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PREFACE 

Scientific progress in the fields of chemistry and material science has been 

instrumental in shaping modern technological advancements. These disciplines form 

the foundation for innovations in pharmaceuticals, energy storage, nanotechnology, 

environmental sustainability, and numerous other fields that impact our daily lives. As 

research in these areas continues to evolve, it is essential to explore emerging trends 

and their potential applications. 

The book Research Trends in Chemical and Material Science presents a 

comprehensive collection of contemporary studies and advancements in these dynamic 

fields. This volume brings together contributions from researchers and experts, 

offering insights into the latest discoveries, experimental techniques, and theoretical 

developments. The chapters encompass diverse topics, including novel materials 

synthesis, chemical reactions, computational modeling, and their real-world 

applications in various industries. 

A key focus of this book is to highlight interdisciplinary approaches, where 

chemistry and material science intersect with physics, biology, and engineering to 

address complex scientific challenges. The integration of sustainable practices, green 

chemistry principles, and eco-friendly materials is also emphasized, reflecting the 

growing need for responsible scientific research. 

This book aims to serve as a valuable resource for researchers, academicians, 

and students who seek to stay updated on the latest trends in chemical and material 

science. It provides a platform for knowledge exchange and encourages further 

exploration in these ever-expanding fields. 

We extend our gratitude to all the contributors whose dedicated research 

efforts have made this publication possible. We also appreciate the unwavering 

support of the scientific community in advancing knowledge for the benefit of society. 

 

- Editors 
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Abstract:  

EOR techniques have transformed the petroleum industry by extracting oil beyond 

conventional methods. Among them, miscible gas injection, especially with CO2, has been one 

of the most effective and widely used strategies. In addition to enhancing oil mobility through 

reduced viscosity and improved displacement efficiency, CO2 injection provides the added 

advantage of carbon sequestration, which makes it an environmentally friendly option. Miscible 

gas injection involves one of the main mechanisms-Vaporizing Gas Drive, whereby the injected 

gas-CO2 and hydrocarbon-rich gas-separately contacts and gradually mixes up with the reservoir 

oil. Intermediate hydrocarbons from the oil phase transfer to the gas, thereby enriching it, which 

makes it miscible. Reduced interfacial tension, swelling, and overall increased mobility are all 

positive factors in miscible gas injection. Experimental studies have shown that, despite the high 

Minimum Miscibility Pressure (MMP) of methane, ethane and CO2 are much more effective in 

dissolving a broader range of hydrocarbons. Although CO2 has been used as an EOR technique 

for decades, it is now being brought into the limelight due to the increased emphasis on CCUS. 

Because of the synergy between EOR and CCUS, injection of CO2 will not only efficiently 

increase oil recovery but also be a feasible method to reduce greenhouse gas emission in the 

environment. In addition, optimizing the gas-injection technique is finding better EOR strategy 

for deep and unconventional reservoirs through MD and CFD simulations. In conclusion, 

Vaporizing Gas Drive, applied with CO2 injection, presents one of the most efficient means of 

enhanced oil recovery. Other alternatives, like methane and nitrogen, have been considered; 

however, the most promising is CO2 because of its excellent miscibility characteristics, 

environmental benefits, and its efficiency in tight and deep reservoirs. Continued research and 

innovation in this field will be essential to unlocking the full potential of EOR while addressing 

sustainability concerns in the energy sector.  

Keywords: EOR; Miscible Gas Injection; CO2 Injection; Minimum Miscibility Pressure (MMP); 

Carbon Capture Utilization and Storage (CCUS). 

mailto:prasenjit_duiet@dibru.ac.in
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Introduction: 

EOR is a group of innovative techniques designed to significantly increase oil output, 

going beyond the drawbacks of conventional primary and secondary recovery methods. Mature 

oil fields, where initial production rates decline due to decreased reservoir pressure and oil 

mobility, are the ideal candidates for EOR applications. These tactics aim to improve oil mobility 

and displacement efficiency by altering the properties of reservoir fluids such as infusing 

surfactants to alter the interfacial tension between water and oil or injecting compounds such as 

polymers to decrease the viscosity of oil and increase sweep efficiency. (Apostolos Kantzas et 

al.) (Abdurrahman et al., 2025) 

One well-known EOR method that uses the miscibility principle to improve oil recovery 

is miscible gas flooding. Miscibility between the resident oil and the injected gas is essential for 

effective displacement in the context of oil recovery.  (Hamouda & Chughtai, 2018).   

The oil in the reservoir interacts with the injected gas, which is usually a hydrocarbon gas 

or a mixture of gases. Miscibility develops as a result of a gradual change in the composition of 

both phases brought about by numerous interactions and mass transfer. This procedure can be 

intricate and affected by variables like temperature, oil composition, reservoir pressure, and the 

nature of injected gas. (Baharizade & Sedaee, 2022). Under particular reservoir circumstances, it 

is the lowest pressure at which miscibility between the injected gas and the reservoir oil can be 

attained. In order to maximize oil recovery and optimize injection tactics, the MMP must be 

determined. (Z. Chen et al., 2025; Hawthorne & Miller, 2019) (Hawthorne et al., 2016) 

For a miscible gas flood to be successful, the right injection gas must be chosen. 

Because of its potential for carbon sequestration, high displacement efficiency, and 

comparatively low MMP, carbon dioxide (CO2) is widely preferred. 

A widely accessible and reasonably priced alternative that is frequently combined with other 

gases. (Nobakht et al., 2008) 

Miscible gas flooding, especially when combined with CO2, is a viable strategy to 

improve oil recovery from established reservoirs and possibly reduce greenhouse gas emissions. 

However, the effective application of these methods depends on thorough planning, reservoir 

characterization, and process optimization. (Bolouri et al., 2013; Shen & Sheng, 2018; Zanganeh 

et al., 2015) 

In a vaporizing gas drive, the injected gas which is frequently rich in intermediate 

hydrocarbons is intended to evaporate into the reservoir oil. The dissolved gas components cause 

the oil phase's volume to rise noticeably, a process referred to as "oil swelling." Because the 

dissolved gas components are present, the oil's viscosity is greatly decreased, increasing its 
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mobility and ease of displacement.  The combined effects of viscosity reduction and oil swelling 

improve the injected gas's capacity to move the oil more efficiently through the reservoir. 

(Apostolos Kantzas et al.) 

CO2 usage in EOR methods has been used for many decades, but it has seen a spike in 

interest due to the heated topics of Carbon Capture and Utilisation (CCU). Although new 

projects have not been as entertained as they should have been due to economic restraints. (Khan 

et al., 2013) (Hawthorne & Miller, 2019) 

Through experimentation it has been found that CO2 is the most appropriate option. 

Methane tends to dissolve lighter hydrocarbons (upto C12), CO2 tends to dissolve light to mild 

hydrocarbons (upto C16) while Ethane tends to dissolve nearly the whole range of hydrocarbons. 

It shows that CO2 and Methane tend to be biased against the heavier hydrocarbons, while that is 

not the case with Ethane. (Derakhshan & Shariati, 2012; Hawthorne & Miller, 2019; Khan et al., 

2013) 

Ethane can be used to yield higher overall recovery but it is best utilised when it is used 

along with CO2 flooding or after, thereby reducing the deposition of paraffins and higher 

molecular weight hydrocarbons in the reservoir. 

Though prior research has shown that adding methane to CO2 increases MMP while 

adding ethane or other natural gas liquids (NGLs) to CO2 decreases MMP, most experimental 

investigations on hydrocarbon behaviour under both miscible and immiscible conditions have 

concentrated on CO2. Likewise, adding ethane or other NGLs to lean gas reduces MMP and can 

improve oil recovery when used for EOR. According to a recent study of experimentally 

determined MMPs for crude oil from a conventional reservoir undergoing CO2 EOR, pure 

methane produced an MMP of 28.1 MPa (4076 psi), which was more than five times higher than 

the MMP with ethane of 5.27 MPa and nearly three times higher than the 9.68 MPa (1404 psi) 

MMP measured with CO2. 

Gas Injection 

Gas Injection is considered an effective and widely used EOR method. Its effectiveness 

has been thoroughly studied and proved through numerous experiments, simulations and field 

projects. (Koyanbayev et al., 2023). It can be estimated that about 60% of EOR projects are CO2 

based. 

With the increasing demand for crude, we have started to shift from conventional 

reservoirs to deep reservoirs. In such reservoirs, water flooding starts to become ineffective. 

(Yan et al., 2023) (Bahramian et al., 2007) (M. Chen et al., 2025; Ramadan & Shedid, 2018; 

Tang et al., 2018) 
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The basic concept of CO2 EOR is based upon the interrelation between carbon dioxide 

and crude oil existing under specific conditions of pressure and temperature that obtain in a 

geologic reservoir. CO2 dissolves into the trapped oil, which occupies microscopic pore spaces in 

the reservoir rock. Thus, the crude oil dissolves into the porous spaces of the reservoir rock to the 

following advantages such as reduced viscosity, increased reservoir pressure, etc. It also helps to 

form an oil bank, such that the CO2 sweeps through the reservoir. (Awan & Kirmani, 2024) 

(Khan et al., 2013) 

In normal procedure, the process of CO2 injection is carried out through specially drilled 

wells into the reservoir. Strategic injection well placement ensures that they are in optimal 

locations to achieve the maximum possible sweep efficiency of the injected CO2. The latter 

maximizes contact between CO2 and Reservoir Oil as much as possible. Mobilized oil is then 

pumped out through the producing wells towards the surface. (Baharizade & Sedaee, 2022) 

(Awan & Kirmani,2024) 

For CO2 EOR to be successful, much infrastructure must provide and transport CO2 to 

oilfields. This is mainly through pipelines where carbon dioxide can be delivered over long 

distances from sources that include industrial plant sites, natural gas processing facilities, or CO2 

producing wells. The pipeline systems facilitate continuous injection operation and thus ensure a 

steady supply of CO2. (Awan & Kirmani, 2024) 

For periods, the sizeable drivers in the oil and gas assiduity have sought to establish the 

feasibility of Nitrogen gas injection for stronger oil recovery due to its excessive compressibility, 

idleness in chemical parcels, and pretty low cost of product (the source material is atmospheric 

air). 

N2 is carried out in better Oil recovery by 'miscible injection' or' miscible flooding', that is 

the technique that complements hydrocarbon mobility through a drop in interfacial stress 

between oil and water. (Tileuberdi et al., 2023) The methane injection in EOR as detailed in the 

fractured reservoirs study mainly refers to the infusion of methane as a miscible or near-miscible 

gas to enhance oil recovery efficiency. (Baharizade & Sedaee, 2022) 

Methodology 

Determining MMP is essential to determine whether the Vaporising Gas Drive will be 

effective (Z. Chen et al., 2025). To determine CO2 MMP, we can conduct a number of 

experiments such as coreflood test, slim-tube test along with the use of models such as 

microfluidic models. Due to high computing requirements, empirical correlations along with 

computational simulations that use EOS equations are used. (Benelli et al., 2025) 
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We can determine microscopic miscible mechanism and macroscopic flow characteristics 

of gas and crude by combining Molecular Dynamic (MD) simulation and Computational Fluid 

Dynamics (CFD) simulations. (Yan et al., 2023) 

We can combine theory and experimental data to find new empirical mass transfer 

correlations to better understand the Vaporising gas drive concept as it is important as 

condensates vaporize in porous media. (Mohamadi-Baghmolaei et al., 2020) (Ramadan & 

Shedid, 2018) 

To determine the pressure maintenance of CO2 injection 3-D models are used which 

include five vertical and three horizontal wells. (Zheng et al., 2013) 

We can also take the help of Static Capacitance Resistance Model (SCRM), that uses 

time constant parameters, to better understand reservoir aquifer interactions and to enhance 

pressure maintenance. (Lesan et al., 2023) 

CO2 can be sourced from the naturally sequestered emission sources of power plants and 

other industries that otherwise would have entered into the atmosphere. (Awan & Kirmani, 2024) 

In Nitrogen gas injection, N2 of a suitable minimal Miscible strain (MMP) is equipped into a 

pressure to loosen up hydrocarbons trapped inside the conformation. (Tileuberdi et al., 2023) 

At veritably excessive pressures(psi), N2 forms a miscible slug that sweeps oil and fuel 

from difficult-to-attain sections of the pressure and pools them collectively, after which they'll be 

pumped up the product well for collection. This procedure can recover as much as 60% of the 

authentic oil in place. (Tileuberdi et al., 2023) (H. Zhao et al., 2025) 

1. Multiple Contact Miscibility Process in Vaporizing Gas Drive 

Miscibility of the injected lean fuel and the reservoir oil starts taking place through 

successive contacts, which is called more than one touch miscibility (MCM) within the 

vaporizing fuel force process. The injected gasoline, wealthy in methane (C1) or inert gases like 

nitrogen, is not to start with miscible with the reservoir oil. but, as the technique continues, the 

fuel turns into enriched with intermediate and heavier hydrocarbons from the oil and hence 

achieves miscibility beneath favourable conditions. (H. Zhao et al., 2025) 

The injected gasoline, point 'S' inside the pseudo ternary diagram, is basically wealthy in 

mild additives along with methane. The oil inside the reservoir, factor 'O', is intermediate and 

heavy hydrocarbons. The initial touch between the injected gasoline and the oil is a combination, 

M1, which separates into two stages: Liquid phase, L1 (Heavier hydrocarbons) Fuel section, V1 

(Injected gas rich in intermediate and heavy hydrocarbons).                                            
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2. Segment Mobility and Enrichment 

The gas segment V1 is extra cellular than the liquid segment L1 and moves forward, and it 

encounters reservoir oil. On contact with oil, a brand-new combination M2 is formed, which once 

more splits into gasoline section V2 which is richer in intermediate hydrocarbons than V1 and 

liquid phase L2 contains heavier additives than L1. Every successive gas section V1, V2, V3. will 

become regularly enriched with intermediate hydrocarbons. This enrichment brings the gas 

composition closer to the critical factor composition. 

3. Reaching Miscibility    

After repeated contacts, the fuel section composition tactics the essential factor ('C') on 

the pseudo ternary diagram. At this point: The fuel and oil phases lose segment limitations. The 

tie line between the gasoline and liquid phases has zero distance, indicating miscibility. The 

miscible gasoline can then push out the reservoir oil in a non-stop, piston-like style without 

phase limitations within the transition sector. A transition sector develops at the main edge of the 

advancing fuel, wherein: The composition of the gas changes steadily from the injected lean gas 

to the important factor composition. Miscible displacement of the reservoir oil takes location 

easily inside this region, as there aren't any segment barriers. 

4. Conditions for Miscibility 

a) The reservoir pressure should be above the minimal miscibility pressure (MMP) for 

miscibility improvement. b) In the pseudo ternary diagram, the composition of oil needs to be on 

or to the right aspect of the crucial tie line; which means it has to have a good enough quantity of 

intermediate hydrocarbon composition. c) On the left aspect of the important tie line, the injected 

gasoline has to have a particularly wealthy composition of mild components along with methane. 

(Apostolos Kantzas et al.) (Cao & Gu, 2013b) 

 

Figure 1: Pseudo Ternary Diagram (Apostolos Kantzas et al.) 
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Discussion: 

Higher petroleum extraction can be done with the help of hydrocarbon gas injections. It is 

well known that hydrocarbon gas causes oil swelling, reduces viscosity and is fully miscible. 

Hence it is an important and beneficial EOR method (Yan et al., 2023) 

Injection mediums are crucial for EOR success, but owing to the complexity of a 

reservoir selection criteria may become cumbersome. Also, the characteristics of a deep reservoir 

to be of high temperature and pressure leads to further complications. Hence to tackle such 

problems, MD-CFD simulations need to be used. (Yan et al., 2023) 

Nitrogen fuel injection is any other one of the extra favoured EOR approaches since it is 

economically feasible and sustainable. One rail vehicle N2 storehouse and shipping unit can hold 

as vital as 1.2 million (SCF) of liquid N2. (Tileuberdi et al., 2023) 

Some other advantage of the use of Nitrogen gasoline injection for superior oil 

restoration is its inert chemical characteristics. N2 can help down-hole combustion of ignitable 

feasts and has no sharp impact on channels, in contrast to CO2. (Tileuberdi et al., 2023) 

Methane injection into the reservoir is for attaining the miscibility condition with the 

reservoir oil by reducing the interfacial tension and enhancing displacement efficiency. 

(Baharizade & Sedaee, 2022) 

The MMP for methane was calculated as 465 atm, which is higher than the MMP of other 

gases like CO2 and rich gas. This means it is that much harder to achieve miscibility. (Baharizade 

& Sedaee, 2022) (Derakhshan & Shariati, 2012) 

Methane injection increased the recovery factor to 16.70% when it was 15.2% in the 

natural depletion scenario. Given that methane has evolved as an all-inferior EOR agent 

compared to CO2 or rich gas, it is still able to accrue a marginal increase in ultimate oil recovery. 

(Baharizade & Sedaee, 2022) 

With methane injection rates being very high, gas breakthrough may occur early, thus 

decreasing the net oil recovery. Optimization of the injection rate is imperative so that it balances 

the partial matching conditions avoiding a wastage of gas. (Baharizade & Sedaee, 2022) (Awan 

& Kirmani, 2024). SCRM method has shown acceptable accuracy of about 6% for homogeneous 

cases. (Lesan et al., 2023) 

For unconventional tight reservoirs such as Bakken reservoir, where oil recovery is 

difficult, use of miscible CO2 flooding has proven to be effective. (Luo et al., 2017) (C. Li et al., 

2020) (Hawthorne & Miller, 2020) (Bolouri et al., 2013; Shen & Sheng, 2018; Zanganeh et al., 

2015) (Bolouri et al., 2013; Cao & Gu, 2013a; S. Li & Luo, 2017; Shen & Sheng, 2018). Even 
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for shale reservoirs CO2 is an attractive solution due to its low cost, high efficiency and 

environmentally friendly nature. (F. Chen et al., 2024) 

Use of techniques such as Polymer Inclusion Membranes can be used for metal removal 

from gas injections. (S. Zhao et al., 2024) Plus nanoparticles can be used to enhance EOR. 

(Ahmadi et al., 2024) 

Conclusion: 

Just like CO2 and rich gas are more effective in reducing the interfacial tension with oil 

and thus achieve better miscibility, methane at large, was a disappointer in this regard. Methane 

tended to produce a higher gas/oil ratio in comparison to rich gas and CO2 due to its lower oil 

solubility, thereby causing more gas-liquid drop-out at the surface. (Awan & Kirmani, 2024; 

Baharizade & Sedaee, 2022; Tileuberdi et al., 2023). 

Hydrocarbon gas should be studied in further detail to develop deep reservoirs (Yan et 

al., 2023). Tight unconventional reservoirs are better suited to miscible CO2 flooding. (Luo et al., 

2017) (Wang & Gu, 2011). 

CO2 shows favourable sequestration performance when shale reservoirs are concerned. 

(F. Chen et al., 2024). It can also be used for CCUS. (Khan et al., 2013) (Azzolina et al., 2015; 

Gorecki et al., 2015) (Azzolina et al., 2015; Gorecki et al., 2015; Nobakht et al., 2008). 

All in all, it can be concluded that CO2 is a better option as compared to other gases for 

EOR methods. 
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Abstract: 

Artificial Intelligence (AI) and Machine Learning (ML) are increasingly making various 

several developments in the oil and gas industry, particularly in reservoir engineering. In this 

paper, a comprehensive review of the various applications of Artificial Intelligence and Machine 

Learning is given, highlighting on the need to enhance decision making, increasing efficiency, 

reducing costs and optimizing production. Important applications include prediction of 

permeability, estimating total production, differentiating between pores and microfractures, and 

optimizing field development through various machines learning techniques like Artificial 

Neural Networks (ANN), Support Vector Machines (SVM), and XGBoost. Moreover, AI plays 

an important role in automating subsurface analytics and provides accurate reservoir modeling 

without complex geological assumptions. Challenges of data integration, talent shortage, and AI 

scalability are addressed along with future scenarios suggesting a dynamic transformation in 

industrial practices and methods. This review emphasizes AI and ML's growing importance in 

tackling the complexities of modern reservoir management and focuses on effective, data-driven 

strategies. 

