factors. Since 
innovation is becoming more and more dependent on digital 
technology and the new economic models they enable, the 
digital revolution may alter the nature of innovation. Any 
country that invests in crucial technologies and achieves 
leadership status not only in these technologies but also in the 
corresponding supply chains will emerge as an influential 
player in the world order. Therefore, India being an aspiring 
state to play an active role in world affairs cannot afford to 
overlook the areas of crucial technologies and materials that 
are likely to impact future conflicts. Notably, India ranked 61 
in 2013 on the Network Readiness Index. India came in at 
number 91 out of 139 nations in 2016. India ranked 91st, 
behind Malaysia (31), China (59), and Bangladesh (112) but 
ahead of Pakistan (110) and Sri Lanka (63). For the second 
consecutive year, Singapore topped the standings. The United 
States was ranked fifth. In 2023 India again uplifted back to 
rank 61 whereas the United States of America hiked to rank 1 
and Singapore came on rank 2. [16] 

The World Economic Forum (WEF) report makes it 
abundantly evident that there is a wide disparity between 
industrialized and developing countries due to a variety of 
variables. It claims that developed and developing countries 
are now split into two categories by the digital economy. Why 
is Industry 4.0 important to India? Industry 4.0 makes it 
possible to reduce inefficient procedures and behaviors and 
maximize the utilization of energy and other inputs. This is 
accomplished by gathering data, analyzing it, and applying the 
results to enhance the efficiency of industries, systems, and 
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Abstract—In the context of today’s interconnected world,
where multilingual interactions are commonplace, the need for
effective cross-language communication solutions is paramount.
This survey explores innovative approaches to multilingual video
dubbing, focusing on the integration of voice cloning and neural
machine translation techniques for translating and dubbing
videos across different languages while maintaining the authen-
ticity of the original speaker’s voice and ensuring seamless lip
movement with the source video. Various advanced techniques,
including voice cloning, speech emotion recognition, speech-to-lip
synchronization, and neural machine translation, are employed
in the examined literature. These techniques collectively aim
to identify the source language, translate the content, and
synthesize the speaker’s voice in the target language that is
synchronised with the source video. This survey also delves
into the challenges associated with cross-language voice cloning
and linguistic translation, exploring the collaborative potential
of these technologies within the realm of video dubbing. The
overarching goal is to contribute to the accessibility of multimedia
content on a global scale, enabling viewers to enjoy videos in
their preferred language without compromising the identity of
the original speaker. Through comparative analyses of various
algorithms, the effectiveness of these approaches in achieving
high-quality, linguistically accurate, and emotionally resonant
multilingual video dubbing is analyzed.

Index Terms—Multilingual video dubbing, voice cloning, neu-
ral machine translation, speech emotion recognition, synchroniz-
ing speech with lips, cross-language voice synthesis.

I. INTRODUCTION

In the ever-expanding global landscape of communication,
transcending linguistic barriers has become a critical necessity.
Video content, a potent medium for information distribution
and cultural exchange, faces a considerable obstacle in the
form of language diversity, hindering its widespread global
distribution. The historical narrative in this field spans from
the inception of video dubbing challenges to present-day
efforts to bridge linguistic gaps. The need for such systems
has grown exponentially with the global expansion of video
content, prompting researchers to explore innovative solutions.
From early attempts at lip syncing to recent breakthroughs
in neural voice cloning, each development has contributed to
the evolution of the field. Among these, multilingual video
dubbing emerges as a pivotal solution, facilitating seamless

translation while preserving the authenticity of the original
speaker’s voice[1][2].

This survey delves into the challenges and advancements in
multilingual video dubbing, exploring a system designed to ad-
dress these issues. Rooted in a comprehensive review of recent
literature, our survey draws inspiration from groundbreaking
work in pose-aware animated facial landmarks[1]. Novel data
augmentation techniques, utilizing LSTM-based networks to
decouple lip, jaw, and head motions, enhance the system’s
robustness[1]. Additionally, the integration of a unique neural
fusion architecture, employing a unit concatenation method
for improved speaker similarity and speech quality, forms
the foundation of the audio synthesis system[3]. Insights
from a CNN and ResNet based speaker extraction algorithm,
incorporating visual cues and speech-lip synchronization, con-
tribute to the adaptability in noisy environments with multiple
speakers[2]. Exploration into cross-speaker emotion transfer
and control for speech synthesis, disentangling prosody and
timbre in emotional characteristics[4], informs our approach
to maintaining emotional authenticity during translation.

The primary objective of this survey is to examine inno-
vative approaches that seamlessly integrate advanced voice
cloning and neural machine translation techniques. Drawing
from methods such as facial landmark animation[1], lip sync-
ing[5], and neural fusion for voice cloning[3], this survey
aspires to analyze the landscape of real-time multilingual video
dubbing with a focus on precision and emotional resonance[4].
The exploration opens new possibilities for real-time video
dubbing across diverse domains, such as sports commentary,
informative and entertainment videos, and news channels.
Notably, the proposed solutions distinguish themselves by pre-
serving the speaker’s voice characteristics and offering an au-
thentic viewing experience with support for Indian languages.
The system processes input videos, pre-recorded or live,
through concurrent tasks, including language identification[2],
transcription and translation[6], lip synchronization[5][7], and
real-time voice cloning[8].

The journey from early attempts at overcoming language
barriers in video content to contemporary developments in
real-time multilingual video dubbing illustrates the persistent
efforts of researchers to enhance global communication and
accessibility. This survey culminates with a clear research
question, directing attention to the challenges and innova-979-8-3503-5084-5/24/$31.00 ©2024 IEEE
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Abstract—Inevitably, Secret data is communicated through
digital media using traditional data-concealing techniques. The
known approaches like data hiding in the literature cannot
restore the original media. Only the Reversible Data Hiding
(RDH) method allows for the simultaneous recovery of the
original storage media and the concealed information. In cases
where the original media must be preserved, RDH can be
employed. As a result, RDH is employed in numerous contexts
where the original medium is required alongside the concealed
information. To conceal sensitive information in an initial image
pixel, Difference Expansion (DE) based RDH analyzes the differ-
ence between surrounding pixels. The secret information in the
HbS-based technique is inserted into the histogram’s peak and
zero bins. To embed the secret data into the original medium,
the prediction error (PE) is enlarged in the PEE-based approach.
RDH’s primary goal is to insert additional data with little loss
of quality. In this study, we first investigate three methods for
hiding information within the primary cover image and then
retrieving it. Later, we’ll look at how the PSNR of these three
systems compares to one another. Finally, the research has drawn
a conclusion based on the three methods for incorporating data
with minimal loss of quality.

Index Terms—Reversible data hiding, Difference Expansion
(DE), Prediction Error Expansion (PeE), and Histogram Bin
Shifting (HbS).

I. INTRODUCTION

With the rapid development of digital media (i.e., Video,
Audio, and Image) and distributed environment, a lot of
information is shared across the network systems. In most
of the cases, this information contains secret messages. Thus,
the protection and security of this information is an urgent
measure. The art of data concealment is known as data hiding,
in which the inserted data cannot be detected. In data hiding
techniques, digital images are often used for transferring the
secret message [1]. In data hiding methods, the original cover
image is not guaranteed to be recoverable. The RDH is a data-
hiding without loss method because the primary image and
the hidden message can both be retrieved. The spatial domain
and transform domain can be used to embed the data loss-
lessly. The spatial domain gives more redundancy to the image
than the transform domain. Thus, the spatial domain is more
suitable for inserting data with less distortion. The different
classes of RDH in the spatial domain are 1 DE 2 HbS 3 PeE.

In the DE method, the watermark is incorporated by in-
creasing the difference between neighboring pixels. Another
technique that was designed specifically for color images uses

difference expansion to produce a vector of pixel values that
are specific to each color channel [2]. Instead of using a
physical location map, the work modifies the bins of the
expandable difference histogram [3]. A generic paradigm for
efficient HbS is proposed in [4] as well. HbS is the usual
name for this method. More popularity due to achieving less
embedding distortion.

The watermark in PeE-based techniques is the inflated
difference between the actual and anticipated pixel values [5].
The performance of PeE depends on the sharpness of the
PE histogram (PEH) distribution near fewer error values.
Extensive work has been carried out in order to find new
approaches for predicting a pixel value with minimum PE.

The method used to produce interpolation errors and expand
them to include the watermark is described in [6]. The central
pixel value can be predicted using bilinear interpolation with
four diagonal neighbors. Delaunay triangulation vertices are
used to make predictions using a method called scattered
interpolation, as suggested in [6]. Another variety of the RDH
technique is one that is predicated on PeE and makes use of
a predetermined collection of standard pixels. The first batch
of standard pixels is utilized in the process of making local
adjustments to the total number of standard pixels. There are
many other standard pixels-based forecasts suggested in [6]
and [7]. At first, the methods utilized for prediction were
profoundly affected by the study of image coding. The MED
is used by the PeE-based RDH described in [5]. When trying
to anticipate a pixel, the GAP made use of both horizontal
and vertical gradients, as well as the strengths of each [5].
In addition, the gradient predictors are utilized in the RDH
methodology in order to forecast a pixel value [8], [9], [10]
and [11]. A RDH based on various prediction and Embedding
schemes also mentioned in [12] and [13]. This RDH can also
be used for various purposes in different sectors like cyber
forensics and other related applications [14].

Pixel Value Ordering (PVO) based approaches have recently
emerged as a sub-genre of PeE. Better performance can
be attained with reduced capacity by adapting PVO-based
approaches. A PVO-based technique makes an embedded
prediction for a pixel based on the nearest gray level in the
vicinity inside a block. Li et al [15] presented the first PVO-
based approach, in which a data bit is hidden by altering the
maximum and/or minimum intensity pixels. By taking into
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Abstract—Predicting the pixel is crucial in prediction error
expansion (PEE) based reversible data hiding (RDH). There are
a number of methods for predicting pixels that can be found in
research papers. The gradients are used to make a prediction
about the current pixel. Gradients in the image can be used
to make forecasts about the current pixel, and this has been
the subject of extensive study. In this work, we suggest a three-
by-three grid of surrounding pixels as a basis for prediction.
Later, the histogram bin shifting technique was implemented
to integrate more information with less distortion. In order
to include more information, the suggested technique makes
adaptive changes to the histogram based on local complexity.
The experimental analysis demonstrates that When compared to
the other, the proposed method is superior.

Index Terms—Reversible data hiding, Gradient Expansions,
Bin-shifting in an adaptive histogram.

I. INTRODUCTION

The goal of the almost 20-year-old RDH approach is to
achieve secret dialogue that doesn’t sacrifice appearance. The
earliest and most comprehensive research advancements have
been made on RDH techniques in the plain-text arena [1].

Inverting an embedded image is possible and retrieve the
main information is the primary feature that sets RDH apart
from other solutions. By introducing a change to the pixel
values that may be undone, additional data is appended to the
primary data set. For the reason that the change can be undone,
the primary data may be reclaimed from embedded informa-
tion while at the same time retrieved the secret information.
This is made possible by the fact that the transformation
can be undone. Therefore, the values of all of the pixels in
the repaired image are about the same as their values in the
primary data.

These steps are becoming increasingly effective in a variety
of situations where the recovery of the primary data is of the
utmost importance. The research available on RDH includes
a great number of different approaches [1]. The RDH strategy
was initially presented in [2]. Since then, a variety of RDH
procedures have contributed to the advancement of this field.
The DE-based approach that was introduced in [3] was one of
the earliest methods that were used for RDH. A measure of the
dissimilarity between neighboring pixels in the surrounding
area is investigated in order to add one single piece of content

to the primary data. This area of study has progressed to the
point where there are several notable research works in [3].