Keywords: Artificial Intelligence, Machine Learning, ANN, SVM, Reservoir Engineering, 

Porosity, Permeability 

Introduction: 

Artificial Intelligence (AI) and Machine Learning (ML) play an important role in oil and 

gas industry, especially in the field of reservoir engineering. Earlier, reservoir engineering 

depended on labour-intensive, manual methods of gathering and analysing data, which require a 

significant amount of time and resources. But with the advancements in AI and ML, these 

processes have helped in achieving faster, accurate results in making predictions and 

optimizations. AI’s capacities in analysing data from sources like seismic data, well logs, core 

analysis, etc., has changed the way of understanding and model the reservoir characteristics and 

predict performance. ML algorithms like Artificial Neural Networks (ANN), Genetic Algorithms 

and Support Vector Machines (SVM), have enhanced production forecasting, estimate 
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permeability and optimize oil recovery strategies. Also, AI is making significant improvements 

in tackling challenges of unconventional reservoirs, particularly shale formations, where 

hydrocarbon uncertainty is high and traditional methods often become cumbersome. This paper 

focuses in the prime applications of AI and ML in reservoir engineering, exploring their impact 

of efficiency, accuracy and decision making in reservoir management. 

AI and ML Concepts 

Artificial Intelligence (AI) and Machine Learning (ML) helps in making most jobs in the 

industries automation based. Similarly, oil industry has transformed and has similar advantages 

of AI and ML in improving reservoir development planning and operational accuracy through a 

number of automated systems. In field development, computerized static and dynamic simulation 

models are generated based on several petro-physical and geo-mechanical properties obtained 

from various earlier resources which are time-consuming and expensive. Using AI and ML, 

processes have become much easier, faster and economical using the learning through 

experiences from already explored reservoirs, rock properties and fluid flow behaviour under 

various conditions and predicts accordingly. E&P strategies in a reservoir depend mostly on the 

properties of reservoir rocks and geology of formations within the reservoir. But in an 

unconventional reservoir, particularly in shale formations, uncertainty in comparatively high. AI 

is making processes easier and accurate. Shale oil and gas are today the most significant 

producers of hydrocarbons in the United States from the unconventional reservoirs [1][2]. A few 

algorithms of AI and ML used commonly are: Artificial Neural Networks (ANN), Fuzzy rule-

based systems, Genetic Algorithms (GA), Integrated Neural Networks, etc. 

Usage in Reservoir Engineering 

In reservoir engineering, topics like fluid flow through porous media, production 

forecasting and field optimization are included. Numerous simulations, models and 

experimentations are required for the preparation of subsurface property maps and PVT analysis 

[3]. Seismic data, well-log data, core analysis, past performance data of the reservoir are 

included into a single plan by machine learning algorithms. Complex pressure transient analysis 

and deconvolution of pressure data are performed by algorithms regarding Artificial Neural 

Networks, Genetic Algorithms, Response Surface Model (RSM), etc. Teixeira and Secchi (2019) 

used optimization algorithms to maximise total oil production by identifying optimum control 

[4]. The models are helpful in history matching of the reservoir. A huge amount of data is used to 

develop reservoir maps and need updates repetitively according to newer data updated. ANN can 

estimate permeability and porosity, but now it can be performed by other methods like K Nearest 

Neighbours (KNN), Support Vector Regression (SVR) to predict fluid properties in a reservoir. 

The synthetic reservoir model can be used for the numerical simulation of reservoir oil. The 
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parametric study can be carried out by comparing different machine learning techniques used to 

predict permeability, seismic attributes and wire-line data. Nwachukwu et al. (2018) selects five 

cases like homogenous reservoir water flood, channelized reservoir water flood, CO2 flood in a 

heterogeneous reservoir with complex topography [5]. 

Permeability Prediction 

Permeability is an important parameter in reservoir characterization and evaluation. 

Using traditional methods, we can determine permeability by core analysis along with other well 

test methods, which not only results in a heavy cost but also require huge amount of time. 

Numerous attempts have been undertaken due to these problems to employ artificial neural 

networks with the aim to find and present the relationship of all well log data and the 

measurements of core permeability recorded. More advancements have led to development of a 

better machine learning technique namely Support Vector Machine (SVM). Results obtained 

from SVM show a higher level of accuracy than ANN. Also, comparison of results of SVM with 

General Regression Neural Network (GNNN) showed SVM technique is more faster and precise 

than GNNN technique in predicting permeability of hydrocarbon reservoirs [5]. 

Prediction of Production 

A P oilfield is an oilfield in a continental multilayer sandstone reservoir. It is very 

difficult to precisely determine productivity of oil well initially due to a long oil-bearing interval, 

difference in fluid properties. To predict initial productivity of oil wells, a deep neural network is 

built based on XGBoost, following by analysis of main controlling factors of productivity. A 

hundred oil wells were chosen. A period of 6 months with a certain productivity index is taken 

initially as target data along with various geological and reservoir parameters taken as input data, 

and formed a deep-learning based unconsolidated sandstone productivity forecast model was 

built for predicting initial productivity of oil wells. Mean square root error of predictive result 

was found to be less than 0.15, which was found similar to actual productivity. Machine learning 

has the advantages of effective forecasting of oil well productivity and the main controlling 

factors using multi‐dimensional and big data hence saving costs and time for other useful 

processes [6]. 

Differentiating Pores and Micro-Fractures 

Various petrographic observations are important for understanding geological structures 

and fluid storage capacities. However, current approaches to petrographic pore-typing heavily 

rely on manual techniques, yielding qualitative or semi-quantitative results that are difficult to 

integrate into a comprehensive subsurface analysis. Recent advancements in the field have seen 

attempts to automate pore classification through supervised machine learning (ML) and deep 

learning (DL). These methods focus on selecting basic morphological features of pores and 
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achieving impressive accuracy across diverse pore configurations. Nevertheless, concerns arise 

regarding the validity of findings from these studies, primarily due to conceptual and technical 

shortcomings in their methodologies leveraging these technologies. Firstly analysis of 18 

carbonate thin sections sourced from different locations within the United States, quantifying 

them based on five key shape characteristics is done: compactness, aspect ratio, extent, solidity, 

and form factor. Utilizing a labeled dataset comprised of 400 samples each for pores and 

microfractures allowed to test nine widely recognized supervised models. The results were 

noteworthy; all tested models demonstrated high accuracy rates ranging from 89.58% to 90.42%. 

Interestingly, more complex non-linear models did not show substantial performance 

improvements over simpler linear alternatives. Among the evaluated features, compactness and 

aspect ratio emerged as particularly informative for classification purposes. Despite achieving 

high accuracy rates in our work—and across similar studies—the labeled datasets used do not 

encapsulate the entirety of data complexity typically found in natural carbonate systems. The 

excellent performance observed may stem from specific curated database constraints rather than 

an accurate reflection of variegated carbonate pore architectures. Thus, we conclude that relying 

solely on fundamental shape descriptors is inadequate for accurately classifying various 

carbonate pore types effectively. Carbonate pore-typing represents a pivotal challenge when it 

comes to rock type identification—petrographic techniques deployed via thin sections constitute 

one of the most sophisticated means available today for characterizing saline porosities at critical 

scales essential in geological assessments [7]. 

Subsurface Analytics 

Subsurface analytics is a new technology that brings a revolution in the way of reservoir 

simulation and modeling. Instead of beginning with the development of mathematical equations 

that would describe the physics of the fluid flow through porous media and then alteration of the 

geological models to get the history match, Subsurface Analytics that is an entirely data-driven 

reservoir simulation and modeling technology is a completely different approach. 

In data-driven reservoir modeling, field measurements form the foundation of the 

reservoir model. Using data-driven pattern recognition technologies, the physics of fluid flow 

through porous media is modeled through discovering the best, most appropriate relationships 

between all the measured data in a given reservoir. In this approach, to match the dynamic field 

measurements such as fluid (oil, gas, and water) productions, reservoir pressure, and water 

saturation, the interaction between all the field measurements such as reservoir characteristics, 

well placement and trajectory, completion details in space and time, operational constraints, etc. 

are modeled through discovery of the complex set of relationships and patterns between all the 

field measurements.  
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The essential characteristics of Subsurface Analytics are:  

1. No Interpretations 

2. No Assumptions 

3. No Complex Initial Geological Model 

4. No Upscaling. 

In addition, it should be noted that the key series of dynamic variables, which are used to 

construct this model, are measured on the surface (flow line and wellhead pressure and 

temperature, choke setting, as well as oil, gas and water production) while other major static 

(well logs, cores, seismic, etc.) and sometimes even dynamic (completions) characteristics are 

based on subsurface measurements. 

The Subsurface Analytics’ "History Matching" process is fully automated, taking a tiny 

fraction of the time compared with the history matching of the traditional numerical simulation 

models. 

Unlike history matching of the traditional numerical simulation models where local 

(well-based) modification of the model (measured reservoir characteristics, transmissibility, skin, 

etc.) plays a crucial role, especially for highly complex mature fields, the automatic history 

matching of Subsurface Analytics does not include any local modifications of the model. 

Subsurface Analytics completely changes how mature fields are modeled. This Coupled 

Reservoir-Wellbore Simulation (CRWS) modeling technology, based on Artificial Intelligence 

and Machine Learning, has a very small computational footprint, which highly contributes to 

most of the post-modeling analyses such as single and multi-parameter sensitivity analysis, 

uncertainty quantifications, production and recovery optimizations, infill location optimization, 

injection optimization, and field development planning [8]. 

Relationship among Porosity, Permeability and Pore Throat Size  

Finding an accurate method for estimating permeability other than from well logs has 

been a difficult task for many years. We can understand the relationship among porosity, 

permeability, and pore throat radii using three methods such as multiple regression analysis, 

artificial neural network (ANN), and adaptive neuro-fuzzy inference system (ANFIS) for 

application in transition zone permeability modeling. First, 228 core samples of carbonate from 

the transition zone were taken and subjected to a detailed MICP test. Multiple regression was 

then used on pore throat and porosity measurements to estimate the permeability. For ANN, a 

two-layer feed-forward neural network, sigmoid hidden neuron, and linear output neuron are 

used. It is a method that requires input/output data with training, validation, and testing. 

However, for the ANFIS method, a hybrid optimization consisting of least-square and back 

propagation gradient descent methods with a subtractive clustering technique was used. The 
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ANFIS combines both the artificial neural network and fuzzy logic inference system (FIS) for 

the training, validation, and testing of input/output data. The results indicate that the best 

correlation for the multiple regression technique is achieved for pore throat radii with 35% 

mercury saturation, which is referred to as R35. However, for both the ANN and ANFIS 

techniques, pore throat radii with 55% mercury saturation referred to as R55 give the best result. 

After their applications, it is realized that both the ANN and ANFIS are more effective and 

efficient, hence recommended to be used as compared to the multiple regression techniques that 

are normally practiced in the industry [9]. 

Trends, Challenges, and Scenarios for Future 

It's quite evident that though artificial intelligence is an emerging trend in oil and gas, 

there are applications that have already added countable value [10]. Several examples of how 

artificial intelligence helps accelerate and minimize risk in many business processes associated 

with the exploration of hydrocarbon resources, development of oil and gas fields, and raw 

hydrocarbon production are visible. 

There is an ongoing experiment on the scalability of artificial intelligence throughout the 

whole industry. Evaluation of the impact of education, organizational attitude and data 

availability on the speed and direction of penetration of artificial intelligence to oil and gas 

upstream will become a determining factor for the success of implementation of AI and/or ML. 

Based on this analysis, we draw three possible scenarios of the spread of artificial intelligence 

within oil and gas in the coming five to twenty years: People, Data and Open Collaboration [11]. 

The oil and gas industry is increasingly using AI and data-driven methodologies to improve 

decision-making and optimize drilling and production processes. The key applications of AI 

include seismic interpretation, well logging, reservoir engineering, and drilling optimization. 

Companies use machine learning and deep learning algorithms to analyze data from various 

sources to make more objective decisions, reduce risks, and realize cost savings. However, a lack 

of AI talent, poor data quality, and the need for cooperation hinder the fast adoption of AI 

technologies [12]. The role of the petroleum engineer has evolved to incorporate skills in data 

science, and three potential scenarios for the integration of AI in the industry highlight the range 

of possible outcomes-from significant cost reductions to decreased profit margins. Strategic 

leadership and organizational change underpin successful digital transformation.  

AI and ML practises help in accelerating processes, improving decision-making, 

transforming the oil and gas sector through AI. Further, seismic interpretation, well logging, and 

drilling optimization through AI are some other advantages. The machine learning algorithm 

provides an objective analysis of data from a source. But the shortage of talent and quality of 
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data create challenges to speed up AI. Also, role of the petroleum engineer changes to data 

science competencies integration with application of these practises. 

The integration of AI into the oil and gas sector is symbolic of a new paradigm that 

embodies better decision-making processes and higher operational efficiencies. AI helps bridge 

the gap from traditional, largely subjective methods towards more structured data-driven 

approaches for both exploration and production workflows. The recent trends in the industry 

show that AI tools are increasingly being used to not only speed up processes but also mitigate 

risks associated with upstream operations through predictive insights and real-time analytics. 

Upstream operations are highly uncertain due to the volatile nature of oil and gas markets, 

geological complexities, and shifting regulatory landscapes.  The need for AI in oil and gas in 

today’s world can be as following: 

Increasing Complexity: The growing shift towards "difficult-to-recover" reserves and 

difficulty in extraction of hydrocarbons that are beyond recoverable by conventional techniques. 

Decision-making Uncertainties: Traditional decision-making processes are often ruined by 

expert biases and dependence on previous experiences. Consequently, AI emerges as a critical 

enabler that gives objective assessments, more effective investment strategies and operational 

decisions. 

Case Studies: The practical application of AI across various upstream activities, as 

evidenced by the authors' experiences, includes successful projects encompassing geological 

assessments, reservoir simulations, and production optimization, demonstrating AI’s versatility 

in enhancing operational outcomes. 

Some key challenges in AI use are: 

• Talent shortage: With AI technologies developing at such a sharp pace in the oil sector, it 

requires recruitment and retention of talent to effectively fill the gap between traditional 

petroleum engineering practices and modern-day data science methods. 

• Educational Reforms: In response, universities are increasingly developing 

interdisciplinary programs that merge petroleum engineering with data science 

curriculums, ensuring that the next generation of engineers is equipped with essential 

skills to thrive in this evolving industry. 

• Data Integration Challenges: The existing corporate structures of oil and gas companies 

frequently hinder effective data sharing and collaborative efforts, which are critical for 

meaningful AI development and deployment. 

• The Need for Centralized Data Storage: Organizations are thus motivated to change their 

data management approach and adopt comprehensive data-sharing agreements among all 

stakeholders to ease access to the data and promote the application of AI technologies. 
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• Some future scenarios for AI in oil and gas are described as follows: 

• Positive Scenario: A future characterized by widespread acceptance of AI technologies 

leads to the establishment of robust infrastructure for data sharing, resulting in significant 

cost savings and enhanced decision-making processes, underpinned by advanced AI 

tools. 

• Realistic Scenario: In a more tempered scenario, while some advancements occur, the 

pace of AI integration remains restrained due to ongoing data-sharing challenges and 

lingering scepticism regarding the reliability of AI outputs. 

• Negative Scenario: In the least favourable scenario, poor data sharing practices and 

distrust in AI technologies stifle innovation and limit practical applications, resulting in 

marginal improvements within the oil and gas margins. 

Conclusion: 

In conclusion, AI and ML are proving to be transformative tools in reservoir engineering, 

offering innovative solutions to some of the industry’s most complex challenges. From 

predicting permeability and production rates to automating subsurface analytics, these 

technologies are improving the speed and accuracy of decision-making in reservoir development. 

Machine learning algorithms have significantly reduced the time and cost associated with 

traditional reservoir modeling, enabling engineers to focus on more strategic tasks. Despite the 

clear advantages, challenges such as talent shortages, data integration, and AI scalability remain 

barriers to widespread adoption. However, as data quality improves and collaboration between 

engineers, data scientists, and management increases, the future of AI in the oil and gas industry 

looks promising. With continued investment in AI technologies and education, the oil and gas 

sector will be better equipped to handle the complexities of modern reservoir engineering and 

maximize resource management for years to come. 
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Abstract:  

Paper-based sensors have emerged as a promising technological advancement in the 

development of analytical devices that are cost-effective, portable, and disposable. These sensors 

have gained significant attention across various fields, including clinical diagnostics, food 

quality control, and environmental monitoring. Their widespread applicability is primarily 

attributed to the inherent properties of paper, such as its ability to facilitate passive liquid 

transport and its compatibility with various chemical and biochemical reactions.  

Despite these advantages, the practical application of paper-based sensors is often 

constrained by limitations related to accuracy and sensitivity. These challenges hinder their 

broader adoption in analytical applications requiring precise measurements. However, 

continuous advancements in fabrication techniques and analytical methodologies are expected to 

enhance the performance of these sensors. Future developments in this field may lead to the 

creation of highly sensitive, selective, and multifunctional paper-based sensors that align with the 

growing demand for economical and portable sensing solutions. 

This chapter provides a comprehensive review of paper-based sensors specifically 

designed for carbon dioxide detection. By examining their working principles, fabrication 

techniques, and recent advancements, the discussion aims to highlight the potential of these 

sensors in real-world applications while addressing existing limitations and future research 

directions. 

Keywords: Paper-Based Sensors, Carbon Dioxide Detection, Applications in Food Packaging. 

Introduction: 

Paper-based sensors have emerged as a promising low-cost, portable, and eco-friendly 

alternative for carbon dioxide (CO₂) detection. These sensors utilize the unique properties of 

cellulose, such as high porosity, flexibility, and biodegradability, making them suitable for 

sensitive and selective detection platforms. The detection mechanisms employed in these sensors 

typically include colorimetric detection, fluorometric detection, and electrochemical detection. 

The development of paper-based CO₂ sensors holds significant implications for various 

applications, including air quality monitoring, food packaging, and biomedical applications. 
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They can be deployed in urban environments to monitor air quality effectively and affordably, 

integrate into food packaging to monitor spoilage, and facilitate point-of-care testing in medical 

diagnostics. Their affordability and ease of use make them particularly suitable for resource-

limited settings and enable real-time monitoring and data collection in smart buildings and other 

facilities where continuous monitoring is vital.  

Recent advancements in paper-based sensor technology focus on improving sensitivity, 

response time, and mass production capabilities. Researchers are exploring various designs and 

materials to optimize performance while maintaining low production costs. As research 

continues to enhance their capabilities, these sensors could play a crucial role in addressing 

global challenges related to environmental monitoring and public health. 

1. Role of carbon dioxide sensors in food packaging 

The growing consumer demand for food safety and quality has driven technological 

advancements in food packaging. To meet these expectations, researchers and industries have 

developed novel and innovative packaging technologies that ensure food integrity throughout the 

supply chain (Zhou et al., 2020). Among these, intelligent or smart packaging has emerged as a 

cost-efficient and reliable alternative to traditional analytical techniques used for food quality 

assessment (Kuswandi et al., 2011). Smart packaging enables continuous monitoring of food 

quality by transmitting critical information at different stages of the distribution chain, ensuring 

that consumers receive products that meet safety standards (Yam et al., 2005). 