Histogram-based shifting of the bins of RDH is a specific
kind of approach that is discussed in [4]. The histogram
bin shifting approach finds a place in the bins to insert the
single data point between the histogram’s peak and zero
[4]. In [5], It is proposed to use an RDH method that is
based on several histograms. When computing the multiple
histograms, various measure of complexes of the image are
investigated and examined. After that, best-case scenario bin-
picking procedure is utilized in order to extend the confidential
information within the image [5].

RDH employing the Prediction Error (prE) Expansion
(PEE) Techniques is another type of these methods that
has been discovered to be superior than other approaches,
surpassing them in every way of other techniques [6]. PEE-
based RDH approaches include conducting an analysis on
the pixels that surround a neighborhood in order to make a
prediction about the currently active pixel. Stored data within
the prE-value of the pixel in concern. Researchers have begun
to focus more of their attention on PEE-based RDH strategies
due to the superiority of these methods. Because of this, I
am inspired to conduct additional study on PEE-based RDH
approaches.

It stands to reason that an accurate predictor will produce
a lower prE-value for a given value. A good predictor will
create less embedding noise in the value because the data bits
will be enlarged when the prE is performed. This means, the
purpose of the analysis, as stated in this work, is to develop
algorithmic advancements for RDH by investigating several
prediction algorithms for pixels that are appropriate. In the
framework of RDH, a variety of innovative pixel prediction
algorithms have been presented. Within this framework, the
effectiveness of a number of innovative pixel prediction al-
gorithms has also been analyzed. A more favorable trade-off
between embedding capacity and distortion has been achieved
as a result of the utilization of suitable pixel prediction
algorithms.

RDH is capable of several things based on the PV O [7].
The method that makes use of PV O in [7], image was divided
into numerous parts that did not overlap each other. After that,
the block’s pixel values are ordered such that the highest one
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Abstract—The need to secure our data has grown in recent
years due to the increasing number of unauthorized individuals
attempting to acquire protected information. In this study, we
offer a new way to conceal our data—reversible data hiding
(RDH). The secret information might be in the shape of an
image or words. Furthermore, the concealed image is retrieved
error-free as well. We can precisely recover the hidden data
and cover image when the receiver needs them, according to
the results reported in the study. A new approach to selecting
weights based on gradients has been suggested in this method
to improve prediction of the original pixel. For more accurate
pixel prediction in the cover image, gradients are typically
included. Using a PEE (Prediction Error Expansion) approach,
the embedding has been executed. Many RDH techniques use
the PEE technique, which is a simple embedding strategy. In
order to gain a deeper knowledge of the RDH approaches, this
proposed work makes effective use of gradients and PEE. In
conclusion, the experimental results demonstrate that, compared
to other previous works, the proposed work performs better.

Index Terms—RDH, gradients, Histogram bin Shifting (HBS).

I. INTRODUCTION

The proliferation of digital media (video, audio, and images)
and decentralized settings has led to increased data exchange
among network systems. Hidden meanings are usually in-
cluded in this data. For that reason, safeguarding sensitive
data is of the utmost importance. One kind of data hiding
art is data concealing, which involves making the extra data
unnoticeable. Data masking solutions often use digital images
to deliver the concealed message. There is no assurance
that the original cover photo can be retrieved using data
concealment techniques. Sometimes referred to as lossless data
hiding, Reversible Data Hiding (RDH) may restore both the
original image and the hidden message. It is possible to embed
the data without loss using the transform domain and the
spatial domain. In the spatial domain, picture redundancy is
higher than in the transform domain. As a result, the spatial
domain benefits from data that is less distorted. [1].

RDH technology aims to accomplish clandestine commu-
nication while preserving the load image’s integrity for more
than 20 years. Research in the plain text domain using RDH
techniques has yielded the most significant results since their
inception. Almost all RDH techniques fall into one of three
categories [2]. DE, HBS, and PEE. Because the marked

media can be used to recreate the cover media, RDH is
frequently called lossless data hiding. Data is added to the
primary data through reversible pixel value change. Tian
presented the DE method in 2003; it adds data to the pixel-
difference method. Contrary to compression-dependent RDH
techniques, Tian’s method has the potential to provide a far
larger embedding payload with little distortion [3]. When we
look at the differences between neighboring pixels, we add
one piece of information to the main data set. An alternate
approach that was detailed in [4] is the HBS based RDH.
The HBS method was used to input the individual data using
the top and bottom bins of the histogram [4]. In [5], the
authors propose an RDH approach that makes use of several
histograms. A range of image complexity values are explored
for the purpose of computing the multiple histograms. Among
these methods, RDH that makes use of PEE Techniques stands
out as particularly effective and excellent [5]. In order to
predict the pixel, PEE-dependent RDH techniques look at a set
of contextual pixels in a certain area. The PE of the right pixel
contains bits of secret data. More attention has been directed
towards PEE-dependent methods due to its superiority. This
encourages me to delve more into PEE-based RDH methods
[5].

The pixel is predicted using PEE-dependent RDH ap-
proaches by examining a group of contextual pixels in a
specific region. Some confidential information is stored in the
right pixel’s PE. The excellence of PEE-dependent approaches
has led to their increased focus. According to [6], this moti-
vates me to explore PEE-based RDH approaches further.