One of the key indicators of food spoilage is the production and accumulation of 

byproducts during storage, which can significantly affect food quality under normal atmospheric 

conditions (Mills et al., 2012). Apart from byproducts, factors such as pH variations, temperature 

fluctuations, and pressure changes within the packaging environment can also contribute to food 

deterioration (Pereira et al., 2021). However, these indicators pose challenges in practical 

applications. Heat levels vary unpredictably during spoilage, pH changes differ across food 

types, and pressure fluctuations are difficult to standardize, making them unreliable for real-time 

food quality assessment (Fang et al., 2019). 

2. Carbon dioxide as a prime indicator of food spoilage 

Given these limitations, carbon dioxide (CO₂) has emerged as a critical marker for food 

spoilage detection. Modified Atmosphere Packaging (MAP) relies on maintaining optimal CO₂ 

levels to preserve food freshness (Rodrigues et al., 2020). A deviation from these levels can 

indicate microbial activity and product degradation, making CO₂ sensors a direct and effective 

tool for food quality monitoring (Mangaraj et al., 2018). 

Despite advancements in CO₂ sensor technology, their widespread application in food 

packaging has been hindered by several factors, including high energy consumption, bulky 
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designs, high production costs, and potential safety concerns (Gupta et al., 2022). Current CO₂ 

sensors lack versatility, limiting their adaptability across various food types and packaging 

conditions (Escobedo et al., 2010). Consequently, there is an urgent need for a highly efficient, 

cost-effective, and user-friendly CO₂ sensor that can overcome these limitations while ensuring 

accurate real-time monitoring of gas levels (Lee et al., 2019). 

3. Future perspectives of CO₂ sensors in the food industry 

In recent years, CO₂ sensors have gained significant attention in the food and agricultural 

sectors as a reliable tool for assessing food quality and safety (Zhang et al., 2021). The ability to 

monitor CO₂ levels in packaged food provides critical insights into product freshness and storage 

conditions. The development of affordable and highly sensitive CO₂ sensors has become a 

priority, as consumer preferences increasingly focus on food safety and quality assurance (Wang 

et al., 2017). 

Moreover, real-time data collection and analysis are essential for designing effective food 

packaging systems. Sensor technology plays a pivotal role in decision-making, ensuring that 

food safety measures align with industrial standards (Chen et al., 2020). An ideal CO₂ sensor 

should exhibit high sensitivity, reliability, and ease of interpretation, allowing for seamless 

integration across diverse food products. Since CO₂ plays a crucial role in MAP, a decline in its 

concentration can serve as a definitive indication of food spoilage. This underscores the 

importance of CO₂ sensors as an indispensable tool in the modern food packaging industry (Ali 

et al., 2022). 

Emerging trends in carbon dioxide sensors for food packaging 

1. Advancements in CO₂ sensor technology 

Recent years have witnessed remarkable progress in the development of various CO₂ 

sensors, including optical sensors, polymer opal films, polymer hydrogels, and paper-based 

sensors. These innovations are highly relevant in applications such as food packaging, where 

monitoring gas levels is critical for maintaining product quality (Smith et al., 2019). The 

introduction of paper-based assay technology has garnered widespread recognition due to its 

cost-effectiveness, simplicity, and rapid analytical capabilities (Lee et al., 2021). 

Paper-based sensors (PADs) have become increasingly popular in both research and 

academic settings, offering an economical alternative for large-scale and small-scale applications 

(Khan et al., 2020). These sensors are valued for their ease of fabrication (Chen et al., 2018), 

high-speed analysis (Zhao et al., 2020), and adaptability across diverse applications (Mei et al., 

2017). Moreover, their portability and suitability for point-of-care (POC) diagnostics make them 

a versatile tool for field and clinical use (Gupta & Verma, 2019). 
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The inherent properties of paper, such as its lightweight nature (Brown & Taylor, 2015), 

varying thicknesses (Singh et al., 2016), and biodegradability (Jones et al., 2020), contribute to 

its environmental compatibility (Patel & Roy, 2022). These attributes enable the integration of 

microfluidic channels, biomolecules, and chemical reagents, transforming paper into an 

affordable and efficient diagnostic tool (Nguyen et al., 2018). 

2. Microfluidic Paper-Based Analytical Devices (μPADs) 

The emergence of Microfluidic Paper-Based Analytical Devices (μPADs) marks a new 

era in analytical chemistry. These devices, which diagnose conditions with high sensitivity, have 

seen a surge in fabrication to meet market demands and diverse application needs (Liu et al., 

2019). However, developing integrated devices that encompass all analytical stages remains a 

critical challenge. Enhancing the versatility and production efficiency of μPADs could lead to 

broader adoption and commercialization (Kim & Park, 2020). 

3. Innovations in sensor technology 

Recent innovations in CO₂ sensor technology include devices with amino-functionalized 

silica nanoparticles, offering reproducible and selective CO₂ detection through rapid acid-base 

reactions (Zhang et al., 2021). Similarly, polyaniline-based sensors demonstrate high efficiency 

in agricultural applications, detecting CO₂ concentrations ranging from 102 to 104 ppm (Chen et 

al., 2022). 

Another advancement is the use of hydrophobic silicone water-repellent sprays for 

creating paper-based sensors capable of differentiating CO₂ and ammonia using RGB readouts 

and MATLAB analysis (Wang et al., 2020). Additionally, fluorescent paper sensors infused with 

P4VB offer quick response times and low-cost operation, suitable for continuous CO₂ monitoring 

(Li & Zhao, 2021). The incorporation of luminescence pH-sensitive dyes in copolymer films 

further enhances CO₂ detection accuracy without interference from other gases (Feng et al., 

2019). 

4. Future prospects of paper-based CO₂ sensors 

Advancements in paper-based CO₂ sensors indicate a promising future for these 

technologies. The integration of functional materials and novel fabrication techniques is crucial 

for developing stable, sensitive, and multi-analyte devices (Xu et al., 2022). By maintaining the 

inherent advantages of paper-based sensors, researchers can create economical and efficient 

diagnostic tools for a wide range of applications. 

Future Perspectives: 

Before commercializing paper-based sensors, it is essential to address existing 

limitations, particularly concerning sensitivity and accuracy (Patel & Kumar, 2021). By 

overcoming these challenges, paper-based sensors could become invaluable in medical 
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diagnostics, offering precise prognostic capabilities. Simplifying the manufacturing process is 

also vital for scaling up production and reducing costs (Singh et al., 2021). 

Despite current limitations, point-of-care devices have proven indispensable in food 

quality monitoring, agricultural applications, and biomedical research. They have demonstrated 

effectiveness in detecting biomarkers for liver and kidney disorders, diabetes, and environmental 

toxins (Ramirez et al., 2020). As research progresses, paper-based sensors are expected to evolve 

into key technologies for diverse analytical needs. 

Conclusions: 

Paper-based sensors offer a cost-effective and versatile solution for various analytical 

applications. With advancements in fabrication techniques, these sensors have the potential to 

provide rapid, colorimetric responses under different environmental conditions, rivaling 

commercial electronic sensors (Liu et al., 2020). Continued innovation in this field could lead to 

portable, reliable, and user-friendly diagnostic tools that address the needs of modern industries 

and consumers alike. 
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What are semiconductors? 

A semiconductor material has an electrical conductivity value falling between that of a 

conductor, such as metallic copper, and an insulator, such as glass. Its resistivity falls as its 

temperature rises; metals behave in the opposite way. Its conducting properties may be altered in 

useful ways by introducing impurities ("doping") into the crystal structure. When two 

differently-doped regions exist in the same crystal, a semiconductor junction is created. The 

behaviour of charge carriers, which include electrons, ions and electron holes, at these junctions 

is the basis of diodes, transistors and most modern electronics. Some examples of 

semiconductors are silicon, germanium, gallium arsenide, and elements near the so-called 

"metalloid staircase" on the periodic table. After silicon, gallium arsenide is the second most 

common semiconductor and is used in laser diodes, solar cells, microwave-frequency integrated 

circuits, and others. Silicon is a critical element for fabricating most electronic circuits. 

Semiconductor devices can display a range of useful properties, such as passing current 

more easily in one direction than the other, showing variable resistance, and sensitivity to light or 

heat. Because the electrical properties of a semiconductor material can be modified by doping, or 

by the application of electrical fields or light, devices made from semiconductors can be used for 

amplification, switching, and energy conversion. By adding impurity to conductor generally 

conductivity decreases, but in semiconductor conductivity increases. In semiconductors both 

electrons and holes will conduct current. 

Introduction: 

Semiconductors are materials whose electronic properties are intermediate between 

those of good conductors and insulators. 

• The resistivity of semiconductors varies from 10-5 to 10+4 ohm-m,  

• The band gap of semiconductors varies from 0.2 to 2.5 eV. 

• These intermediate properties are determined by crystal Structure, bonding 

characteristics, electronic Energy bands. 

• The interesting feature about semiconductors is that they are bipolar and current is 

carried by two charge carriers of opposite sign (electrons and holes). 
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• Semiconductors have negative temperature co-efficient of resistance. 

• Silicon and Germanium are elemental semiconductors which belong to the group IV 

elements in periodic table. 

• Besides these, there are certain compound semiconductors such as GaAs, InP, CdS etc., 

Variable Electrical Conductivity 

Semiconductors in their natural state are poor conductors because a current requires the 

flow of electrons, and semiconductors have their valence bands filled, preventing the entire flow 

of new electrons. Several developed techniques allow semiconducting materials to behave like 

conducting materials, such as doping or gating. These modifications have two outcomes: n-type 

and p-type. These refer to the excess or shortage of electrons, respectively. An unbalanced 

number of electrons would cause a current to flow through the material. 

Heterojunctions 

Heterojunctions occur when two differently doped semiconducting materials are joined 

together. For example, a configuration could consist of p-doped and n-doped germanium. This 

results in an exchange of electrons and holes between the differently doped semiconducting 

materials. The n-doped germanium would have an excess of electrons, and the p-doped 

germanium would have an excess of holes. The transfer occurs until an equilibrium is reached by 

a process called recombination, which causes the migrating electrons from the n-type to come in 

contact with the migrating holes from the p-type. The result of this process is a narrow strip of 

immobile ions, which causes an electric field across the junction. 

Excited Electrons 

A difference in electric potential on a semiconducting material would cause it to leave 

thermal equilibrium and create a non-equilibrium situation. This introduces electrons and holes 

to the system, which interact via a process called ambipolar diffusion. Whenever thermal 

equilibrium is disturbed in a semiconducting material, the number of holes and electrons 

changes. Such disruptions can occur as a result of a temperature difference or photons, which can 

enter the system and create electrons and holes. The process that creates and annihilates electrons 

and holes are called generation and recombination, respectively. 

Light Emission 

In certain semiconductors, excited electrons can relax by emitting light instead of 

producing heat. These semiconductors are used in the construction of light-emitting diodes and 

fluorescent quantum dots. 

High Thermal Conductivity 

Semiconductors with high thermal conductivity can be used for heat dissipation and 

improving thermal management of electronics. 
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Thermal Energy Conversion 

Semiconductors have large thermoelectric power factors making them useful in 

thermoelectric generators, as well as high thermoelectric figures of merit making them useful in 

thermoelectric coolers. 

Types of Semiconductors 

Semiconductors are mainly two types 

1. Intrinsic (Pure) Semiconductors   2. Extrinsic (Impure) Semiconductors 

Intrinsic Semiconductor 

A Semiconductor which does not have any kind of impurities, behaves as an Insulator at 

0k and behaves as a Conductor at higher temperature is known as Intrinsic Semiconductor or 

Pure Semiconductors. Germanium and Silicon (4 th group elements) are the best examples of 

intrinsic semiconductors and they possess diamond cubic crystalline structure. 

  

Figure 1: Bond structure Figure 2: Energy band diagram 

Charge Carrier in Intrinsic Semiconductor     

When a suitable form of Energy is supplied to a Semiconductor then a few covalent bonds are 

broken. So one electron becomes free and leaves a empty space in the atom, it is known as hole. 

The hole acts as a positively charged particle having equal charge and opposite sign. If the hole is 

filled by an electron from neighbouring atom then the hole is now shifted to new place. 

Hence a free electron in Conduction band and simultaneously free hole in Valence band 

is formed. This phenomenon is known as Electron - Hole pair generation. In Intrinsic 

Semiconductor the Number of Conduction electrons will be equal to the Number of Vacant sites 

or holes in the valence band. 
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Extrinsic Semiconductor 

The Extrinsic Semiconductors are those in which impurities of large quantity are present. 

Usually, the impurities can be either 3rd group elements or 5th group elements. Based on the 

impurities present in the Extrinsic Semiconductors, they are classified into two categories. 

1. N-type semiconductors 

2. P-type semiconductors 

N – type Semiconductors 

When any pentavalent element such as Phosphorous, Arsenic or Antimony is added to the 

intrinsic Semiconductor, four electrons are involved in covalent bonding with four neighboring 

pure Semiconductor atoms. The fifth electron is weakly bound to the parent atom. And even for 

lesser thermal energy it is released Leaving the parent atom positively ionized. 

  

Figure 3: The Intrinsic Semiconductors doped with pentavalent impurities are called N-

type Semiconductors 

The energy level of fifth electron is called donor level. The donor level is close to the 

bottom of the conduction band most of the donor level electrons are excited in to theconduction 

band at room temperature and become the Majority charge carriers. Hence in N-type 

Semiconductors electrons are Majority carriers and holes are Minority carriers. 

P – type Semiconductors 

When a trivalent elements such as Al, Ga or Indium are added to the Intrinsic 

Semiconductor all the three electrons of these are involved in Covalent bonding with the three 

neighboring Si atoms.  

There is deficiency of one electron to complete the fourth bond. This deficiency is called 

hole and acts like positively charged particle. 
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Figure 4: Semiconductors doped with the acceptor impurities are called P-type 

Semiconductors 

These like compound accepts one extra electron, the impurity atom is called acceptor 

impurity. the energy level of this impurity atom is called Acceptor level and this acceptor level 

lies just above the valence band. Thus, holes are more in number than electrons and hence holes 

are majority carriers and electros are minority carriers in P-type semiconductors. 
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Abstract:  

Effective use of biological resources, to the extent that they are renewable, is crucial to 

the creation of a sustainable society. A valuable biomass resource, rice husk is produced in large 

quantities across different regions. It is crucial to broaden the fields in which they are utilized in 

order to encourage their use even more. In light of the growing popularity of 3D printers and 

Computer Numerical Control (CNC) machines in recent years, this study examines the research 

on materials derived from rice husks that can be utilized in digital fabrication. The authors first 

described the features of each machining technique before reviewing and evaluating the prior 

studies on particleboard used in digital fabrication machines for 2D machining and rice-husk-

based materials for 3D printers. In order to increase the use of materials derived from rice husks, 

this review highlights problems and suggests fixes. It also suggests that more research is required 

on a number of topics, including the equipment's maintainability and workability.  

Keywords: Green Materials; Rice Husk; Agricultural Byproduct; 3D Printing; Digital 

Fabrication; Particle Board 

Introduction: 

A growing body of research has explored design strategies for sustainability, focusing on 

models such as “Design for resource conservation,” outlined by Moreno et al.1 Additionally, the 

butterfly system diagram from the Ellen MacArthur Foundation illustrates the circular economy 

principles, emphasizing the need to keep products and materials in use at their highest value.2 

This approach underscores the importance of effective utilization and renewal of biological 

resources in achieving sustainability. 

Rice husks from rice cultivation are one example of an agricultural residue that can be 

regarded as a significant biological resource. A significant agricultural waste product, rice husks 

are a valuable by-product of the rice milling process. The Food and Agriculture Organization of 

the United Nations (FAO) released statistical data on rice paddy production worldwide, which is 

displayed in Table 1.3  
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Table 1: Annual production quantity of rice paddies in 2010 and 2020 (FAOSTAT) 

Production Quantity [×106ton] 

 

 

 

 

 

 

 

 

Table 2: Number of review articles published on rice husks (ScienceDirect). A keyword 

search for “rice husk” was performed in ScienceDirect, and the results were sorted by 

checking the “Review Article” checkbox. The results for 2013–2022 are listed and 

categorized into those where the research content and application methods were analyzed 

broadly and those where a more detailed review was conducted by narrowing down the 

application cases. 

Region 2010 2020 

World 694.5 756.7 

Africa 26.0 37.9 

Americas 36.5 38.1 

Asia 627.5 676.6 

Europe 4.3 4.1 

Oceania 0.2 0.1 

Research Target 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total 

Rice husk 0 0 1 0 0 0 0 1 0 1 3 

General Rice husk ash 0 1 0 1 0 0 1 0 0 0 3 

Rice husk derived silica 0 0 0 0 1 0 0 0 0 0 1 

Cement/concrete 1 0 0 0 2 2 1 3 4 2 15 

Adsorbents, soil 

Application conditioners, 

fertilizers 

0 0 0 0 0 1 2 0 2 0 5 

Energy 0 0 1 2 1 0 0 0 0 2 6 

Fiber-reinforced 

polymer composites 

0 0 0 0 0 0 0 0 1 0 1 

Application to 

metal matrix 

0 0 0 0 0 0 0 0 0 1 1 

Application to alkali 

activated materials 

0 0 0 0 0 0 0 0 0 1 1 

Total 1 1 2 3 4 3 4 4 7 7 36 
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Around 756 million tons of rice were produced worldwide in 2020; this amount has 

increased since 2010, particularly in Asia and Africa. Rice husks are valuable materials with 

mechanical qualities as well as the ability to extract and use their primary constituents, cellulose, 

lignin, and silica, as functional materials. As a result, research on reusing rice husks has been 

extensive for a long time. The quantity of review article submissions since 2013 is compiled in 

Table 2. According to these findings, there is a growing interest in using rice husks, as evidenced 

by the rising number of submissions. 

For continued advancement in the future, it's crucial not just to enhance technology in 

existing fields of application, but additionally to broaden usage in emerging sectors. One such 

emerging sector is the application of materials in digital fabrication. This is significant due to the 

contemporary advancements in digital fabrication technologies, like 3D printers and laser cutters, 

and the historical focus of rice husk utilization materials in sectors such as architecture and product 

design, where these technologies are prominently employed. Generally speaking, in this domain, 

rice husk is often combined with concrete and cement materials. However, further research has 

been published on various other materials that can be utilized in construction and product 

development, as demonstrated in Table 3. 

Based on the aforementioned, it is anticipated that additional research on rice husk 

materials suitable for digital fabrication will encourage their application in the fields of product 

design and architecture while further optimizing the use of waste materials. Indeed, in 2020 and 

later, studies on the application of rice husks as a material for 3D printers have already been 

published. This material's potential applications will only increase if it can be utilized by other 

digital fabrication tools like CNC machines and laser cutters. A thorough review of original 

research on the application of particleboard as a practical material for digital fabrication and rice-

husk-based materials for 3D printers is thus provided by this study. This study attempts to further 

the field's development by highlighting current research trends, outlining research gaps, and 

offering suggestions for resolving these issues. 

Table 3 shows the number of studies published from 2013 to 2022 on the use of rice husks 

in product and construction industries, found on ScienceDirect and Springer platforms. After 

searching for "rice husk" in titles, ScienceDirect provided 1243 results, and Springer 535. Relevant 

articles were then selected and categorized based on their application described in Table 3. 
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Table 3: The number of studies published from 2013 to 2022 on the use of rice husks in 

product and construction industries 

 

 

 

 

 

 

 

 

 

 

 

 

2. The Physical Properties of Rice Husks 

Rice husk makes up about 20% of paddy rice's weight pre-milling4 and comprises 

cellulose (25–35%), hemicellulose (18–21%), lignin (26–31%), silica (15–17%), soluble matter 

(2–5%), and moisture (~7.5%).5 Notably, rice husks are rich in silica and ash,6 and their products 

show higher hydrophobicity due to elevated lignin levels compared to those from wood.7 The 

combustion of husks produces rice husk ash, making up 20–25% of the husks' weight,8 mostly 

consisting of 85–95% amorphous silica. However, characteristics of the ash vary with 

combustion and processing techniques.9 Materials derived from the ash are porous and used as 

adsorbents and fillers. 

3. Targeted Digital Fabrication Machines 

 

Figure 1: Extrusion printing and deposition modeling were combined to create a 3D printer 

Machines that process materials using computer-designed data are referred to as digital 

fabrication machines; the 3D printer is a common example. Three-dimensional (3D) printing 

technology, sometimes referred to as additive manufacturing, is a technique for layering materials 

Application 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total 

Polymer composite 2 5 3 5 8 5 10 16 21 14 89 

Metal matrix composite 3 1 2 0 1 3 2 2 1 4 19 

Rubber composite 1 0 0 1 0 1 1 2 4 2 12 

Glass 1 0 2 0 1 0 3 1 0 2 10 

Particleboard 1 0 0 0 1 2 0 2 0 3 9 

Building materials 0 0 0 1 0 1 1 3 1 0 7 

3D printing materials 0 0 0 0 0 0 0 1 1 1 3 

Others 1 0 1 1 0 0 0 1 1 6 11 

9 6 8 8 11 12 17 28 29 32 160 
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using information produced by a 3D scanner or 3D computer-aided design (3D CAD). There are 

several different ways to apply layers of thermally melted resin or paste, curing liquid resins with 

UV light, and sintering powdered materials. Figure 1 depicts two common types of machines. 

Digital fabrication comprises not only 3D printers but also devices like computer 

numerical control (CNC) machines and laser cutters that can cut flat materials like board using 

2D data generated by CAD or Graphic Soft. With the use of an end mill and 2D data, a CNC 

milling machine is a device that cuts materials. The apparatus can be seen in Figure 2. 

 

Figure 2:. Computer numerical control (CNC) machine 

This tool supports 3D cutting by leveraging 3D data and operates through "subtractive 

manufacturing" by eliminating excess material. Utilizing a laser beam, a laser cutter engraves or 

cuts objects, different from traditional end mill tools. These technologies may be applied in 

architecture and product design fields. Research introduced in this section covers materials for 

3D printers using rice husks and suitable board materials for 2D processing, as detailed in Figure 

3. 

 

Figure 3: The target machines and materials 
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4. Articles on Materials for 3D Printer Utilizing Agricultural Wastes Including Rice Husks 

4.1 Method 

Our literature search on the utilization of rice husk as material for 3D printers was 

initially conducted on ScienceDirect and Springer, yielding one review and three research 

articles. To broaden our search, we subsequently utilized Google Scholar with the keyword "rice 

husk 3D printer," focusing on articles from 2013 to 2022. After reviewing titles and abstracts, we 

selected articles that specifically discussed rice husks as a raw material for 3D printing. We 

categorized the selected articles into review and original articles, offering an overview and 

highlighting key issues. 

4.2 Review Articles on Materials for 3D Printer Utilizing Agricultural Wastes Including Rice Husks 

Fused deposition modeling (FDM) is a prevalent 3D printing technique that utilizes 

thermoplastic filaments, typically polylactic acid (PLA) or acrylonitrile butadiene styrene (ABS), 

melted and layered to create objects. There has been substantial research into enhancing these 

filaments with natural fibers to create composite materials. Several reviews have been conducted 

in this domain; for instance, Rajendran et al. examined the use of natural-fiber-reinforced 

polymer composites for 3D printing filaments, focusing on fiber treatment methods and filament 

production techniques.10 Ahmed et al. discussed the impact of natural fiber additives on polymer 

properties in 3D printing filaments, noting a lack of detailed fiber structure information in many 

studies.11 Mazzanti et al. explored the potential of other semi-crystalline polymers like 

polyethylene (PE) and polypropylene (PP) beyond the commonly used materials in FDM,12 

while also analyzing PLA as a matrix for PLA-based bio-composites in FDM applications.13 

Lastly, Seker et al. proposed using these composites in manufacturing acoustic panels, 

highlighting their sound absorption benefits due to voids formed between deposition lines.14 

While these reviews focus extensively on FDM, this paper extends the study to other 3D printing 

technologies using rice husks as potential materials. 

4.3 Original Articles on 3D Printer Materials Using Rice Husks 

Table 4 provides examples of research articles on materials made from rice husks for 3D 

printers. The method, matrix, and filler or binder materials are given for every article. 
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Table 4: Original articles on materials for 3D printers using rice husks 

 Matrix Filler or Binder Authors Year 

FDM PLA Rice husk Charles et al. 

[15]   

2019 

FDM PLA Rice husk Wu et al. [16]   2019 

FDM PLA Rice husk/wood Guen et al. [17]   2019 

FDM Recycled polypropylene Rice husk Morelos et al. 

[18]   

2021 

FDM ABS Rice husk ash Philip et al. [19]   2021 

SLS Co-polyamide Rice husk Lim et al. [20]   2022 

Material 

Extrusion 

Cement Rice husk ash Kumar et al. 

[21]   

2022 

Material 

Extrusion 

Cement Rice husk ash Palermo [22]   2020 

Material 

Extrusion 

Soil Rice husk and lime Ferrero et al. 

[23]   

2022 

Material 

Extrusion 

Rice husk Guar gum (as a 

binder) 

Nina et al. [24]   2021 

Material 

Extrusion 

Al₂O₃-SiO₂ ink (includes 

rice-husk-derived silica) 

PVA solution, 

glycerol, and 

dispersant (as a 

binder) 

Husein et al. 

[25]   

2022 

Binder Jetting Miscanthus particles, wood 

flour, seashell powder, fruit 

stone flour, rice husk (only 

mentioned) 

Lignin 

sulfonate/sodium 

silicate/polyvinyl 

alcohol (as a 

binder) 

Zeidler et al. 

[26]   

2018 

4.3.1. Fused Deposition Modeling 

The primary method for incorporating natural resources into 3D printing involves 

blending them with polymers to create composite filaments. Examples include filaments 

combined with wood, bamboo, and rice husks. Tsou et al. enhanced the performance of rice husk 

composites by using methylene diphenyl diisocyanate, which improved tensile strength and 

impact resistance while facilitating porosity.15 Wu et al. used acrylic acid-grafted PLA and 

treated rice husks to boost tensile strength and water resistance of their bio-composites.16 Le 

Guen et al. analyzed wood and rice husk-blended PLA filaments, citing differences in visual 
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quality and processing stability due to variations in particle size and silica content.17 Morales et 

al. experimented with rice husks in recycled polypropylene filaments, noting issues like 

increased water absorption but reduced warpage, making it suitable for certain applications.18 

Furthermore, research on rice husk ash blended with ABS indicated its potential in 

manufacturing optical components due to improved refractive indices and reduced absorption 

coefficients.19 

 

Figure 4: Filaments mixed with natural fiber materials 

4.3.2. Selective Laser Sintering (SLS) 

Selective Laser Sintering (SLS) SLS is a 3D printing technology that selectively scans a 

powder bed with a laser, creating precise models with minimal material loss. Common materials 

include polycarbonate and polystyrene powders. While rice husks are rarely used in SLS, a 

method incorporating rice husk powder into CO-polyamide powder for composite fabrication has 

been proposed.20 This study examined the impact of rice husk content on mechanical properties, 

dimensional accuracy, residual ash, and sintering properties, optimizing SLS for investment 

casting applications. 

4.3.3 Extrusion Printing 

Extrusion Printing Extrusion printing injects a paste-like material through a nozzle using 

air pressure or a screw. It is widely used in construction and food 3D printing. Research on 

cement 3D printing with rice husk ash has increased. Muthukrishnan used a screw-type extruder 

to fabricate structures with rice husk ash, showing improved shape stability and curing 

properties.21 Palaniappan et al. explored waste-based 3D printing materials, including rice husk 

ash and GGBS, for construction.22 WASP developed a soil-based 3D printer incorporating rice 

husks and lime, enhancing stiffness through Si-O-Si bonding.23 Nida et al. investigated guar 

gum-modified ground rice hulls for food packaging applications.24 Another study examined the 

development of in situ mullite (3Al2O3-2SiO2) foam using silica extracted from rice husk ash 

for high-performance applications.25 
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4.3.4 Binder Jetting 

Binder Jetting Binder jetting forms 3D objects by layering powder and binding it with 

liquid. While material loss is minimal, post-processing is often required due to low strength. 

Zeidler et al. studied different binders for biomass-based components, finding that 

Miscanthus/PVA provided optimal results but lacked the mechanical strength of polymer-based 

materials. They suggested applications in food packaging but did not include rice husks, 

highlighting their potential for future research.26 

5. Articles on Materials for Particleboard Using Rice Husks 

  Table 5: Original article on particleboard utilizing rice husks 

Matrix Binder Treatment Authors Year 

Rice husks/sawdust Synthetic adhesives 

Fevicol/Ponal/Woodfix 

- Otieno et 

al. [27] 

 

Mixture of groundnut 

shell and rice husk 

particles 

Cassava starch blended 

with urea-

formaldehyde 

- Akin et 

al. [28] 

2022 

Mixture of insect rearing 

residue and rice particles 

Citric acid/tapioca 

starch 

- Battistoni 

et al. 

[29] 

2022 

Rice husk 

particles/hemp fibers 

Cornstarch - Huang et 

al. [30] 

2018 

Rice husk 

particles/hemp fibers 

Cornstarch Add ammonium 

dihydrogen phosphate to 

the binder 

Battistoni 

et al. 

[31] 

2018 

Rice husk particles Soy protein 

concentrate 

Impregnate the board 

with tung oil 

Nikolas 

et al. 

[32] 

2020 

Rice husk particles Soy protein 

concentrate 

Add two jute fabric 

layers to the board 

Charapa 

et al. 

[33] 

2020 

Rice husk particles Phenol-formaldehyde 

resin 

Sandwiched between 

two wood strand layers 

Jin et al. 

[34] 

2013 

Rice husk particles Branched polyethylene 

imine and poly acrylic 

acid 

Layer by Layer coating 

on rice husks 

Battistoni 

et al. 

[35] 

2017 
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Articles on Materials for Particleboard Using Rice Husks Particleboard is produced by 

hot-pressing wood chips with adhesives. However, deforestation and urea-formaldehyde’s 

harmful effects raise concerns. Rice husks offer a sustainable alternative. Research articles on 

rice husk-based particleboards were reviewed using ScienceDirect and Springer, with all 

keywords included in the title. Table 5 summarizes the extracted studies by material, binder, and 

treatment. 

Research on rice husk-based particleboards explores various material-binder 

combinations to enhance mechanical strength, water, and heat resistance. Olupot et al. found that 

adding sawdust improved low-density particleboards, using synthetic adhesives instead of 

traditional urea- or phenol-formaldehyde binders.27 Akinyemi et al. combined agricultural waste, 

including peanut shells and rice husks, with cassava starch-urea-formaldehyde adhesive to create 

eco-friendly interior panels.28 Huang et al. used insect breeding residues and rice husks with 

citric acid/tapioca starch binders, identifying ratios that met Japanese Industrial Standards 

(JIS).29 

Studies on fiberboard and particleboard using rice husks and hemp fibers employed 

cornstarch as a binder. Hot-pressed fiberboard showed higher stiffness and load capacity, making 

it suitable for interiors.30 Adding ammonium dihydrogen phosphate enhanced fire resistance, 

meeting flame-retardant standards.31 However, rice husk boards often struggle with strength and 

performance, especially with natural adhesives. 

To improve functionality, Nicolao et al. used soy protein binders and impregnated boards 

with tung oil for better water resistance.32 Chalapud et al. reinforced boards with jute cloth 

layers, enhancing mechanical strength.33 Kwon et al. adopted a wood strand sandwich structure, 

demonstrating a viable alternative to wood strand boards.34 A unique layer-by-layer method, 

studied by Battegazzore et al., applied vapor-deposited binders followed by hot pressing, 

achieving strong electrostatic bonding and sustainable performance using water-based solvents.35 

Discussion: 

Compared to common wood particleboards, and the focus is on how to reduce performance 

loss and maintain this within the standard. These studies have focused on improving properties 

such as mechanical strength and have not mentioned the workability of the material. In 

particular, there is no research on the machinability of CNC or laser cutters for these materials. 

Therefore, to promote the use of rice-husk-derived particleboard as a material for digital 

fabrication, it is necessary to evaluate its workability. 

This research paper comprehensively reviews existing literature on the application of rice 

husks, particularly in architecture and product design domains. The survey results indicated a 
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prevalent focus on the incineration of rice husks to create ash utilized as a concrete filler, 

reflecting substantial interest since 2017 with an upward trend in research. This points to the 

method's potential for sustainable ash utilization. Moreover, it was recognized that rice husks 

could be transformed into various forms. Commonly, they serve as base materials or fillers, 

where valuable components such as silica and lignin are extracted for use. The choice of 

utilization method largely depends on the material performance, economic factors, regional 

yield, and the proportion needed for each application. Future research must address the volume 

of processed rice husks and evaluate the economic implications of each method. 

Utilizing rice husk in 3D printing predominantly involves its integration as a filler in 

filaments for FDM printers—the most accessible types of 3D printers. Polylactic Acid (PLA) 

was frequently used as the primary polymer mixed with rice husk. Typically, adding natural fiber 

fillers has been observed to diminish the material's mechanical strength and durability. To 

mitigate these challenges, additives were introduced, although this impacts the overall cost. 

Future considerations must focus on material purpose versus cost, coupled with establishing 

uniform methods to measure and report filler particle size for better understanding material 

behavior. 

Rice husks show promise as an addition to materials in cement extrusion printing, 

facilitating shape retention in mold-free 3D printing—an area still under development but 

expected to grow alongside 3D printing in construction. For Selective Laser Sintering (SLS), rice 

husks have potential; yet, challenges include the handling and environmental impact due to 

easily scattered powder materials. Comparing physical properties like particle size and specific 

gravity with those of conventional materials will be crucial for practical applications. 

Extrusion printing techniques offer diverse applications but introduce issues such as 

material separation and changes state over time, influenced by the rheological properties of 

binders. Organic material integration can lead to contamination in the form of mold or corrosion, 

although using ash can mitigate these risks. Therefore, enhancing understanding of material 

aging, physical property deterioration before solidification, and designing easy-to-clean 

equipment will be vital for broadening the use of rice husks via this method. 

Despite the digital fabrication trends, rice husks have been explored for use in 

particleboards, which generally show reduced mechanical properties compared to wood 

particleboards. The challenge revolves around minimizing performance degradation while 

maintaining standards. Research has primarily focused on enhancing mechanical strengths, yet 

fails to address the workability of these materials with tools like CNC or laser cutters. Thus, 
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deepening the investigation into the machinability of rice-husk-derived particleboards could 

promote their application in digital fabrication practices. 

Conclusions: 

The utilization of rice husks as materials for digital fabrication involves certain 

challenges and potential solutions, as summarized below. 

Tailoring Applications to Material Properties 

The integration of rice husk fibers with other pristine materials, such as polymer 

composites, often results in decreased performance. Although adding supplementary materials or 

treatments can enhance functionality, this may also raise costs. Thus, it’s crucial to select 

applications that naturally align with the inherent properties of rice husks to optimize both 

functionality and cost-efficiency. 

Assessing Long-term Performance and Equipment Maintenance 

The consistency of the paste used in material extrusion can alter over time, potentially 

impacting the printing process due to residual materials in syringes or nozzle tips. Previous 

studies typically overlook the material’s aging or operational issues, thus future research should 

focus on the longevity of material properties and equipment upkeep. 

Machinability of Board Materials 

When cutting rice-husk-based particleboard with CNC machines, the silica content of the 

material can reduce the lifespan of cutting tools and lead to surface peeling. This issue might be 

mitigated by minimizing the particle size or enhancing the adhesive properties, though 

significant reduction of silica content is not feasible. When using CNC machines, slower speeds 

or metal-specific end mills may be more effective. Additionally, processing with laser cutters 

requires examining the interaction between the rice husk components and laser beams. 

Investigating and optimizing processing conditions is vital for the broader application of these 

materials. 

Despite these challenges, utilizing rice husks in building and industrial products 

represents a promising strategy for material recycling that helps manage agricultural waste and 

enable long-term carbon storage. 

  This analysis reflects current research trends concerning the digital fabrication use of rice 

husks, highlights potential applications, and outlines both the challenges and viable solutions. 

Advancing material research in digital fabrication will promote the further efficient use of 

agricultural waste, facilitating its broader adoption in architectural and product design sectors. 

This review aims to enrich the understanding and usage of rice husks within these fields. 
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Abstract: 

Cadmium sulfide (CdS) Nanoparticles doped with praseodymium ion (Pr3+) were 

synthesized by simple chemical precipitation method. The prepared CdS:Pr3+ nanomaterial have 

been characterized by powder X-ray diffraction studies (XRD),(TEM),EDAX, and FTIR at room 

temperature. The CdS:Pr3+nanomaterial exhibits spherical shape.  

Keywords: CdS:Pr3+ Nanomaterial, XRD, SEM, EDAX  

Introduction: 

The most common working definition of nanoscience and nanotechnology as given by 

the Royal society and Royal academy of engineering UK are as the following. “Nanoscience is 

the study of phenomena and manipulation of materials at atomic, molecular and macromolecular 

scales, where properties different significantly from those at a larger scale and nanotechnologies 

characterization production and application of structures devices and systems by controlling 

shape and size at nanometer scale”[2]. This intense interest in the science of the nanomaterials, 

which confined within the atomic scales, stems from the fact that this nonmaterial exhibit 

fundamentally interesting unique properties with great potentials of next generation technologies 

in CdS nanoparticles are known for their extensive applications dual semiconducting and 

luminescence properties and show a great promise in medical imaging and treatment of disease. 

Nano size particles of semiconductor materials have gained much more interest in recent years 

due to their desirable properties and applications in different areas such as catalysts [1], sensors 

[2], photoelectron devices [3, 4], electronics, computing, optics, biotechnology medical imaging, 

medicine drug delivery, structural materials, aerospace, energy etc. Semiconductor nanoparticles 

II-VI semiconductor are thus a type of compound semiconductors composed of group II and VI 

elements. Which have wide and direct band gap structures, are very important in many field, due 
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to their tunable electrical and optical properties[5,6]. In present research chapter, the Cadmium 

sulfide nanoparticles (CdS) doped with 0.1mol% praseodymium (Pr3+)ion were synthesized by 

chemical precipitation synthesis method and characterized by XRD,  TEM, EDAX,FTIR. 

Experimental Details 

The CdS:Pr3+nanomaterial were synthesized by simple chemical precipitation synthesis 

method.All the chemicals were of analytical gradeand were used without further purification. 

Cadmium nitrate tetrahydrate [Cd (NO3)2.4H2O], sodium sulphide [Na2S], diethylene glycol 

[DEG], ethanol [C2H5OH], praseodymium chloride [PrCl3] and distilled water were used as a 

source material.0.1M of Cd (NO3)2.4H2O (50ml) was taken in conical flask. Around 20 ml of 

diethylene glycol (DEG) was added to cadmium Nitrate tetrahydrate solution under constant 

stirring. After 15 minutes, 50 ml Sodium sulphide solution and (0.1 mol %) praseodymium 

chloride were added drop wise under constant stirring, reaction was kept 4hrs(at600C)at constant 

stirring and yellow precipitate of CdS formed,washed with ethanol and distill water, dried at 

room temperature[7,8]. The prepared samples were characterized by XRD, TEM, EDAX, and 

FTIR at room temperature. Characterization of CdS:Pr3+ nanomaterial have been done by 

courtesy of Indian Institute of Technology, Roorkee, India. 