Accordingly, the stated goal of the research is to investigate
appropriate pixel prediction systems with the aim of develop-
ing novel RDH approaches. The realm of RDH has seen the
introduction of novel contextual pixel methods. The capacity
to compromise between deforming and embedding has evolved
with the use of reliable pixel prediction algorithms. How well
RDH works depends on the specific situation. One other type
of PEE-based approach is the reference pixel (RP) approach.
Reading through references [7], [8] reveals a number of RP
and non-RP methods

Respecting the PVO, RDH’s capability varies [9]. The
pixel values have changed noticeably when the PVO-based
approach was used. After the image is segmented into non-
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Abstract- An increasing number of criminals are trying to 

get their hands on sensitive information, which has increased 

the urgency with which we must secure our data. Reversible 

data hiding (RDH) is a novel approach to data concealment 

that we provide in this research. The coded data can take the 

form of text or an image. In addition, the hidden image is 

also successfully retrieved without any mistakes. Based on 

the study’s findings, we can accurately retrieve the secret 

data and cover image at the exact moment the receiver 

requires them. In order to enhance the prediction of the 

original pixel, this method proposes a new way to choose 

weights based on Selected Context. Incorporating selective 

Context into the cover image allows for more precise pixel 

prediction. The embedding has been carried out using a PEE 

technique. A simple embedding strategy, the PEE technique 

is used by several RDH systems. This proposed study makes 

good use of selected Context and PEE to learn more about 

the RDH techniques. To sum up, the experimental results 

show that the suggested approach outperforms other earlier 

efforts. 

 

Index Terms—Histogram bin Shifting (HBS), RDH, gradients, 

and PEE. 

I. INTRODUCTION 
 
Covert lossless recovery, integrity authentication, and secret 

information concealment are just a few of the many uses for 

REVERSIBLE data hiding (RDH). The use of multimedia 

files, including images and audio, is made easier by the 

everevolving transmission technology. Secure data 

embedding and lossless content recovery are two of RDH’s 

key features, making it ideal for use in the medical, military, 

and other sensitive industries. The majority of the image 

RDH techniques that have been suggested thus far have 

focused on either enhancing forecast accuracy or decreasing 

distortion in embedding. Most prediction methods, such as 

multi-predictors, gradient adaptive predictor GAP, DP, and 

MEDP, aim to increase the accuracy of predictions. Predictor 

algorithms that use surrounding pixel similarity to target 

pixel similarity are not precise enough for complicated 

distributed images since they are local and linear. To 

enhance prediction accuracy, it is essential to investigate a 

Worldwide, non-linear forecasting model [1].  

 

In contrast to prediction methods, embedding approaches 

work to lessen the impact of data distortion. To embed the 

information, Tian et al [2], suggested the difference 

expansion (DE) method, which involves increasing the 

difference between neighboring pixels. Using the correlation 

between nearby pixels, Thodi et al [3], suggested the PEE. 

Pairwise PEE takes into account the correlations among 

prediction errors based on PEE. In addition, the hybrid PEE 

enhances pairwise PEE by incorporating intelligent matching 

of pixels and personalized map selection. The method 

described in [3] as histogram shifting (HS) uses the top bin 

of an image’s histogram to store data. 

 

A suggested hybrid of PEE and HS, PEH uses prediction 

errors to build a statistical histogram that, in turn, generates 

suitable thresholds for efficient prediction error selection. 

Many works have been suggested to improve upon PEH by 

creating a more accurate histogram; one such effort is the 

skewed PEH, which employs extreme predictors to produce 

visually appealing results [3]. 

 

Compared to other approaches in this class, RDH using PEE 

techniques [3] is superior and better. Predictions about the 

pixel are provided by PEE-based RDH algorithms by 

analyzing nearby pixels. You can use the pixel’s PE to 

conceal information in a picture. More research has focused 

on PEEbased techniques for data concealment than any other 

method because of how effective they are. I am now more 

motivated to explore the subject of RDH approaches using 

PEE in further detail. 

 

A lower PE will inevitably result from using a better 

predictor for every particular pixel value. Due to its 

expansion into the lower PE, a robust pixel predictor reduces 

distortion caused by pixel insertion. Consequently, this 

paper’s research aims to investigate suitable high-embedding 

strategies to design novel RDH approaches. Updated pixel 

prediction algorithms are now available for RDH. In this 

situation, researchers have examined the efficacy of various 

cutting-edge methods. An improvement in the embedding 

capacity versus distortion trade-off has been achieved 

through the deployment of appropriate pixel prediction 

algorithms. 

 

Early work on image coding had a major effect on prediction 

methods. If you want to know how much a pixel is worth 

right now, the MED predictor says to check its top, left, and 

top-left neighbors, paying close attention to whether or not 

an edge is there at the pixel’s left or top edge. Also used to 

forecast a pixel’s value in the RDH approach are the 

Gradient predictors [ [4], [5], [6], [7], [8], [9], [10], [11], [12] 

and [13]].  

The prediction and embedding methods are equally vital in 

real-world applications. The PVO method was suggested 

 

20
24

 N
in

th
 In

te
rn

at
io

na
l C

on
fe

re
nc

e 
on

 S
ci

en
ce

 T
ec

hn
ol

og
y 

En
gi

ne
er

in
g 

an
d 

M
at

he
m

at
ic

s (
IC

O
N

ST
EM

) |
 9

79
-8

-3
50

3-
65

09
-2

/2
4/

$3
1.

00
 ©

20
24

 IE
EE

 |
 D

O
I: 

10
.1

10
9/

IC
O

N
ST

EM
60

96
0.