 

Figure 1: CdS  doped  Pr+3 Powder 

Result and Discussion: 

The CdS: Pr3+ nanomaterial have been synthesized by chemical precipitation synthesis 

method and characterized by XRD, TEM, EDAX Particle.  

XRD patterns of nanoparticles were obtained using X-Pert Pro XRD spectrometer (P 

analytical B.V. Holland) from 10 to 80 degree (2ϴ) value using Cu K-α radiation wavelength- 

0.15418nm[9,10]. The XRD spectrum of CdS:Pr3+ nanomaterial doped with 0.1 mol % Pr3+ ion 

is shown in Fig 2. The synthesized particles produce highly intense X- ray reflections in their 

corresponding XRD pattern indicating that all the materials are crystalline in nature. Fig.2 is 

suggesting that incorporation of Pr3+ion in the sample not introduce appreciable changes in 
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XDR Spectra 

 

Figure 2: XDR Spectra Pr3+ doped CdS nanomaterial 

TEM Micrograph 

The crystal structure of CdS.TEM images of the CdS nanoparticles are shown in Fig 

.3.Nearly Spherical shapes for the dark spots in the images indicate that the CdS nanoparticles 

are almost spherical[11,12]. The estimated average particles size is 50nm. 

 

Figure 3: TEM micrograph CdS nanomaterial with of  Pr3+ion 

EDAX spectrum 

 

                     Figure 4: EDAX spectrum of  CdS nanomaterial with Pr3+ ion 
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The EDAX spectrum of CdS:Pr3+ nanomaterial doped with0.1mol% praseodymium ion is 

shown in fig. 4. These spectra reveal that all the elements are present in the final composition 

which is take initially. 

FTIR spectra 

Infrared spectrum is formed as a consequence of the absorption of the absorption of the 

electromagnetic radiation at frequency that vibration of specific sets of chemical bonds within a 

molecules. The experimental in formed pattern is show in range of 4000cm-1, show in fig.5. 

 

Figure 5: FTIR spectrum of CdS nanomaterial with 0.1mol%Pr3+ ion 

FTIR spectra is very much useful for structural analysis. The present of hydrogen and 

Oxygen is the useful characteristic CdS doped Pr3+(0.1mol %) in all infrared group. The 

absorption peak in the range of 3201-3326 could be attributed to the –OH group of water 

absorbed by samples. The peak around1622-1644cm-1 is assigned to the asymmetric stretching 

vibration of Cd-S bond from sulfur group. The peak in range 540-612 cm-1are due to Pr3+ bond 

doped CdS nanoparticles. 

Conclusions: 

The CdS nanoparticles doped with 0.1 mol% of Pr3+ ion means a nanomaterial have been 

prepared by a simple cost effective and eco-friendly precipitation chemical synthesis method. 

Structural and morphological composition were studied after a successfully synthesis and 

characterized by using different techniques such XRD TEM, FTIR and EDAX. The XRD study 

revealed the spherical wurtzite structure without second phase. The TEM images confirmed the 

spherical morphology of the nano materials.  
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Abstract: 

Poly-Ether-Ether-Ketone (PEEK) is a versatile polymer with strong mechanical 

properties, making it ideal for aerospace, electronics, and medical implant applications. PEEK-

Al, composites enhance these properties, making them suitable for aerospace, electronics, and 

medical implant applications. Rotational Friction Welding is a superior joining solution that 

ensures high strength and joint quality while minimizing energy consumption and the need for 

additional materials. This research aims to develop a rotational friction welding simulation 

model for PEEK-Al using standard welding parameters for thermal analysis. The results will 

help identify optimal welding parameters and conditions for various composite materials. The 

research establishes the foundation for simulation and thermal analysis of the Rotational Friction 

Welding process for selected PEEK-metal composites. 

Keywords: Friction Welding Process; FWP; PEEK; PEEK-Al. 

Introduction: 

Poly-Ether-Ether-Ketone (PEEK) is a highly versatile polymer material that combines 

various properties such as high mechanical resistance, wear resistance, chemical resistance, light 

weight and good electrical insulation. Due to its low melting point PEEK or PEEK composites 

cannot be joined efficiently through many processes without having large amounts of material 

usage (eg: fasteners). The Rotational Friction Welding process is used in this case as it provides 

a strong joint between PEEK parts without requiring high energy use or fasteners, and friction 

welding process results in stronger joint strength compared to other weld processes. The friction 

welding process also eliminates the need for filler materials unlike traditional welding methods. 

Other benefits of rotational friction welding include localized heat affected zone, ie the heat 

generation is limited to the weld area and does not spread to other areas of the parts. Thus, it is 

highly suitable for joining of polymer or metallic polymer composite materials Composite 

materials such as PEEK-Aluminium, PEEK-Copper, PEEK-Titanium enhance specific properties 
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of PEEK such as mechanical strength, chemical resistance, thermal resistance, electrical 

conductivity, etc. which make them highly suitable for more specific applications where a large 

degree of optimization is required in material properties. Simulation of friction welding allows 

for a cost-effective method of analysing the welding process and outcome for the required 

material. Use of advanced Finite Element Analysis methods can help provide a highly accurate 

simulation which can be comparable to experimental results. Employing a variable speed 

rotational friction welding procedure rather than a constant speed process results in a higher level 

of efficiency when connecting PEEK material [1] While the RFW process was shown to have a 

lower peak temperature in comparison to other joining processes, the study underlines the 

association between peak temperature and the quality of the weld produced by the material.[2] 

how weld quality and other metrics are affected by friction time. And it gives you a way to figure 

out the best friction time by taking important aspects into account.[3] Fusion bonding techniques 

enable superior quality in the joining of thermoplastic materials. Minimize surface preparation 

and remove stress from mechanical fastening. Fusion bonding proves effective for joining 

dissimilar materials.[4] Abaqus software, in conjunction with FORTRAN and Python, is utilized 

to execute a sophisticated friction welding simulation employing Inconel 718 material. The 

results of thermal analysis and microstructure analysis are presented accordingly.[5] Modifying 

the rotational speeds in rotary friction welding of PEEK rods significantly improves bending 

strength by up to 140% and decreases cycle time by 6%. Peak temperatures reaching 377°C, 

exceeding PEEK’s melting point, greatly enhance weld quality. The utilization of a CNC lathe in 

conjunction with measurement tools demonstrates that variable speeds improve weld properties 

in comparison to fixed speeds. 

The forecasts regarding peak temperatures in rotary friction welding, as analyzed through 

COMSOL software, indicate an average error of 15°C. Increasing rotational speed enhances 

mechanical properties, including bending strength and impact energy. Determining the optimal 

friction time is crucial for producing high-quality welds and facilitating efficient solder joint 

formation. Numerical simulations explore heat transfer and the heat affected zone to refine 

welding conditions, with experimental validation confirming the accuracy of these simulations 

and the proposed parameters. Fusion bonding techniques, such as ultrasonic and induction 

welding, efficiently unite thermoplastic composites by reducing the need for surface preparation 

and allowing for the integration of dissimilar materials, even when their properties vary. There is 

a significant lack of thorough investigations into the friction welding of metallic polymer 

composites, particularly those incorporating varying PEEK content alongside Al,The current 

literature does not provide thorough insights into heat generation during the friction welding 
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process of these specific composite materials. This investigation explores the friction welding of 

PEEK-metal composites with different PEEK content, focusing on thermal analysis and heat 

generation to improve weldability. The aim is to create a simulation for friction welding 

involving PEEK -Aluminium, Copper, and Titanium metallic polymer composites, with varying 

PEEK content, using Abaqus software. The aim is to explore heat generation and perform a 

thermal analysis within the framework of friction welding simulation. The aim is to determine 

the optimal boundary conditions and parameters that will produce the highest weld quality and 

energy efficiency for the chosen materials. 

Experimental Setup and Methodology: 

1. Methodology 

Figure.1 outlines the steps involved in simulating friction welding. It begins with 

designing a 3D model of cylinders using CAD software. The model is then transferred to Abaqus 

CAE software, where material properties are defined. After that, essential parameters and 

boundary conditions for friction welding are established, followed by running the simulation. 

Lastly, the generated results are examined to assess heat production, and necessary adjustments 

are made to enhance weld quality and energy efficiency. 

 

Figure 1: Methodology used for the Composite analysis 

2. Material Properties 

The simulation is carried out for composites made of PEEK-Aluminium, PEEK-Copper, 

and PEEK-Titanium. A total of four different material combinations are utilized for each 

composite, with the percentage of metal ranging from ten to twenty to thirty to forty percent for 

all composite materials. The Rule-of-Mixture approach is utilized in order to compute the 

material properties that can seen in Table 1. This method makes use of the volume % distribution 
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of the materials in order to make predictions regarding the material properties of composites by 

utilizing the property values of the individual materials that are present in the composite.  

Table 1: PEEK-Aluminium Material Properties 

PEEK 

% 

Al 

% 

Density 

(g/mm³) 

(xE-03) 

Young's 

Modulus 

(N/mm²) 

Poisson's 

Ratio 

Thermal 

Conductivity 

(W/m degC) 

(xE-03) 

Thermal 

Co-eff 

Expansion 

(/degC) 

(xE-05) 

Specific 

Heat 

Capacity 

(J/g 

degC) 

90 10 1.44 10130 0.375 3.6 4.46 1.35 

80 20 1.58 16560 0.37 3.201 4.22 1.3 

70 30 1.72 22990 0.365 2.801 3.98 1.25 

60 40 1.86 29420 0.36 2.402 3.74 1.2 

3. Experimental Setup 

3.1 Dimensions and Parameters 

The simulation model uses two cylinders of the following dimensions are in Table 2 and the 

friction welding parameters used are as in Table 3: 

Table 2: PEEK-Aluminium Model dimension  

Cylinder 1 (Load Cylinder) Value 

Diameter 25mm 

Length 150mm 

Cylinder 2 (Load Cylinder)  

Diameter 25mm 

Length 250mm 

Table 3: Welding Parameters 

Parameter Value 

Spindle Speed 800 rpm 

Soft Load 400 N 

Soft Load Time 6 sec 

Friction Load 450 N 

Friction Load Time 30 sec 

Forge Load 100 N 

Forge Load Time 8 sec 

Cooling Time 7 sec 
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3.2 Defining Model and Properties 

        

Figure 2: CAD Model 1 and 2 

SolidWorks 2017 CAD software is used to create the model of cylinders as shown in 

figure.2. The CAD model is imported into Abaqus CAE software and Material Property is 

defined as follows: Material property of PEEK-Al composites is young modules, passion ratio 

and specific heat    calculated by rule of mixture The defined properties are assigned using a 

Section module which assigns the material properties to the selected geometry. The two 

cylinders are aligned using assembly module, which is depicted in figure.3 

      

Figure 3: Material Property input and assembling  

3.3 Boundary Conditions 

In addition to the increments that are set for each step, the time length of each step is 

defined by utilizing the step module. It is the surface-to-surface type interaction that is selected, 

which results in the interaction type being generated between the contact surfaces. For the 

purpose of defining friction and other attributes between the contact surfaces, the interaction 

property is utilized instead. Using load management, the active load on each step is assigned to 

individual steps. The mesh is defined in the following manner for both cylinders (defining the 

mesh specifically for each cylinder provides for more mesh accuracy than meshing the assembly 

combined). The pixel size is 0.25, and the mesh parameters are a tetrahedron configuration. The 

type of element is chosen so that the analysis may carry out calculations for the combined 
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temperature and displacement of the elements that are provided which are shown in figure.4 

         

Figure 4: The active load on each step is assigned using load manager 

Results and Discussion: 

The following simulation results were found for PEEK-Al composite in show in Figure 5. 

The graph shows us the working temperature during friction welding process is same for all the 

composites (Figure.6). The Abaqus CAE software was utilized in order to carry out the 

simulation of Rotational Friction Welding for PEEK-Aluminium composites with metal 

compositions of 10%, 20%, 30%, and 40%. The Rule-of-Mixture equations were utilized in 

order to ascertain the parameters of the composite material. Throughout the entirety of the 

welding process, including the Soft Load, Friction Load, Forge Load, and Initial Cooling stages, 

the nodal temperatures were continually monitored and recorded. The results that were obtained 

can be employed to ascertain the amount of heat that is generated during the welding process or 

any single phase for the particular model, material, and welding parameters that have been 

specifically selected.  

 

Figure 5: simulation of composite 

During the welding process, the nodal temperature values can be used to identify 
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additional thermal properties by employing appropriate FEA equations. These equations can 

determine the optimal weld parameters for the material in question, which in turn can improve 

the efficiency of the process and result in stronger joints and welds of superior quality. PEEK-Al 

is exploited in a significant manner in the field of aviation applications. Temperature is measured 

for all four compositions of composites in different welding span    

 

Figure 6: (a) 40% PEEK-Al Graph     (b) 40% PEEK-Al Graph 

(c) 40% PEEK-Al Graph     (d) 40% PEEK-Al Graph 

Conclusion: 

The following conclusion were obtained from this study. 

• Utilizes a FEA technique for optimizing the welding process of polymer materials.  

• Current model uses basic parameters and boundary conditions. 

Future work could include increasing mesh density and adjusting mesh type and 

configuration. More over current boundary conditions could be improved for better 

accurate simulation results.  

• Advanced Finite Element Analysis techniques could be used to refine the model and 

programming languages like Python and FORTRAN could be used to compare simulation 

models with experimental outcomes. 
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Abstract: 

Thiadiazole is a heterocyclic compound which contains carbon, nitrogen and sulfur atoms 

in its five-membered ring. The thiadiazoles have various isomers such as 1,2,4-thidiazole, 1,2,5-

thiadiazole, 1,2,3-thiadiazole and 1,3,4-thiadiazole, these isomers are widely recognized for their 

diverse biological activities. In these days, 1,3,4-thiadiazole is widely used in medicinal 

chemistry, as this scaffold exhibits remarkable physicochemical properties such as solubility, 

stability, and electronic characteristics, to make this scaffold more valuable in medical 

sciences.1,3,4-thiadiazole derivatives exhibits a wide range of biological activities such as anti-

cancer, anti-proliferative, anti-convulsant, anti-hypertensive, anti-diabetic or anti-inflammatory 

and anti-alzheimer activity. As this scaffold used in medicinal as well as pharmaceutical sciences 

they are also used in agrochemical, corrosion inhibitors and dyes. This chapter highlights the 

importance of 1,3,4-thiadiazole derivatives in modern science and technology by studying their 

biological activities and structural characteristics, functionalization, and wide range of 

applications. 

Keywords: 1,3,4-thiadiazole, Anti Diabetics, Anti Convulsant, Anticancer, Anti-Alzhiemer’s 

and Anti Tubercular Thidaizole Derivatives 

Introduction:  

Ring-shaped compounds made up of carbon, nitrogen, sulfur, and oxygen are known as 

heterocyclic compounds. Pyrrole, furan, and thiophene are examples of heterocyclic compounds 

with a single non-carbon atom; triazene, azole, thiazole, thiadiazole, oxadiazole, and other 

heterocyclic molecules have multiple non-carbon atoms(Wassel et al., 2021) . 1,3,4-thiadiazole 

has become a crucial research topic because of its intriguing pharmacological and biological 

characteristics. The various substituted derivatives, or variations, of the 1,3,4-thiadiazole 

molecule are of special interest to researchers ( Serban et al.,  2018). 

mailto:monikaguptaa@gmail.com


Bhumi Publishing, India 

62 
 

A class of five-membered heterocyclic compounds known as 1,3,4-thiadiazole is 

important in medicinal chemistry due to its wide range of biological activities. Among the many 

biological activities that can be developed using the 1,3,4-thiadiazole scaffold are antimicrobial, 

anticonvulsant, anti-cancer, antibacterial, anti-oxidant, anti-hypertensive, anti-diabetic, anti-

leishmanial, anti-histamine, anti-depressive, anti-tubercular, anti-tumor, anti-proliferative, and 

anti-inflammatory compounds.(Mohamed et al., 2022). 

Table 1: 1,3,4-Thiadiazoles are classified into three main subclasses based on their 

electronic structure and aromaticity (Sharma et al., 2013) 

 

In 1,3,4-thiadiazole derivatives the presence of N-C-S moietymustcontributein various 

biological properties.There are other different four isomeric forms thiadiazoles such as 1,2,5-

thiadiazole, 1,2,4-thiadiazole, 1,2,3-thiadiazole and 1,3,4-thiadiazole. Because of its wide range 

of pharmacological activities, 1,3,4-thiadiazole is the most well-known and studied heterocyclic 

nucleus among them. Thiadiazoles have also been used in a variety of industries, such as plastic, 

dye, and polymer manufacturing, as well as agriculture (Kumar et al., 2020). 

 

 

 

 

 

 

 

Sr. No. Subclasses Key Aspects Examples 

1.  Aromatic 

Thiadiazoles 

• The most common type. 

• Stable and aromatic structures. 

• E.g.:1,3,4-Thiadiazole.  

2.  Mesomeric 

Thiadiazoles 

• A system of delocalized electrons. 

• Unique reactivity. 

• E.g.: 1,2,4-Thiadiazolium salts 
 

3.  Non-Aromatic 

Thiadiazoles 

• Forms with partial reductions. 

• Conjugation variations. 

• E.g.: 1,3,4-Thiadiazoline  
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Table 2: Different forms of thiadiazole along with their uses and annotations (Tokareva et 

al., 2024) 

Sr. No. Thiadiazole Annotations Applications 

1.   

 

 

• A five-membered heterocyclic ring 

consists carbon, nitrogen and 

sulfur atoms. 

• Having stable e- arrangement&are 

aromatic in nature. 

• Commonly found in a variety of 

bioactive substances. 

• Used in pharma-ceutical 

industries for creating 

anti-viral, anti-tubercular 

&anti-cancer drugs. 

• Utilized in agro-

chemicals as fungi-cides 

&herbicides. 

2.   

 

• A five-membered ring with 

nitrogen atom opposite to the 

sulfur atoms at positions 1 & 2. 

• Compared to other isomers, they 

are less common. 

• Useful in electro and 

photochemical 

applications. 

• Useful in electronic and 

optical materials. 

3.   

 

• A five-membered ring with two 

adjacent nitrogen atoms and one 

sulfur atom. 

• Exhibits aromaticity because of 

delocalizedπ-electrons,less stable.  

• Intermediatesin organic 

synthesis. 

• Useful as a potential for 

anti-microbial & anti-

inflammatory properties. 

4.   

 

 

• A highly stable five-membered 

heterocyclic ring with a sulfur 

atom consisting of two nitrogen 

atoms. 

• Chosen due to its higher 

aromaticity, stability& adaptability 

• Used to create anti-

bacterial, anti-

cancer&anti-diabetic 

drugs. 

• Used in polymer and 

material’s chemistry due 

to their e-donating 

properties. 
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Properties Of 1,3,4-Thiadiazole  

Table 3: Chemical and physical characteristics of 1,3,4-thiadiazole 

Properties 1,3,4-Thiadiazole 

Chemical formula 5-membered heterocyclic ring that contains carbon sulfur and 

nitrogen 

Molecular formula C2H2N2S 

Functional group Possibly substitution at C-5 and C-2 in thiadiazole ring 

Pharmacokinetics Moderate solubility, metabolized in the liver, excreted renally 

Biological activities Antimicrobial, anti-inflammatory, anti-convulsant, anti-

cancer, anti-hypertensive 

Physicochemical properties Polar, Aromatic and e--rich 

Toxicity Low to moderate, can cause hepatotoxicity in some cases 

 

 

Figure 1: Various marketed drugs containing 1,3,4-thiadiazole  

Biological Activities 

Anti-Diabetic Activity 

The most common and chronic metabolic disease, Diabetes Mellitus (DM) which is 

basically identifies by higher blood glucose level in the body. The insufficient level of blood 

glucose levels in the body is the major sign of diabetes mellitus, a condition which is caused by 

an excessive intake of carbohydrates which also affects the insulin secretion(Hasan et al., 2023) . 

According to recent studies, diabetes mellitus, an increasingly common condition, affects 20% of 
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people worldwide. Patients with type-2 diabetes are initially treated and managed primarily with 

dietary and lifestyle modifications, whereas those with type-1 diabetes are primarily treated with 

insulin. In type-2 diabetes mellitus, insulin is essential when blood sugar levels cannot be 

controlled by diet, exercise, weight loss, or oral medications. People with diabetes are most 

likely to have type-2 diabetes. Simple lifestyle modifications can help prevent type-2 diabetes 

and its complications. Inhibiting the enzymes α-amylase and α-glucosidase (starch hydrolases) is 

one way to manage diabetes mellitus by controlling the digestion of starchy foods(zahid ali, 

wajid rehman, 2024). 

Mechanism of Action 

 

Figure 2: Inhibition of α-amylase and α-glucosidase enzymes by 1,3,4-thiadiazole 

Ali, Z., Rehma, et al. (2024) they have worked out for the synthesis of 2-hydrazinyl-5-(4-

nitrophenyl)-1,3,4-thiadiazole-bearing Schiff base derivatives investigating against their 

inhibition of α-glucosidase enzyme. All over, a novel series of (1-12) derivatives are synthesized 

and among of them, compound 3demonstrated excellent inhibition against α-glucosidase 

enzymes with an IC50 value between 18.10 ± 0.20 and 1.10 ± 0.10 μM(Zahoor et al., 2024). 
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Abbasi, S. A. et al. (2024) have prepared thiadiazole-bearing thiosemicarbazide (1 - 

20),and studied the anti-diabetic activity by inhibiting the α-amylase and α-glucosidase enzymes. 

Out of all the produced analogues, the analogue19 showed the greatest potency(Abbasi et al., 

2024). 
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Anti-Cancer Activity 

A serious and complicated human disease, Cancer i.e. characterized by uncontrolled cell 

proliferation which may also having the ability to spread other areas of the body. According to 

the recent studies, it is acknowledged as the World’s second most common cause of death.one 

out of every six fatalities is due to Cancer. In worldwide, about 18.1 million people received a 

cancer diagnosis in 2018, and by 2040, the figure is predicted to rise to 29.4 million. There are 

also various treatments methods, access to therapy, treatment sustainability, and also lifestyle 

plays the significant role in this distribution, which is why this number varies throughout 

nations(Serag et al., 2025). 

Mechanism of Action 

 

Figure 3: Anticancer Activity Mechanism of Thiadiazoles. 

Kalagara, S. et al. 2025 synthesized a novel series of aryl substituted indole-1,3,4-

thiadiazole derivatives (10a–j). These compounds were synthesized for investigating their anti-

cancer properties against four human cancer cell lines like MCF-7 (breast cancer), A549 (lung 

cancer). Among the synthesized compounds, three compounds 10a, 10b and 10c displayed more 

cytotoxic activity than positive control.(Kalagara et al., 2025) 
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Kamel, M. G. et al. 2024 synthesized fifteen new pyrazole compounds bearing chalcone 

(4–10), thiazole (16–19) and thiadiazole (23–26) moieties. Three pyrazolyl-chalcone derivatives 

(4, 5, and 7) and a pyrazolyl-thiadiazole derivative (25) showed potent anti-cancer activity 

against the PaCa-2 cell line. Compound 25 showed potent anti-cancer activity against the PC3 

cell line with an IC50 value of 11.8 mg mL−1. Compound 25 exhibited the strongest anti-cancer 

effect among them against the PC¬3 cell line, with an IC50 value of 11.8 μg mL−1.(Kamel et al., 

2024) 

 

Anti-Alzheimer’s Activity 

The primary cause of dementia and one of the most prevalent neurodegenerative diseases 

is Alzheimer’s disease (AD). The patient first experiences mild cognitive impairment before all 

aspects of their life functions is gradually affected.The primary cause of dementia and one of the 

most prevalent neurodegenerative diseases is Alzheimer’s disease (AD). The patient first 

experiences mild cognitive impairment before all aspects of their life functions is gradually 

affected. The one degenerative disease which is more common in older adults is Alzheimer's. 

The WHO estimates that 82 million populations will suffer from dementia in 2030 or in 2050 

there will be152 million, with AD accounting for 60-70% by these cases. By 2050, there will 

people be 106.2 million cases globally with 1 in 85 people having AD. Acetylcholine is actually 

a neurotransmitter i.e. linked to Alzheimer’s disease (AD) and is necessary for cognitive 

function. Acetylcholine has an effect on several brain functions, including focus, memory and 

learning. In Alzheimer’s disease, certain areas of the brain, particularly these involved in 

memory and cognition, gradually lose their acetylcholine- producing neurons.(Cebeci et al., 

2024) 

Mechanism of Action  
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Figure 4: 1,3,4-Thiadiazole derivatives inhibiting enzymes for treating Alzheimer’s Activity 

Kaya, B. et al. 2024 were produced five new thiadiazole analogs and their anti-

cholinesterase activity assessed for finding anti-alzheimer medicines. Out of all the synthesized 

analogues the compound 6e has the greatest inhibition against both examined enzymes when 

compared to the standard medicines.(Kaya et al., 2024) 

 

Mohammadi-Farani et al. 2024 produced several novel compounds with the 1,3,4-

thiadaizole nucleus in order to evaluate their potential anti-Alzheimer's effects. With a fluorine 

atom in the meta position of the phenyl ring (IC50 = 1.82 ± 0.6 µM), derivative 7e was the most 

potent chemical compound in this series.(Mohammadi-Farani et al., 2024) 

 

Anti-Bacterial Activity 

Infectious diseases caused by bacteria have rapidly increased in recent years. Despite 

many significant developments in anti-bacterial therapy, the widespread use and abuse of anti-

biotic has led to the emergence of antibiotic resistance, a serious public health concern(Ulusoy 

Güzeldemirci et al., 2017). 

Mechanism of Action 

 

Figure 5: Bacterial activity inhibitiory mechanism of  1,3,4-thiadiazole derivatives 
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Kalyani, M. et al. 2024 Trimethylsilyl isothiocynates were used to create a range of 

pyrimidinyl oxa/thia/thiazole. Each of the 15 compounds they created to test for antibacterial 

properties outperformed the reference drug by a remarkable margin. Among compounds 3e, 5e, 

and 7a, more antibacterial activity was shown; compound 5, which contains 1,3,4-thiadiazole, 

exhibited the strongest antibacterial activity.(Kalyani et al., 2024) 

 

 

 

 

 

 

Yang, M. et al. 2025synthesized a series of derivatives of various compounds containing 

thiadiazole, morpholine, and urea as the pharmacophore by combining active substructure 

fragments, against the anti-bacterial activity which were evaluated. The results showed that the 

derivative 1 inhibited Pseudomonas syringae pv. Actinidiae by 35.06 %.(Yang et al., 2025) 

 

Anti-Convulsant Activity 

Seizures, another name for convulsions, are sudden, uncontrollable electrical disruptions 

of the brain. Rapid, uncontrollable muscle contractions that results in uncontrollable movement 

and shaking are the hallmark of convulsions. It causes profound changes in consciousness, 

emotions, movements, and behavior. Any age can experience convulsions which can either be a 

one-time occurrence or a chronic condition requiring ongoing medical attention.Several 

modifications to the 1,3,4-thiadiazole moiety have shown good potency as less toxic and highly 

effective anti-convulsant medications.(V et al., 2024) 

Mechanism of Action 

 

Figure 6: Mechanism of 1,3,4-thiadaizole derivatives as anti-convulsants 
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Karaküçük-İyidoğan et al. 2024 studied the design, synthesis, anti-convulsant evaluation 

of 1,3,4-thiadiazole derivatives, they had prepared five derivatives of 1,3,4-Thiadiazole analog; 

among of them 5b and 5c displayed significant anticonvulsant activity with ED50 values of 

170.66 and 107.79 mg/kg, respectively.(Karaküçük-İyidoğan et al., 2024) 

 

Anti-Tuberculosis Activity 

Millions of people worldwide suffer from tuberculosis, a deadly bacterial disease. 

Whether there are treatments for it, the bacterium’s nature makes it difficult to create new ones. 

Because drug resistant TB is becoming more common, treating it is becoming more difficult. 

Therefore, we need to develop new TB medications that are more effective, safer and capable of 

combating these resistant strains. Heterocyclic are compounds that have historically been used 

by researchers to create new medications. Heterocyclic substances like 1,3,4-thiadiazole have 

shown a great deal of promise in the development of novel medications. Additionally, 

thiadiazole have demonstrated promise in the treatment of cancer, infections and other 

issues.(THOMAS et al., 2023) 

Mechanism of Action 

Figure 6: Anti-Tubercular activity of 1,3,4-thiadaizole derivatives 

Patel, V. M. et al. 2025 synthesized N-Mannich bases (2a-j) of 2-(pyridine-4-yl)-1H-

benzo[d]imidazole by combining 1,3,5-thiadiazole (2f-j) with benzothiazole (2a-e) under 

microwave irradiation. Rifampicin and the penta-fluoro substituted 1,3,5-thiadiazole molecule 

(2h) were similar in their ability to inhibit M. tuberculosis in primary screening (MIC = 6.25 

µg/mL). Compound 2hdemonstrated good binding energy in the receptor's active pocket (PDB 

ID: 4cod).(Patel et al., 2025) 
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Kendre, B. V. et al. 2025 synthesized and designed a new series of 12 chromone fused 

1,3,4-thiadiazoles using a quick and easy synthesis method that begins with a 3-formyl 

chromone. Additionally, the experimental results showed that compounds 5d and 5f had 

excellent anti-tubercular capability against Mtb, with MICs of 3.0 and 4.0µg ml-1.(Kendre et al., 

2025) 

Shaikh, S. A. et al. 2024 synthesized a novel series of thiadiazole-thiazole-acetamide 

derivatives (4a-4k) by using TBAB as catalyst and butylating agent. The structures of the newly 

synthesized compounds are well confirmed by different spectroscopic techniques such as FT-IR, 

1H-NMR, 13C-NMR and MS. DEPT and 2-D techniques as COSY, HETCOR and HMBC 

confirmed compound 4e. The synthesized compounds exhibit moderate to high radical 

scavenging activities.(Shaikh et al., 2024) 

 

Conclusion: 

In conclusion, the derivatives of 1,3,4-thiadiazole were identified as an important class of 

heterocyclic compounds with a wide range of therapeutic applications. Their unique structural 

and electronic characteristics allows them to show a wide range of pharmacological uses. This 

chapter, highlights the ability of 1,3,4-thiadiazole derivatives to treat various diseases by 

studying their structural variations and medical applications. The review of their medicinal uses 

shows, they can effectively treat diabetes, cancer, alzheimer, inflammation, neurological 

disorders, and infectious diseases. Although, their ability for treatment is motivating, the future 

research is required to optimize their therapeutic properties, enhance target selectivity and 

minimize toxicity. Future study will be enhanced by focusing on structure activity relationship, 

clinical evaluation and molecular docking. 
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Abstract: 

Artificial Intelligence (AI) and Machine Learning (ML) are transforming offshore 

industries, making operations safer, more efficient, and smarter. These technologies are playing a 

crucial role in oil and gas, renewable energy, and maritime navigation by automating complex 

tasks, improving decision-making, and predicting potential failures before they happen. By 

analyzing a large amount of real-time data, AI-driven models help in predictive maintenance, 

risk assessment, and operational optimization. Techniques like artificial neural networks (ANN), 

long short-term memory (LSTM), and reinforcement learning are being used to enhance 

efficiency—from optimizing oil extraction to improving offshore wind farm performance. The 

shift towards AI-powered automation has made offshore work less dependent on manual efforts, 

reducing risks and operational costs. However, challenges such as computational demands, the 

need for transparent AI models, and adaptive learning still need to be addressed. As AI and ML 

continue to evolve, they promise to bring even greater innovation, sustainability, and efficiency 

to offshore operations. 

Keywords: Artificial Intelligence (AI), Machine Learning (ML), Offshore Operations, Neural 

Networks (ANN), Long Short-Term Memory (LSTM), Reinforcement Learning,  Oil and Gas, 

Renewable Energy 

Introduction: 

Artificial Intelligence (AI) and Machine Learning (ML) are revolutionizing offshore 

operations by enhancing safety, efficiency, and decision-making across various industries, 

including oil and gas, renewable energy, and maritime navigation. These technologies leverage 

advanced algorithms, deep learning architectures, and data-driven models to optimize complex 

processes, and improve predictive accuracy. 

AI and ML have demonstrated their potential in predictive maintenance, anomaly 

detection, risk assessment, and operational optimization. By analysing vast amounts of real-time 

data, these models can forecast equipment failures, enhance energy management, and improve 
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navigation systems. Techniques such as artificial neural networks (ANN), long short-term 

memory (LSTM), support vector machines (SVM), and reinforcement learning are being applied 

to tackle industry-specific challenges, from optimizing oil production rates to improving offshore 

wind farm efficiency. 

The integration of AI-driven automation has led to safer and more cost-effective offshore 

operations, reducing the reliance on traditional, labour-intensive methods. However, challenges 

remain, including the need for robust computational resources, explainable AI models, and 

adaptive learning techniques to further enhance real-world applicability. As AI and ML continue 

to evolve, they hold the potential to drive innovation, sustainability, and operational excellence 

in offshore environments. 

1. Significance of Artificial Intelligence 

Artificial Intelligence (AI) is transforming offshore operations by improving anomaly 

detection, predictive maintenance, and decision-making. Advanced deep learning models like 

Long Short-Term Memory (LSTM) and Gated Recurrent Unit (GRU) help classify production 

anomalies more efficiently, enhancing both safety and operational performance. Genetic 

algorithms further refine these models by optimizing their hyperparameters, leading to better 

accuracy compared to traditional methods. AI-driven solutions not only cut maintenance costs 

but also improve reliability in offshore environments. However, challenges remain, such as the 

need for high computational power and the development of explainable AI to improve trust and 

interpretability. As AI continues to advance, its role in optimizing offshore operations will 

become even more critical. (Bayazitova et al., 2024) 

1.1. Artificial Intelligence (AI) in Offshore Wind Energy 

Artificial intelligence (AI) enhances offshore wind energy operations by enabling 

automation, real-time decision-making, and intelligent energy management. AI-driven systems 

process vast amounts of wind turbine data, allowing operators to make timely adjustments that 

optimize wind farm performance. Additionally, AI identifies key trends and methodologies, 

supporting innovation and addressing research gaps in offshore wind energy. These 

advancements contribute to improved operational efficiency, sustainability, and long-term 

reliability in wind power generation. (Das et al., 2024) 

1.2. Artificial Intelligence (AI) in Offshore Service Management 

Artificial Intelligence (AI) is also transforming the landscape of offshore service 

management, particularly regarding project selection. AI-based decision support tools enable 

vendors to shortlist projects to consider with more accuracy and efficiency, effectively reducing 

risk and complexity. It means smarter decisions, better resource allocation, and smoother 
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operations. The progression of AI will create more operational efficiency and make the 

management of offshore projects more future-ready. (Ikram et al., 2023) 

1.3. Artificial Intelligence (AI) in Wellbore Instability Management 

Artificial intelligence (AI) provides a robust solution for addressing wellbore instability 

in offshore drilling operations. Traditional physics-based models often struggle with accurately 

determining empirical coefficients, limiting their predictive effectiveness. AI enhances wellbore 

stability predictions by efficiently analyzing complex nonlinear relationships, improving drilling 

performance, and enabling real-time data processing. Future developments should focus on 

integrating hybrid AI-physics models and adaptive learning techniques to further enhance 

predictive accuracy and operational safety. 

1.4. Artificial Intelligence (AI) in Oil Production Rate Estimation 

Artificial intelligence (AI) plays a crucial role in optimizing oil production rate 

estimation for offshore operations, especially in challenging high gas-oil ratio (GOR) and high 

water cut (WC) conditions. Traditional methods, such as test separators and multiphase flow 

meters (MPFMs), are costly, complex, and often inaccurate under extreme flow scenarios. AI-

based solutions offer a more efficient and reliable alternative by leveraging data-driven 

approaches to predict oil flow rates accurately. By analysing critical parameters such as choke 

size, upstream and downstream pressures, GOR, and WC, AI models enhance production 

forecasting and well performance evaluation(Al Dhaif et al., 2021) 

1.5. Artificial Intelligence (AI) in Offshore Resource Exploration 

Artificial intelligence (AI) is revolutionizing offshore resource exploration by enabling 

scalable and automated solutions for detecting and estimating polymetallic nodule abundance on 

the seafloor. Traditional manual methods for nodule identification and quantification are labour-

intensive and prone to inconsistencies. AI-driven deep learning (DL) models offer a more 

efficient alternative by analysing seafloor images and improving estimation accuracy. By 

integrating AI with seabed sampling, researchers gain deeper insights into nodule distribution 

variability, enhancing exploration strategies and optimizing deep-sea mining operations. 

(Tomczak et al., 2024) 

1.6. Artificial Intelligence (AI) in Offshore Pipeline Integrity Management 

Artificial intelligence (AI) is transforming offshore pipeline integrity management by 

integrating advanced modelling techniques to assess structural health and failure risks. By 

combining AI with finite element analysis (FEA), researchers can predict the remaining useful 

life (RUL) and probability of failure (POF) of corroded pipelines with greater precision. 

Traditional failure pressure equations often yield overly conservative estimates, but AI-driven 
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models improve accuracy, reducing estimation errors and optimizing maintenance strategies. 

These advancements enable risk-based inspection approaches that enhance pipeline safety and 

longevity in offshore environments. 

1.7. Artificial Intelligence (AI) in Offshore Oil and Gas Operations 

AI is transforming offshore oil and gas operations by enabling data-driven decision-

making in exploration, drilling, reservoir management, and production. By processing vast 

amounts of data, AI enhances resource extraction, automates workflows, and improves 

operational safety. AI-powered techniques, such as artificial neural networks (ANN) and 

adaptive learning models (ALM), help optimize complex processes, leading to more efficient and 

sustainable offshore operations(Sircar et al., 2021) 

Machine learning (ML) is playing a crucial role in improving safety, reliability, and 

efficiency in offshore operations by enabling fault detection, anomaly identification, risk 

assessment, and system prognosis. The use of supervised, unsupervised, and semi-supervised 

learning methods allows for predictive maintenance, early failure detection, and optimized 

decision-making, reducing operational risks in offshore environments. The integration of 

digitalization and remote sensing technologies has significantly increased data availability, 

enhancing the accuracy of ML models. However, challenges such as data scarcity, trust in AI-

driven decisions, and model interpretability need to be addressed. Strengthening data 

governance, improving model transparency, and fostering interdisciplinary collaboration will be 

essential to fully leverage AI and ML for safer and more efficient offshore operations. 