20
24

.1
05

68
90

4

Authorized licensed use limited to: Chaitanya Bharathi Institute of Tech - HYDERABAD. Downloaded on December 20,2024 at 09:12:45 UTC from IEEE Xplore.  Restrictions apply. 766



Pixel Value Ordering Based Prediction for
High-Fidelity Images

Ravi Uyyala
Department of Computer Science and Engineering
Chaitanya Bharathi Institute of Technology (CBIT)

Gandipet, Hyderabad, India
uyyala.ravi@gmail.com

Padmavathi Vurubindi
Department of Computer Science and Engineering
Chaitanya Bharathi Institute of Technology (CBIT)

Gandipet, Hyderabad, India
padmavathiv cse@cbit.ac.in

Anila M
Department of Computer Science and Engineering
Chaitanya Bharathi Institute of Technology (CBIT)

Gandipet, Hyderabad, India
anila cse@cbit.ac.in

Abstract—Pixel Value Ordering is a method of Reversible data
hiding (RDH) where the pixels in a block are arranged in a
proper order for predicting the single pixel value. The secret
data bits will be embedded based on the highest or lowest
value within the blocks. This work presents a PVO method
using Quad-tree decomposition for RDH. Initially, the Quad-
Tree decomposition technique has been used for decomposing
the image into various uniform blocks which are optimized for
better embedding. For a better understanding of the image pixel
values pair-wise prediction error technique has been proposed in
this work. A 2-D mapping scheme has been proposed for better
correlation among the prediction errors. The suggested strategy
performs better than previous RDH techniques, according to
experimental results.

Index Terms—Reversible data hiding; Pixel value ordering;
Quad-tree decomposition.

I. INTRODUCTION

The RDH approach has been developed over more than 20
years to achieve covert communication while simultaneously
maintaining the integrity of the load image. The plain text
domain RDH methods were the first to be developed and have
seen the most progress in terms of research. The explosive
growth of the Internet and the broad availability of personal
computers have made the Internet accessible to more people
than ever before, yet with this convenience comes a growing
risk of information leakage [1].

The initial image context is known to be important in
conventional RDH. Correlation and redundancy are, however,
always completely removed from secured images. As a rem-
edy to this emerging issue, RDH has been proposed and is
gaining popularity. Data hiding is employed to safeguard and
verify the authenticity of confidential data put into the source
Image. The objective of data hiding is to hide information
while minimizing any loss in quality. However, there is no
assurance that the original data can be restored. Applications
in the military, medical diagnostics, and finance, among others,
cannot tolerate the loss of original data or distortion of the core
data. RDH was proposed as a solution to this problem [1]. The

primary goal of RDH methods is to embed information in a
way that allows for the recovery of both the original and secret
information during the extraction process. There are just four
broad types of RDH practices. 1. Lossless compression, uses
lossless compression to accommodate new data. 2. Difference
expansion, which uses a transform on invertible integers to
accomplish data embedding, 3. histogram shift, which changes
the gray-scale histogram to incorporate extra data, and 4) PEE
is an enhanced form of histogram shift in which a PE is used
in place of a gray-scale histogram.

In a DE-based process, raising the gap between nearby
pixels incorporates the watermark. A further method [1] de-
veloped for color images generates a color-channel-specific
vector of pixel values by use of difference expansion. The
bins of the expandable difference histogram are changed in
the work rather than a real location map being used.

Efficient HBS is also suggested in [1] as a concept. HBS
is the usual name for this method. The authors of [1] suggest
using a PEE-based embedding for RDH. The compressibility
of location maps is improved by PEE-based data embedding
in comparison to traditional DE-based techniques. Since PEE-
based methods minimize distortion while embedding, they
have become more common in RDH. To hide the watermark,
these methods enhance the difference between the actual and
expected pixel values. PEE efficiency is influenced by how
acute the lower levels of the PEH are. There have been nu-
merous attempts to find cutting-edge strategies for predicting
pixel values with the lowest possible PE. As an illustration,
in [1] we can anticipate the value of a pixel by looking at its
upper, left, and upper-left neighbors. To embed the watermark,
the interpolation method in [2] introduces interpolation flaws
and magnifies them. In [2], the center pixel value is predicted
via bi-linear interpolation based on the values of its four
diagonal neighbors. It has been suggested in [2] that we
use the Delaunay-triangulation technique in conjunction with
distributed interpolation.

A novel approach to embedding has been proposed in [3]
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Abstract

Locating objects by creating a bounding box and labelling it with the object name is easy

but dif�cult for camou�aged images. The current work focuses on multi-class image
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Abstract - This work investigates the deep subthreshold device 

size for the CMOS logic gate inverter circuit at the 16-nm 

technology node using a predictive technology model (PTM). The 

device's channel length (L) is established in order to acquire the 

optimal threshold voltage at 150 mV of the supply voltage. Using 

the same source voltage, the aspect ratio of an inverter logic circuit 

is determined, and the analysis of symmetrical transient responses 

is carried out. When the aspect ratio equals 3.52, the inverter logic 

gate is found to be symmetrical. The propagation delay is also 

extracted, and the achieved results demonstrate that a higher 

aspect ratio can facilitate high-performance circuit design. For the 

16-nm technology node, the optimal threshold voltage is achieved 

at L=66 nm. In this work, the minimum energy point (MEP)/ 

Optimum Supply Voltage (OSV) is also attained at a supply 

voltage of 150 mV. MEP/OSV ensures improved performance and 

minimal power dissipation in the circuit. Based on the results 

achieved in this research work, a high-gain amplifier circuit in 

telemetry circuitry at MEP is designed and discussed. The 

functionality of the high-gain amplifier is verified at the optimum 

supply voltage. 

Keywords: Device sizing, energy efficient circuit, minimum 

energy operation, amplifier. 