1.8. Artificial Intelligence (AI) in Offshore Oil Production 

AI is revolutionizing offshore oil production by enabling more accurate and efficient 

decision-making processes. By leveraging AI techniques such as Support Vector Machine 

(SVM) and Random Forest (RF), offshore operations can improve oil flow rate predictions, 

optimize resource extraction, and enhance production efficiency. AI-driven models analyse key 

parameters like upstream and downstream pressures, gas-oil ratio (GOR), and choke size to 

provide superior predictions compared to traditional empirical methods.(Ibrahim et al., 2021) 

1.9. Artificial Intelligence (AI) in Offshore Drilling 

AI is transforming offshore drilling by improving decision-making, optimizing 

operations, and reducing uncertainties. By utilizing an Artificial Neural Network (ANN) model, 

AI enhances real-time predictions of the Rate of Penetration (ROP), allowing for more efficient 

and cost-effective drilling processes. AI-driven insights contribute to safer offshore hydrocarbon 

extraction and streamlined operations. (Almomen et al., 2024) 
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1.10. Artificial Intelligence (AI) in Autonomous Offshore Operations 

AI is revolutionizing offshore operations by enabling autonomous ships to navigate more 

efficiently and safely. A major application of AI in this field is ship collision avoidance and 

mission planning, where intelligent systems help vessels minimize risks while optimizing routes. 

AI-driven navigation enhances decision-making by integrating real-time data, making offshore 

operations more reliable and effective. (Sarhadi et al., 2022) 

1.11. Artificial Intelligence (AI) in Maritime Safety 

AI is transforming maritime safety by enabling real-time collision damage prediction and 

risk assessment. By leveraging deep learning techniques such as Long Short-Term Memory 

(LSTM) networks and Transformer models, AI-driven systems can analyse vast datasets and 

predict the extent of ship collision damage with high accuracy. This enhances decision-making 

and improves navigation in congested offshore environments, making operations safer and more 

reliable. (Shabani et al., 2025) 

1.12. Artificial Intelligence (AI) in Offshore Wind Turbine Fault Detection 

AI is revolutionizing fault detection in floating offshore wind turbines (FOWTs) by 

enabling real-time monitoring and predictive maintenance. Using deep learning techniques, 

particularly neural networks with 1D convolutional operations, AI-driven systems continuously 

analyse turbine signals to detect potential faults. This technology enhances traditional inspection 

methods, which are often challenging in offshore environments, by offering a more efficient and 

automated approach to identifying malfunctions in key subsystems like pitch control and 

generators. (Fernandez-Navamuel et al., 2024) 

1.13. Artificial Intelligence (AI) in Offshore Multi-Use Platforms (MUPs) 

AI is transforming the development of offshore multi-use platforms (MUPs) by analysing 

extensive research data to identify emerging trends and technological synergies. These platforms 

integrate energy production, aquaculture, and freshwater generation, offering sustainable 

solutions for coastal and island communities. AI-driven text analysis has helped map out 

common technology combinations, such as wind and wave energy, while also revealing gaps in 

research, particularly in modular and mobile platform designs. (Xylia et al., 2023) 

1.14. Artificial Intelligence (AI) in Offshore Renewable Energy 

As the demand for cleaner energy grows, AI is playing a pivotal role in optimizing 

offshore renewable energy sources like wind and wave power. These energy systems face 

significant challenges, including harsh environmental conditions, high maintenance costs, and 

unpredictable energy generation. AI-driven models enhance forecasting for wind and wave 

patterns, ensuring better integration into the energy grid. By analysing vast amounts of real-time 
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data, AI helps improve energy efficiency and grid stability, making offshore renewables more 

viable and scalable. (Allal et al., 2024) 

1.15. Enhancing Decision-Support Systems (DSS) with AI 

The study highlights how AI-powered decision-support systems (DSS) can provide real-

time risk warnings to vessel crews, potentially preventing accidents before they occur. However, 

the current model has limitations, as it relies solely on Norwegian data and lacks crucial 

variables like weather conditions, vessel position, and traffic density. Future research should 

integrate additional data sources, such as GPS and AIS history, to refine risk predictions. By 

continuously advancing AI-driven maritime safety systems, offshore operations can become 

safer, smarter, and more proactive in preventing accidents.(Munim et al., 2024) 

1.16. AI-Driven Monitoring for Offshore Wind Turbines 

AI and machine learning are transforming offshore wind farm operations by improving 

the monitoring and maintenance of floating offshore wind turbines (FOWTs). This study 

presents a deep learning-based method that detects and classifies faults in key control 

subsystems, such as pitch sensors, actuators, and generators. By analysing synthetic signals from 

simulations, the model continuously assesses turbine health, enabling real-time fault detection. 

This proactive approach enhances maintenance efficiency and minimizes the need for in-person 

inspections, which are particularly challenging in offshore environments. (Pacis et al., 2023) 

2. Significance of Machine Learning 

Machine learning (ML) is transforming offshore operations by enabling advanced 

anomaly detection, predictive maintenance, and operational optimization. Deep learning 

architectures like long short-term memory (LSTM) and gated recurrent unit (GRU) networks 

effectively classify anomalies in production data, improving safety and efficiency. Additionally, 

genetic algorithms for hyperparameter optimization enhance model performance, achieving 

superior accuracy compared to traditional methods. 

These ML-driven advancements reduce maintenance costs, improve decision-making, 

and enhance operational reliability. However, challenges remain, including the need for robust 

computational resources and explainable AI to ensure transparency and trust in real-world 

applications. As ML continues to evolve, it will play an increasingly crucial role in optimizing 

offshore operations. (Bayazitova et al., 2024) 

2.1. Machine Learning (ML) in Offshore Wind Energy 

Machine learning (ML) plays a critical role in improving predictive accuracy and 

forecasting capabilities in offshore wind energy. By integrating ML and deep learning (DL) 

techniques, researchers can develop more precise models that handle environmental variability 
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effectively. ML-driven data analysis enhances energy trading strategies, optimizes wind turbine 

operations, and ensures efficient power generation. As ML continues to advance, it will further 

contribute to automation, reducing reliance on manual intervention while increasing the overall 

efficiency of offshore wind farms. (Das et al., 2024) 

2.2. Machine Learning (ML) in Offshore Service Management 

Machine learning (ML) techniques, particularly the Deep Extreme Learning Machine 

(DELM)-based model, significantly improve predictive performance in offshore service 

management. The model utilizes an advanced Extreme Learning Machine (ELM) algorithm with 

multiple hidden layers, random weights, and biases, enabling high training and testing accuracy. 

This ML-driven approach enhances project evaluation, allowing vendors to assess multiple 

variables for better decision-making. The results highlight the effectiveness of ML in refining 

project selection processes and improving overall offshore operations.(Ikram et al., 2023) 

2.3. Machine Learning (ML) in Wellbore Instability Management 

Machine learning (ML) techniques play a crucial role in optimizing wellbore stability by 

leveraging data-driven approaches to improve prediction accuracy. ML models can process vast 

amounts of drilling data, identifying patterns that traditional methods might overlook. By 

refining empirical coefficients and optimizing drilling parameters, ML contributes to safer and 

more efficient offshore drilling operations. Further advancements in real-time data integration 

and adaptive learning will continue to enhance the reliability and cost-effectiveness of wellbore 

management. (Tamascelli et al., 2024) 

2.4. Machine Learning (ML) in Oil Production Rate Estimation 

Machine learning (ML) techniques, including artificial neural networks (ANN), adaptive 

network-based fuzzy inference systems (ANFIS), and functional networks (FN), significantly 

improve the accuracy and efficiency of oil production rate estimation. These models utilize vast 

datasets to identify complex relationships between key parameters, enabling more precise 

predictions compared to traditional methods. By applying ML algorithms to 550 data points from 

volatile oil and gas condensate wells in the Middle East, this study highlights the ability of ML to 

reduce operational costs, optimize decision-making, and enhance overall offshore oil field 

management(Al Dhaif et al., 2021) 

2.5. Machine Learning (ML) and Deep Learning (DL) in Seafloor Analysis 

Machine learning (ML), particularly deep learning (DL), plays a crucial role in 

processing vast amounts of seafloor image data to detect and quantify polymetallic nodules. DL 

models can identify patterns and anomalies with high precision, reducing the need for extensive 

human intervention. This study demonstrates the potential of DL-based approaches to improve 
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estimation accuracy and resource assessment. Future advancements, including self-supervised 

learning and real-time data analysis using autonomous underwater vehicles, could further refine 

these techniques, making offshore resource exploration more efficient, sustainable, and data-

driven. (Tomczak et al., 2024) 

2.6. Machine Learning (ML) and Probabilistic Failure Prediction 

Machine learning (ML) models, particularly neural networks, outperform conventional 

methods in predicting pipeline failure by analysing vast datasets generated through FEA 

simulations. By processing over 266,000 stress condition models, ML algorithms refine risk 

assessment, demonstrating a 15% reduction in conservative failure pressure estimates. The study 

also applies probabilistic modelling using the Waybill distribution, revealing that failure pressure 

declines by 65–76% over a 30-year period. Additionally, findings indicate that pipeline age, 

internal pressure, and defect spacing significantly impact failure risk. These insights support 

more accurate predictive maintenance strategies, improving operational efficiency and reliability 

in offshore pipeline management. (Hosseinzadeh et al., 2025) 

2.7. Machine Learning (ML) for Predictive Maintenance and Production Optimization 

Machine learning (ML) plays a crucial role in predictive maintenance, reducing 

downtime and operational risks by forecasting equipment failures and optimizing drilling 

parameters. Supervised learning and fuzzy logic models enhance reservoir analysis, ensuring 

better production efficiency. By leveraging ML-driven data analytics, offshore operations can 

become more automated, cost-effective, and sustainable, driving significant advancements in the 

oil and gas industry. (Sircar et al., 2021) 

Machine learning (ML) enhances the efficiency and adaptability of MUPs by 

systematically organizing research and optimizing platform configurations. Despite their 

potential, economic assessments and real-world feasibility studies, especially outside Europe, 

remain limited. AI and ML can bridge these gaps by improving design strategies, evaluating 

cost-effectiveness, and facilitating global knowledge sharing. As these technologies advance, 

they will play a crucial role in making MUPs more viable, resilient, and scalable for sustainable 

offshore development. (Xylia et al., 2023) 

Machine learning (ML) plays a vital role in advancing predictive maintenance for 

offshore wind farms. By training AI models to recognize patterns in turbine data, ML improves 

fault diagnosis and reduces downtime by enabling faster responses to equipment failures. 

However, current models face challenges in distinguishing between similar faults and detecting 

multiple issues simultaneously. Future advancements in AI and ML will focus on enhancing fault 
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differentiation and multi-fault detection, further improving the reliability and efficiency of 

offshore wind energy operations(Fernandez-Navamuel et al., 2024) 

Machine learning (ML) revolutionizes offshore operations by predicting equipment 

failures, optimizing energy production, and reducing maintenance costs. ML algorithms process 

sensor data from offshore platforms to detect anomalies and preemptively address potential 

issues, minimizing downtime. Autonomous AI-driven maintenance systems further enhance 

operational safety by reducing the need for risky human inspections in remote offshore 

environments. By leveraging AI and ML, offshore renewable energy operations become more 

reliable, cost-effective, and sustainable, accelerating the transition to a cleaner energy 

future.(Allal et al., 2024) 

2.8. Machine Learning (ML) for Flow Rate Prediction and Operational Optimization 

Machine learning (ML) models, particularly RF and SVM, significantly enhance flow 

rate estimations in offshore oil production. RF models, with an absolute average percentage error 

(AAPE) below 1%, outperform traditional correlations, improving predictive accuracy under 

various flow conditions. By reducing uncertainties in high-GOR and high-water-cut reservoirs, 

ML contributes to more efficient and sustainable offshore operations, minimizing risks and 

optimizing production processes(Ibrahim et al., 2021) 

2.9. Machine Learning (ML) for Drilling Performance Optimization 

Machine learning (ML), particularly ANN models, plays a crucial role in optimizing 

offshore drilling performance. Trained on extensive well data, ANN models achieve high 

predictive accuracy in forecasting ROP, outperforming traditional methods. The integration of 

empirical equations further validates these predictions, ensuring robust and reliable drilling 

optimization. Future advancements will focus on expanding validation across different reservoirs 

and developing predictive models for pre-emptive drilling adjustments, enhancing offshore 

operational efficiency. (Almomen et al., 2024) 

2.10. Machine Learning (ML) for Collision Risk Prediction 

Machine learning (ML) plays a critical role in advancing collision damage prediction in 

offshore operations. Researchers have trained ML models on over 5,500 collision scenarios to 

improve risk assessments and proactive decision-making. These models significantly outperform 

traditional methods, offering real-time insights that help ships avoid potential hazards. Validated 

through real-world applications in the Gulf of Finland, this AI-powered approach enhances 

maritime safety, reduces risks, and improves the overall efficiency of offshore operations. 

(Shabani et al., 2025) 
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AutoML is proving to be a game-changer in maritime safety by enhancing accident 

prediction and risk management at sea. By analyzing accident data in Norwegian waters, this 

study identified key influencing factors, such as navigation area and operational phase—an 

insight not previously emphasized in maritime safety research. The findings suggest that tree-

based models, particularly LightGBM, offer the highest accuracy in predicting accidents, making 

them valuable for improving maritime risk assessments. (Munim et al., 2024) 

AutoML is proving to be a powerful tool in maritime safety, helping predict accidents 

and improve risk management at sea. This study applied AutoML to analyze accident data in 

Norwegian waters, identifying key factors such as navigation area and operational phase that 

influence maritime incidents. Interestingly, the operational phase had not been highlighted in 

previous research, making it a valuable new insight for decision-making. The study found that 

tree-based models, particularly LightGBM, performed best in predicting accidents. These 

insights could support the development of decision-support systems (DSS) that provide real-time 

risk warnings to vessel crews, potentially preventing accidents before they happen. However, the 

study had some limitations—it relied solely on Norwegian data and lacked variables like weather 

conditions, vessel position, and traffic density, which could enhance model accuracy. Future 

research could expand these models to other regions and integrate additional data sources, such 

as GPS and AIS history, to refine risk predictions. By continuously improving these AI-driven 

systems, maritime operations can become safer, smarter, and more proactive in preventing 

accidents.(Munim et al., 2024) 

Challenges of AI and ML in Offshore Operations 

The adoption of artificial intelligence (AI) and machine learning (ML) in offshore 

operations faces several significant challenges. One of the primary obstacles is the requirement 

for vast computational resources, as AI-driven models demand substantial processing power and 

storage capacity to function effectively. Additionally, the availability of high-quality, labelled 

datasets for offshore environments remains limited, making it difficult to train and validate AI 

models with high accuracy. Another major challenge is the interpretability of AI models—many 

operate as "black boxes," meaning their decision-making processes are not easily understood by 

engineers and operators. This lack of transparency raises concerns about trust, regulatory 

compliance, and accountability in high-risk offshore operations. Furthermore, cybersecurity risks 

pose a growing challenge, as AI-driven offshore systems rely on interconnected digital 

infrastructure that could be vulnerable to cyber threats, hacking, and data breaches. Without 

robust security frameworks, sensitive operational data could be compromised, leading to 

significant financial and safety risks. 
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Future of AI and ML in Offshore Operations 

Despite these challenges, the future of AI and ML in offshore operations is highly 

promising, with advancements that could drive greater efficiency, safety, and sustainability. One 

key area of progress is the integration of hybrid AI-physics models, which combine data-driven 

insights with established engineering principles to improve predictive accuracy. The adoption of 

reinforcement learning and self-supervised learning will allow AI systems to refine their 

performance over time with minimal human intervention, enabling more autonomous offshore 

operations. Additionally, digital twin technology—AI-powered virtual replicas of offshore 

assets—will revolutionize predictive maintenance by enabling real-time monitoring and 

proactive issue detection. Edge computing is another area of growth, allowing AI models to 

process data in real-time at offshore sites without relying solely on cloud-based infrastructure. As 

these technologies continue to evolve, interdisciplinary collaboration among AI researchers, 

offshore engineers, and policymakers will be essential to overcoming current limitations and 

unlocking the full potential of AI-driven offshore operations. 

Conclusion: 

AI and ML are making offshore industries smarter, safer, and more efficient. From 

predicting equipment failures to optimizing energy use, these technologies are helping 

companies in oil and gas, renewable energy, and maritime navigation make better decisions and 

reduce risks. AI is streamlining manual work processes and enhancing efficiency by automating 

intricate tasks and analysing data in real time. For greater real-world applicability, however, 

much remains to be solved such as computational demands, explainable AI and adaptive 

learning. These challenges notwithstanding, the ever-advancing landscape of AI and ML is likely 

to facilitate innovation,  sustainability, and operational excellence in offshore sectors of the 

economy. 
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Abstract:  

Palladium-catalyzed decarboxylative allylation reactions have emerged as an extremely 

efficient method for the construction of carbon-carbon bonds and the ensuing alkenes represent 

as versatile building blocks in synthetic chemistry. In the decarboxylative allylation reactions, 

allyl electrophiles coupled with nucleophiles formed via decarboxylation of carboxylic acid 

derivatives in a chemo-, regio-, and stereo-selective manner. In the reaction palladium serves as 

the key catalyst to facilitate the formation of coupling products from the carboxylate and the allyl 

moiety. The coupling partner carboxylic acids are commercially available in large structural 

varieties at low cost and these compounds are generally stable to air and moisture, easy to store, 

and simple to handle. Therefore, the decarboxylative allylation reaction has offered a convenient 

and versatile application in the synthesis of complex molecular frameworks, including natural 

products and pharmaceuticals. This review summarizes key developments in palladium-

catalyzed decarboxylative allylation reactions, providing insights into the reaction mechanisms, 

synthetic applications, and future directions for improving its efficacy in chemical synthesis. 

Keywords: Decarboxylation, Cross-Coupling Reactions, Allylation, Palladium, C-C Bond 

Formation. 

1. Introduction: 

Allylic aromatic compounds are ubiquitous structural motifs found in various natural 

products (Figure 1).1 In addition, these compounds represent important organic intermediates for 

the synthesis of complex molecular frameworks due to the versatility of olefin 

functionalizations.2 Over the past decades, several methods have been used to construct the 

allylic arenes (Scheme 1). In this vein, the transition metal catalyzed allylation of aryl metal 

species with allylic electrophiles providing the allylated arenes have been reported.3 Although 

this protocol is valuable but suffers from the preactivation of arenes which needs stoichiometric 

amounts of metal that is not environmentally benign. Alternatively, the Lewis acid-catalyzed 

Friedel-Crafts aromatic allylation reactions are used because it avoids the prior preparation of the 

mailto:asik.iitg@gmail.com


Research Trends in Chemical and Material Science 

 (ISBN: 978-93-48620-44-6) 

89 
 

aryl metal species from the arenes.4 But, these protocols are limited to substrate scopes and harsh 

reaction conditions which restrict its application. The Tsuji-Trost allylation reaction has also 

paying attention towards the synthesis of allylated arenes.5  

 

Figure 1: Few selected examples of naturally occurring allylated products 

 

Scheme 1: Synthesis of aromatic allylic compounds via different methods 

Recently, taking the advantages of C-H activation methods, the transition metal catalyzed 

allylation reactions via C-H activation have been developed using various allylic substitutes.6 

However, the C-H bond activation methods require installation of directing groups in the 
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substrates to control regioselectivity and subsequent removal of the directing group excludes the 

synthetic fidelity. To overcome this problem, a regioselective, palladium-catalyzed 

decarboxylative allylation reaction using inexpensive, commercially available, air and moisture 

stable aromatic carboxylic acids has been developed (Scheme 1). As compared to traditional 

cross-coupling methods, the decarboxylative cross-couplings has several potential advantages; (i) 

carboxylic acids are ubiquitous and inexpensive reactants; (ii) decarboxylation can provides the 

reactive intermediates under neutral conditions; and (iii) the only stoichiometric amount of 

byproduct is CO2, which is nontoxic, nonflammable, and easily removed from the reaction 

medium. Due to remarkable potential of the reaction, decarboxylative allylation reaction has 

been revealed powerful synthetic method in organic synthesis.7 In the decarboxylative allylation 

reactions, a mechanistically distinct decarboxylative metalation occurs to form an organometallic 

species which have been used as an alternative to aryl halides or organometallic reagents and 

subsequently coupled with allyl electrophiles affording the coupled allyl products via reductive 

elimination in a chemo-, regio-, and stereo-selective manner.  