I. INTRODUCTION 

Smart technology is making interesting breakthroughs in almost 

every field, such as smart teeth, smart glasses, wearable 

transistorized battery-powered pacemakers, artificial 

biomedical devices, Bionic eyes, and smart skin. To 

operate/work with minimum energy sources, ultra-low power 

consumption is desirable to reduce the size of a device. Earlier 

the device's starting point was the minimum delay point which 

is located in the subthreshold operation region and suitable for 

applications where performance is not a major issue, such as 

energy harvesters [1]-[3]. Energy consumption and high 

performance are the most important design concerns. Thus, the 

initial design point progressed from minimum delay to 

minimum energy point, found in the deep sub-threshold 

operation region. In the deep sub-threshold functioning zone, 

this design starting point can be identified. It's known as the 

minimum energy point (MEP), and it results in the least amount 

of power consumption [4]. The gate voltage of CMOS devices 

is greater than the threshold voltage, VGS > VT, while operating 

in a normal configuration. This is an operation that takes place 

in a strong inversion region. For VGS < VT, CMOS does not 

conduct current in the ideal case. A current path for the flow is 

created between the drain and the source terminals by a number 

of charge carriers. Because the inversion layer of carriers has 

not yet formed, CMOS are in the weak inversion area which is 

also known as the sub-threshold region of operation [5]. The 

reduction in the power dissipation and the reliability of the 

device can be maintained by keeping the supply voltage 

relatively low or reduced which indirectly requires the 

threshold voltages of the transistor to be scaled down to 

maintain the device throughput and less noise. As a result, there 

is a significant increase in the leakage currents (Gate oxide 

tunnelling leakage (IT), Gate current due to hot-carrier injection 

(IHCJ), Reverse-bias junction leakages (IRB), Gate Induced drain 

Leakage (IGDL), and Subthreshold leakage (ISUBL),) in the 

subthreshold region.  

In the deep sub-threshold region, the deep sub-threshold 

current dominates the gate current (IG) mainly due to the 

dependence on VDD. Furthermore, leakage components such as 

gate-induced drain leakage (IGDL) and junction leakage (IJL) are 

also very insignificant in the subthreshold region. As a result, 

for the supply voltage VDD in the deep sub-threshold region, the 

total current is driven by the deep sub-threshold current [6]. The 

deep sub-threshold leakage current is one of the major concerns 

of a MOSFET which cannot be ignored as it is comparably 

higher than other leakage currents and contributes to the 

leakage power (static power) dissipation in a substantial portion 

of the total power dissipation (sum of dynamic power 

dissipation and static power dissipation) for ultra low-power 

applications. In the deep subthreshold region, VGS < VT, the 

subthreshold leakage current is the current flowing between the 

source terminal and the drain terminal of a MOSFET. Over the 

last decades, it has been clearly demonstrated that a Pareto-

optimal design curve can be obtained for a given design and 

technology, which defines as the minimum energy required for 

a given performance of the circuit (& vice versa) over a set of 

certain design parameters such as supply and threshold 

voltages, and especially device sizing [4], [5]. As the supply 

voltage approaches the lower value VDD, the device operates in 

the deep subthreshold region which increases the proportion 

delay leading to a rise in static (leakage) energy in the 

subthreshold region. The focus has shifted as energy has 

quickly become the most compelling design concern. Over the 

last five years, research has shown that the energy-delay curve’s 

extreme opposite, the minimum energy point (MEP), is also 

attractive. With the increasing demands of low-power sensors 

and biomedical applications requiring ultra-low energy, instead 

of beginning with a design optimized for optimum 
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Abstract

Computing resources are now more accessible, powerful, and inexpensive than ever

before thanks to the widespread adoption of the Internet and rapid advancements in

processing and storage technology. Thanks to this development in expertise, a new kind
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Abstract: The real-estate market is the central tenet 
amongst the most focused businesses regarding pricing 
and it is keep fluctuating. The rate change is normal for 
most of the business in the real world scenario, most of 
the businesses will be linearly incremented not in a 
drastic manner, but in the real-estate sector the price 
change is very drastic either increment or decrement.  
Based on the different global and local geopolitical 
factors it is varying. These factors will highly influence 
on the price of the property. The term valuation of a 
property is considered as the analytical process of 
evaluating the net worth of the property. However, 
there are a wide range of factors which affect the 
valuation process. In prediction of the prices there are 
so many approaches are there based on machine 
learning and analytics. Majorly the regression based 
approaches are giving appropriate results. But in 
certain circumstances it is going to deviate and sudden 
price spike may not be reflected there. The main 
objective of this study is to find such rate changes along 
with the correlation of the global or national 
circumstances. The prediction or forecast the future 
house prices that are generated by using Linear 
Regression Model. Here Hyderabad region dataset is 
considered, which has more fluctuated rates compared 
to any other metropolitan cities in the past two decades. 

Keywords—Lasso Regression, Linear Regression, 
Machine Learning, Feature Engineering. 

I. INTRODUCTION 

House is considered as one of the most important 
need in human’s life along with other basic needs 
such as food and water. As peoples living standards 
are improving gradually over years, demand for 
houses is also growing simultaneously. Some people 
buy house as an investment and property, but most 
people in the world are buying a house for their 
shelter and livelihood. Markets related to houses 
always show good impact on a country's economy, 
which is an important factor. 

 Housing prices are always shows the impact on 
the economy. Today buyers and sellers are 
exhibiting great interest to know the range of 
housing prices. Prediction of house prices can be 
helpful for the people while buying a house. Most 
of the real estate companies developed their 
websites to create awareness of the house prices in 
different locations.  Some of the real-estate sites are 
there to know the price of the house and size, these 

companies also uses the machine learning 
techniques for predicting and forecasting the house 
prices.  

 The price change is very dynamic in the real 
estate sector, which is influenced by various 
external factors like recession, jobs, market 
condition and density of the population. The 
internal factors that affect the living condition such 
as crime rate, pollution, populations and facilities. 
Due to several factors demand for houses is 
increasing every year, indirectly leading house 
price are increasing every year. Property demand 
and location may influence the house prices further, 
thus most of the people and real estate industry 
want to predict the house prices accurate. They 
want know the attributes or the exact factors 
influencing the house prices, which helps us to 
know the future house price. The price prediction is 
crucial in the real estate sectors. The developments 
and involvement of artificial intelligence in one’s 
daily life, the machine learning based models are 
used to predict the price more accurately.  
Predicting these dynamic changes is difficult in the 
real time. The existing work considers only internal 
factors; here external factors are also considered for 
the price change prediction.  Models are build using 
Machine Learning algorithms and algorithms from 
data, and the future data are predicted with them. It 
consists of learning methodologies such as 
supervised and unsupervised learning. In 
supervised learning there are few common 
algorithms, such as regression, classification, 
neural network and deep learning.  Using linear 
Regression algorithm by estimating the following 
fields: area, age, average area, income, house_age, 
number of rooms, year, nitric oxide concentration, 
crime rate, area population, price, average area of 
rooms. The most influencing field amongst the 
above data is identified for the house price change 
prediction. The coorelation of these fields with the 
price of the will identify the influencing features. 
With linear regression algorithm observing and 
analyzing each field and which is the most 
influencing field in the dataset.  

 The house price prediction model provides many 
advantages to the buyers, builders and investors. 
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Abstract. Nowadays, applications likeWhatsApp, Telegram etc. are widely used
for sharing images by students during their academics. The images that are shared
through these applications include printed notes, handwritten notes, question
papers, circulars, marksheets and many more. In due course of time, the storage
capacity of mobile phones gets filled up. All these images are stored in a single
media folder and get mixed up. Since there are many categories, searching for a
particular kind of image would be tedious. To reduce the task of manual deletion
of images and to sort the images according to their category, this paper describes
the design of a model that will extract the image into its respective folder.

Keywords: Handwritten notes · printed notes · circulars · convolutional neural
networks (CNN) · image classification · deep learning · artificial neural network

1 Introduction

There is a growing need for automated approaches to classify and separate various types
of documents, particularly in the context of digitalization and data management. Hand-
written notes, printed notes, circulars, question papers, and mark sheets are just a few
examples of many types of images that need to be organized and managed in both aca-
demic and professional settings. Manual sorting and organizing of these documents can
be tedious, error-prone, and time-consuming, especially when the volume of documents
is large.

To address this issue, we can employ machine learning methods like Convolutional
Neural Networks (CNNs). CNNs, a type of artificial neural network, excel at image
classification tasks and have seen success in fields including object recognition, facial
detection, and medical image analysis.

In this paper, we propose a method for automatically classifying and separating
handwritten, printed notes, circulars, question papers, and mark sheets using CNN. Our
approach involves collection and preprocessing a dataset of images of these documents,
designing, and training a CNN on the dataset, and evaluating the performance of the
trained model on a separate test set. We demonstrate the effectiveness of our approach
through a series of experiments and provide a thorough analysis of the results.

© The Author(s) 2023
B. Raj et al. (Eds.): ICETE 2023, AER 223, pp. 355–360, 2023.
https://doi.org/10.2991/978-94-6463-252-1_39
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Description:
Serverless computing has emerged as a transformative technology, gaining prominence over traditional cloud computing. It is characterized by reduced costs, lower latency, and the elimination
of server-side management overhead, and is driven by the increasing adoption of containerization and microservices architectures. However, there is a significant lack of comprehensive
resources for academic research purposes in this field.

Serverless Computing Concepts, Technology, and Architecture addresses this gap and provides a comprehensive exploration of the fundamental concepts, characteristics, challenges,
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code, Function as a Service (FaaS), and much more. This extensive reference book ensures that readers, from doctoral candidates to seasoned professionals, have a reliable source to turn to
in the coming years. By addressing the needs of those in pursuit of advanced research, this book stands as an essential cornerstone in the study and advancement of serverless computing.
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Abstract

The convergence of Internet of Things (IoT) and Machine Learning (ML) technologies has introduced

innovative smart healthcare systems that have the potential to revolutionize patient care and

medical diagnostics. However, this advancement also brings significant challenges in security,

privacy, and trust management. This chapter provides an overview of the critical aspects related to

these challenges in IoT and ML-based smart healthcare systems. The interconnected nature of IoT

devices and the vast volume of data they generate in healthcare settings make these systems

susceptible to various security threats, including data breaches, unauthorized access, and device

tampering. Robust privacy safeguards are necessary to protect sensitive patient data and comply with

data protection regulations. Trust management is essential for ensuring the dependability and

integrity of these systems, requiring secure data exchange and reliable decision-making in critical

medical scenarios. The chapter explores trust models and mechanisms suitable for IoT and ML-

enabled healthcare ecosystems and recommends techniques like differential privacy and federated

learning for patient data protection. In conclusion, it underscores the need for comprehensive

solutions integrating advanced technologies and best practices to safeguard patient data and build

trust among healthcare stakeholders, thereby maximizing the benefits of smart healthcare systems.

Introduction

A staggering 75 billion smart gadgets are expected by 2025 due to the IoT rapid development [1].

Many industries are adopting the IoT, including health care, transportation, and industrial

automation. IoT aids in enhancing smart systems in health care, education, residences, agriculture,

a b c d e
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Abstract 
 

The Internet of Things (IoT) is 
becoming an increasingly vital part of 
modern culture. New technologies like IoT 
have an impact on the world today. This has 
resulted in our being encircled by an 
abundance of technological marvels. These 
high-tech gadgets simplify and expedite our 
daily lives. However, we are vulnerable to a 
wide variety of dangers and cyberattacks. 
Our personal information is always at risk. 
There will be several security and privacy 
concerns due to the widespread nature of IoT 
technologies. To guarantee precise and 
accurate confidentiality, integrity, 
authentication, and access control, among 
others, IoT requires security and privacy 
solutions that are credible, inexpensive, 
efficient, and effective. In this study, we 
explore the varied uses of IoT and the 
associated security risks along with potential 
future research directions for securing and 
protecting the Internet of Things. 
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Technology is an indispensable part of the business world with firms using
digital platforms to gain/create, maintain and deliver customer experience,
especially post-pandemic. Digitization involves the comprehensive integration
of digital technology into all facets of a company’s operations, yielding
heightened value for customers. This book, Digital Transformation in the
Customer Experience, looks at how digital transformation can help both
service and manufacturing firms to deliver better customer experience.

This book will enhance readers’ understanding of the disruptive technologies
that have brought businesses to their current digital state, including social
media, artificial intelligence (AI), big data, machine learning, and the Internet
of Things (IoT). Numerous examples and exhibits are employed to illustrate the
book&339;s comprehensive digital framework. It presents case studies of digital
implementation across diverse industries and provides implementation
templates for businesses. Designed to support careers in consulting and the
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aspects. To offer insights into practical digital transformation in real-world
scenarios, the book incorporates case studies and examples spanning various
industries. Its organized structure makes it accessible to students, instructors,
and junior and mid-level executives. Furthermore, the book seeks to
disseminate novel technical concepts and features that can be integrated into
daily life for the betterment of society.

The book addresses important questions such as the relevance of e-service
quality in customer satisfaction and loyalty, impact and effect of adware,
malware and spyware on the digital environment, the Internet of Everything in
marketing, digital entertainment, digital transformation in healthcare and
more. The book also covers the impact of digitalization on education, finance
and banking as well as the hospitality industry. Sensitive topics like the
influence of Facebook on consumer engagement and the impact of social media
marketing communications on teenagers’ attitudes, etc. are also addressed in
the book.
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A holistic approach to the revolutionary world of quantum computing is presented in this
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Digital transformation has changed the lifestyle of people, business applications,
scienti�c approaches, and communication systems. Data security and protection plays
important role in network systems and data repositories. The latest security techniques
are being solved by many contemporary attacks. The traditional cryptography techniques
applied to binary data, encryption, and decryption use keys. The keys are predicted and
broken using hacking methods during the transmission of data. Cryptographic
techniques are upgraded using di�erent schemes. The security can be improvised using
quantum computing in data transmission of qubits form of data. The property of qubits
is liable with the no-cloning theorem, not possible to make no copies. The quantum
theory principle can be operated using polarization with qubits and photons. The
uncertainty in quantum computing on qubits can be asses at due to wrong polarization
angles. The quantized properties are used to encryption of the data using photons.
Quantum Key Distribution will share the keys.
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Abstract
The convergence of Education 4.0 and Industry 5.0 represents a transformative paradigm shift in both the educational and industrial landscapes, driven
by advanced technologies such as blockchain and the internet of things (IoT). This chapter discusses the opportunities and challenges associated with
the integration of these technologies within the context of Education 4.0 and Industry 5.0. Next in the industrial sector, Industry 5.0 is characterized by
the seamless integration of digital technologies, automation, and data-driven decision-making. Blockchain technology enhances transparency, security,
and trust in supply chains, while IoT devices provide real-time data for optimizing processes (including few challenges like scalability, interoperability,
cost, etc.). In the educational sector, Education 4.0 emphasizes personalized learning, digital literacy, and lifelong learning. Blockchain ensures the
security and immutability of educational credentials, while IoT facilitates personalized learning experiences (with few challenges like data privacy, etc.).

Chapter Preview

1. Introduction
Industry 5.0 is the next evolution of the manufacturing industry, where smart factories use emerging technologies such as the Internet of Things (IoT),
Artificial Intelligence (AI), and blockchain to create a more connected and efficient manufacturing process. The integration of blockchain technology and
IoT devices in Industry 5.0 has the potential to create new opportunities for businesses and consumers. However, this integration also presents several
security, privacy, and technical challenges that need to be addressed to ensure the success of this emerging ecosystem. This paper aims to explore
these challenges in detail and proposes potential solutions. Security challenges include the vulnerability of IoT devices to attacks and the need for
secure communication between devices. Privacy challenges arise from the large amount of data generated by IoT devices and the need to protect user
data. Technical challenges include the scalability of blockchain technology, interoperability between different blockchain networks, and the energy
consumption of blockchain mining. Addressing these challenges is important to ensure the successful integration of blockchain and IoT in Industry 5.0.
The paper will examine the potential solutions to these challenges, including the use of secure hardware modules for IoT devices and the development
of consensus algorithms that reduce energy consumption. Ultimately, this paper highlights the importance of understanding and mitigating these
challenges to achieve the full potential of blockchain and IoT in Industry 5.0. Now few of essential perspectives can be discussed here as:

In the rapidly evolving digital landscape, the convergence of blockchain technology and the Internet of Things (IoT) has opened up new possibilities and
challenges in terms of security, privacy, and technical considerations. This combination has the potential to revolutionize various industries, ranging from
healthcare and supply chain management to energy and transportation.
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Abstract

From the last few decades, researchers are enthusiastic to develop machines that work and
act as human beings. Computer vision (CV) is the most excellent field for researchers to
fulfill their dreams. CV is a subfield of artificial intelligence. CV works with visual inputs
like digital images and videos. Mainly it focuses on creating systems, which process and
analyze the visual input data, to get meaningful information from those inputs. It aims to
perform di�erent types of operations on supplied visual inputs. Object classification,
object identification, object tracking, edge detection, feature extraction and human
identification are few applications of CV. To perform di�erent types of operations, special
algorithms with minimum computation time are required. Various libraries are developed
to perform CV operations. Among all open sources, computer vision library (OpenCV) is the
most popular and widely used open-source library for developing CV applications. OpenCV
is designed to develop CV applications using inbuilt methods with less computational time.
The major goal of OpenCV library is to provide a classy view to researchers with an
optimized code mechanism on basic infrastructure. In OpenCV, optimized code is
developed for a lot of applications like filters and edge detection. Using this optimal code,
researchers can develop their applications. OpenCV supports various operating systems,
including mobile operating systems. This chapter discusses developing computer visual
applications using OpenCV. This will be useful for researchers to understand and use
OpenCV for their applications.
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