2. Decarboxylative allylation reactions  

2.1. Palladium catalyzed decarboxylative allylation of allyl esters of acetoacetic acid  

In 1980, the Saegusa8 and Tsuji9 group first independently showed the palladium 

catalyzed decarboxylative allylation reactions under very mild conditions. In Tsuji’s method, 

they have used allyl esters of acetoacetic acid in the presence of catalytic amount of Pd(OAc)2 

and PPh3 provided γ,δ-unsaturated methyl ketones in high yield (Scheme 2, Method A). In 

Saegusa’s method, they used a variety of acyclic and cyclic keto-esters in the presence of 5.0 mol 

% of Pd(PPh3)4 as the catalyst which undergo decarboxylative coupling afforded the desired 

allylated product with excellent yields (Scheme 2, Method B).  

Mechanistically, first palladium(0) undergoes an oxidative addition to the allyl ester (1) 

to form a π-allyl-Pd complex and corresponding carboxylate. Then subsequent decarboxylation 

occurs from the carboxylate, generating the incipient carbanion which is resonance stabilized by 

the adjacent electron withdrawing keto group. Finally, incipient anion acts as a nucleophile 

coupled with the electrophile, π-allyl-Pd complex to yield the desired allylated product (2) via 

reductive elimination and regenerating Pd(0) catalyst for next catalytic sequences (Scheme 2). 
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Scheme 2: Palladium catalyzed decarboxylative allylation of allyl esters of acetoacetic acid 

2.2. Palladium catalyzed decarboxylative allylation allyl nitroacetic esters 

The palladium-catalyzed decarboxylative sp3-sp3 allylic alkylation has been widely 

explored.10 In sp3-sp3 allylation reaction, the incipient anion generates after decarboxylation, 

which is stabilized by the proximal electron withdrawing groups. In this vein the Tunge group 

have showed that the allyl nitroacetic esters in the presence of 5.0 mol % Pd(PPh3)4 undergoes 

decarboxylative allylation to provide the desired allylation products with excellent yield 

(Scheme 3).11 A wide range of α,α-dialkyl substrates as well as an α-phenyl α-fluoro ester take 

part in the reaction efficiently. Here the incipient anion after decarboxylation is stabilized by the 

proximal nitro group in the reaction. However, the other functional groups such as keto,12 ester,13 

cyano,14 sulfone,15 etc. have also been utilized for this type of stabilization in sp3-sp3 

decarboxylative allylation reactions. 

 

Scheme 3: Palladium catalyzed decarboxylative allylation of allyl nitroacetic esters 
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2.3. Palladium catalyzed decarboxylative allylation of allyl esters of 3-carboxylcoumarin 

derivatives 

The decarboxylative sp2-sp3 allylation using arene carboxylic acids is not reported earlier 

due to the instability and rapid protonation of the anion on the sp2-carbon which is generated 

after decarboxylation. Therefore, selective sp2-sp3 decarboxylative allylation is an extremely 

challenging target to accomplish. In this vein, Jana et al. reported a palladium catalyzed 

decarboxylative allylation of allyl esters of 3-carboxylcoumarins moiety to furnish allylation 

product under very mild reaction condition (Scheme 4).16 The reaction is very fascinating due to 

the formation of functionalized coumarins which are privileged structures in biomedical 

sciences.17 Here the anion on sp2-carbon which is formed after decarboxylation is stabilized by 

the proximal keto ester group present in the coumarin moiety and regioselective allylation 

occurred selectively at the C3-carbon of coumarins.  

 

Scheme 4: Decarboxylative allylation of allylic ester of coumarins 

Interestingly, when 4-methyl-3-allylcoumarate was used, the reaction did not furnish any 

desired C3-allylation product, instead a migratory sp3-sp3 cross-coupling product was formed. 

Presumably, this is due to the destabilization of the Csp2 anion which prefers to migrate at the 

sp3-carbon through proton exchange. After rigorous screening, they optimized reaction 

conditions for this remote decarboxylative γ-allylation of the coumarins moiety in good to 

excellent yields of allylation product with excellent selectivity at sp3 center (Scheme 5).18 To 

understand the mechanism for this unusual decarboxylative γ-allylation they performed several 

control experiments and predicted the mechanism of the reaction. Mechanistically, first 

palladium undergoes oxidative addition with substrates to form a π-allyl palladium complex and 

the coumarin carboxylate A. Then intramolecular 1,5-proton transfer occurs to generate 

resonance stabilized carbanion at the C4-carbon B. Subsequent, reductive elimination of the π-

allyl palladium complex forms the C-C bond at C4 position. Finally, palladium catalyzed 

decarboxylative protonation occurs at C3 position (Scheme 5). 
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Scheme 5: Migratory decarboxylative γ-allylation of coumarins 

2.4. Palladium catalyzed intermolecular sp2-sp3 decarboxylative allylation using arene 

carboxylic acids and allyl halides 

In 2011, the liu group also reported a palladium catalyzed intermolecular sp2-sp3 

decarboxylative allylation using arene carboxylic acids and allyl halides (Scheme 6).19 However, 

the methodology was limited to electron-rich substrates mainly and moderate to low yield of the 

desired product was obtained. Mechanistically, aryl-palladium species is generated through 

palladium mediated decarboxylation and subsequently nucleophile attacks to an allyl halide to 

give the desired aromatic allylic coupling product. 

2.5. Palladium-catalyzed decarboxylative allylation of α-oxocarboxylates 

In 2011, Goossen and coworkers have been developed a palladium catalyzed 

decarboxylative sp2-sp3 allylation of non-activated α-oxocarboxylates resulted in α,β-unsaturated 
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ketones through alkene isomerization (Scheme 7).20 Interestingly, here α-oxocarboxylic acid 

work as an equivalent of acyl anion donor for this transformation. Mechanistically, first 

oxidative addition of the carboxylates substrate to Pd(0) lead to the formation of  π-allyl-Pd-

carboxylate complexes F. From the complex F, an extrusion of CO2 leads to the formation of the 

acyl π-allyl-Pd complex G. Finally, reductive elimination of the acyl π-allyl-Pd complex affords 

the allyl ketone H, which is then isomerize to the corresponding stable conjugated vinyl ketone 9 

with the help of palladium (Scheme 7). 

 

Scheme 6: Palladium-catalyzed intermolecular sp2-sp3 decarboxylative allylation 

 

Scheme 7: Palladium-catalyzed decarboxylative allylation of α-oxocarboxylates 

2.6. Palladium-catalyzed decarboxylative allylation of fluorinated benzoates  

In 2014, Goossen’s group showed a decarboxylative sp2-sp3 allylation of arene benzoates 

with palladium catalysis (Scheme 8).21 For this transformation no stoichiometric additive is 

required and the reaction proceeds under mild conditions. In the reaction only fluorinated 
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benzoates provided good to high yield of the desired allylation product with excellent linear 

selectivity. However, other electron deficient benzoates like allyl ester of nitrobenzoic acids did 

not provide any desired product. 

 

Scheme 8: Palladium-catalyzed decarboxylative allylation of fluorinated benzoates 

2.7. Palladium-catalyzed intramolecular decarboxylative allylation of ortho nitrobenzoic 

esters 

Aromatic nitro compounds are beneficial intermediates for the synthesis of 

agrochemicals, pharmaceuticals, dyes, photo-reactive compounds, high energetic materials, 

radiopharmaceutical tracers, etc.22 A facile reduction of the aromatic nitro groups to their 

corresponding anilines provides common starting materials for the syntheses of a plethora of  N-

heterocycles and natural products.23 Despite their remarkable properties, access to ortho-

substituted nitroarenes is restricted due to inherent incompatibility with some organometallic 

reagents.24 Therefore, alternative routes to the synthesis of ortho-allylnitroarenes using 

inexpensive, air and moisture stable starting materials are in high demand. Recently, 

nitrobenzoic acid derivatives have been widely used in palladium-catalyzed decarboxylative 

cross-coupling reactions.25 Therefore, synthesis of ortho-allylnitroarenes using ortho 

nitrobenzoic acids through novel decarboxylative allylation reaction will be attractive in view of 

practical applicability. In this vein, in 2014 the Jana group has successfully reported palladium-

catalyzed intramolecular decarboxylative allylation of ortho nitrobenzoic esters using a 

combination of 5 mol % Pd2dba3, 10 mol % dppp with 1.5 equiv of Ag2CO3 in DMA at 110 oC 

provided ortho-allylnitroarenes in excellent yields (Scheme 9).26 

Mechanistically, first palladium(0) undergoes an oxidative addition to the allyl ester 10 to 

form a π-allyl-Pd complex and ortho-nitrobenzoate anion (I). Subsequently, silver salt of the 

corresponding ortho-nitrobenzoic acid may form (J) and undergo Ag(I)-assisted decarboxylation 

to afford the corresponding aryl-Ag species K. A transmetalation between aryl-Ag and π-allyl-Pd 

complex generates an aryl-Pd species L. Finally, reductive elimination yields the desired 

allylated product and regenerated the Pd(0) catalyst to complete the catalytic turnover (Scheme 

9). 
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Scheme 9: Palladium-catalyzed intramolecular decarboxylative allylation of ortho 

nitrobenzoic esters 

To demonstrate the role of the nitro group in decarboxylative allylation, they synthesized 

diallyl ester 11 where both ester groups are at ortho to the nitro group and its corresponding 

regioisomer 12 where one allyl ester group at the ortho and other one at the meta position with 

respect to the nitro group. Under slightly modified reaction conditions, 11 afforded diallylation 

product in good yield via double decarboxylative allylations in regioselective manner. Whereas, 

12 afforded the mono-allylation along with the decarboxylative protonation product at the ortho 

position leaving the meta allyl ester intact (Scheme 10).26, Similarly, para-nitro benzoic ester 

was inactive under the reaction conditions. Presumably, the nitro group at the ortho position has 

a dual role in decarboxylation. First, it can coordinate to either the Ag(I) or Pd(II) prior to and 

after decarboxylation. This is particularly important for “post-decarboxylation” acting as a C/O 
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bidentate ligand to form a relatively stable 5-membered palladacycle. Secondly, it imparts a 

strong inductive effect that stabilizes the incipient anion which leads to rapid decarboxylation 

followed by allylation. 

 

Scheme 10: Selective decarboxylative allylation of nitro benzoic esters27 

Over the time, various decarboxylative allylation reactions have been reported by 

different research group under mild reaction conditions with excellent yields and broad substrate 

scopes.28  

Conclusion: 

Palladium-catalyzed decarboxylative allylation reactions represent a powerful and 

versatile approach for the proficient formation of carbon-carbon bonds. The ability to use readily 

available carboxylic acid derivatives and allyl electrophiles under mild conditions makes this 

reaction highly attractive for the synthesis of complex molecular frameworks. Mechanistic 

studies suggested that metal mediated decarboxylation occurred followed by the migration of the 

allyl group through reductive elimination pathway afforded the coupled allylated product.  

Although significant progress has been made in expanding the scope and improving the 

efficiency of these reactions, a major drawback of this protocol is that most of the reactions are 

substrate specific and activated carboxylic acid group in the substrate is essential and also high 

reaction temperature is required. Therefore, development of decarboxylative allylation reactions 

for generalised substrates under mild reaction conditions is highly demanded over the time. 
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Abstract: 

The maximum limit of heat removal capacity before a sharp decline in efficiency or 

perhaps a catastrophic failure in thermal systems is known as the Critical Heat Flux (CHF). 

Conventional empirical correlations frequently don’t transfer to different operating 

circumstances and geometries. This chapter introduces a machine learning-aided technique to 

use a physics-informed approach to categorize CHF into Low, Medium, and High levels. Three 

classes were created using a dataset of 1,865 experimental records from Zhao et al. (2020), and 

classifiers called Random Forest and XGBoost were trained, adjusted, and assessed. According 

to the results, Random Forest outperformed Logistic Regression and XGBoost under initial 

conditions, attaining an accuracy of 88.2% on the test set. The robustness of tree-based ensemble 

approaches was demonstrated by further hyperparameter tuning, which increased XGBoost to 

86.86% test accuracy and produced a mean cross-validation accuracy of 88.61%. The potential 

of data-driven models for predicting CHF in a variety of thermal engineering applications is 

highlighted in this chapter. 

Keywords: Critical Heat Flux, Machine Learning, Random Forest, XGBoost, Hyperparameter 

Tuning 

Introduction: 

Fundamental Physics of Critical Heat Flux (CHF) 

The critical heat flux (CHF) is the highest amount of heat that a thermal system can 

remove before abruptly degrading heat transfer, which might result in catastrophic failures such 

as thermal runaway or component destruction (Sarbu, 2018). Boiling events, in particular 

nucleate and film boiling, are inherently tied to the mechanics behind CHF. Vapor bubble 

creation and departure promote heat transmission from a hot surface to a liquid under nucleate 

boiling conditions. These bubbles could, however, combine to create a vapor blanket over the 

heated surface as heat flux rises, significantly decreasing liquid-to-surface contact and resulting 
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in a precipitous decline in heat transfer efficiency. In convective heat transport, a fundamental 

heat flow connection is provided by: 

q′′ = h∆T, (1) 

where the convective heat transfer coefficient is represented by h, the heat flow by q′′, and 

the temperature differential between the heated surface and the bulk fluid by ∆T. The issue is 

more complicated when boiling is involved. The correlation (Nikolayev, 2016) is a commonly 

used correlation to forecast CHF in pool boiling: 

 (2) 

where σ is the surface tension, g is the gravitational acceleration, hfg is the latent heat of 

vaporization, ρv and ρl are the vapor and liquid densities, and C is an empirical constant. Many 

conventional prediction models are based on this association, which highlights how CHF is 

influenced by fluid characteristics and operational circumstances. 

Traditional Empirical and Semi-Empirical Models 

In the past, empirical and semi-empirical correlations obtained from in-depth 

experimental research have dominated the assessment of CHF. Correlations between CHF and 

many operational and geometric characteristics have been postulated by researchers. A common 

empirical formulation, for instance, may be written as follows: 

qCHF′′= K Gn, (3) 

where G is a collection of dimensionless factors that capture the impacts of fluid 

characteristics, mass flux, and flow geometry, and K and n are constants found by 

experimentation. The generalizability of such models is, however, constrained by the 

assumptions made during their derivation and the fact that they are frequently customized to 

certain ranges of operating circumstances and geometries (Kim, 2011). 

Emergence of Machine Learning in Thermal Sciences 

With the development of artificial intelligence (AI) and machine learning (ML), there are 

now strong substitutes for conventional CHF prediction techniques. When there are intricate, 

nonlinear relationships between several variables, machine learning approaches are especially 

wellsuited. Many machine learning models, from support vector machines and neural networks 

to ensemble techniques like Random Forest and XGBoost, have been used in thermal sciences to 

forecast CHF and other boiling events. The capacity to estimate interactions between variables 

like pressure, mass flow, hydraulic diameter, and exit quality without explicitly depending on 

pre-established physical correlations is a significant benefit of machine learning techniques. 

According to Mohanraj et al. (2015), machine learning algorithms have the ability to directly 
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discover complex patterns from experimental data, possibly surpassing traditional empirical 

correlations. Furthermore, ML offers a data-driven substitute that can adjust to various 

geometries and different operating situations. 

Physics-Informed Machine Learning 

The creation of physics-informed machine learning frameworks is a new trend in the 

fusion of machine learning and conventional physics. These methods improve model 

generalization and interpretability by integrating established physical rules and restrictions into 

the learning process. Adding a penalty element to an ML model’s loss function to ensure 

conformity with physical principles is a common tactic: 

L = Ldata + λLphysics, (4) 

The usual data-driven loss (e.g., mean squared error) is represented by Ldata, the departure 

from known physical laws is quantified by Lphysics, and λ is a weighting factor that balances the 

two terms. These hybrid techniques, which draw on both empirical data and basic physics, have 

demonstrated potential in enhancing CHF predictions. 

Comparative Studies and Recent Advances 

The potential of ensemble learning techniques in CHF prediction has been brought to 

light by recent studies. In their exploration of neural network applications, Mohanraj et al. 

(2015) emphasized the need for exacting hyperparameter tweaking in order to fully capture the 

underlying physics. By including physics-informed features into the machine learning 

framework, Zhao et al. (2020) expanded on this work and achieved better prediction 

performance than conventional correlations. Because ensemble approaches like Random Forest 

and XGBoost are resilient in addressing non-linearities and lowering model variance, 

comparative studies repeatedly show that they produce superior outcomes. 

Although conventional empirical correlations have historically improved our knowledge 

and capacity to predict CHF, their limited generalizability calls for the investigation of alternate 

approaches. Accurately predicting CHF under a variety of scenarios is made possible by machine 

learning, especially when combined with physics-based approaches. Building on previous 

developments, this chapter introduces a machine learning-assisted framework that uses the 

Random Forest and XGBoost algorithms to categorize CHF into three different groups: Low, 

Medium, and High. The methodology, experimental setup, model training, and evaluation are 

covered in depth in the parts that follow, highlighting the promise of data-driven approaches to 

improve thermal systems’ efficiency and safety. 
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Literature Review 

A number of academics have looked into using machine learning techniques to solve 

problems with heat transport and critical heat flux (CHF) prediction. Jalili and Mahmoudi (2025) 

early research on the classification of boiling heat transfer regimes using neural networks 

demonstrated both the models’ capacity to learn intricate patterns from experimental data and the 

necessity of meticulous hyperparameter tuning for best results. Similar to this, Cuomo et al. 

(2022) presented a physics-informed machine learning methodology that incorporates 

domainspecific knowledge into the training process. This helps the model make predictions that 

are more physically realistic and improves its generalization across a range of operating 

conditions. 

Ensemble learning techniques, including Random Forest and Gradient Boosted Decision 

Trees (XGBoost), have been the subject of numerous studies at the same time. Breiman (2001) 

showed how Random Forest can handle high-dimensional data with better accuracy and lower 

variance by combining the predictions of several decision trees to capture nonlinear 

relationships. Similarly, XGBoost, a technique that generates decision trees in a sequential 

fashion to reduce residual errors and improve prediction accuracy, was developed by Chen and 

Guestrin (2016). In the complicated and varied environment of CHF prediction, where 

interactions among multiple parameters greatly impact results, these ensemble strategies have 

proven especially useful. 

The lack of defined benchmarks is still a major obstacle in spite of these encouraging 

advancements. Comparing the effectiveness of several machine learning models under various 

circumstances is challenging in the absence of uniform evaluation measures, cross-validation 

procedures, and methodical hyperparameter tuning. The current effort fills this gap by putting 

into practice a methodical approach intended to provide trustworthy and repeatable evaluation 

standards. This chapter attempts to offer a strong framework for evaluating and contrasting 

machine learning techniques in the prediction of CHF by combining consistent performance 

criteria, thorough hyperparameter tweaking, and rigorous cross-validation. 

Materials and Methods: 

Dataset Description 

Zhao et al. (2020) assembled a dataset of 1,865 experimental records to investigate 

critical heat flux (CHF) phenomena. A number of crucial parameters that characterize the 

experimental setup’s geometrical features and operational conditions are included in every 

record. These parameters are as follows: channel length (in mm), hydraulic diameter (Dh in mm), 

equivalent diameter (De in mm), exit quality (x_e_out), mass flux (in kg/m2-s), operating 
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pressure (in MPa), and the measured CHF (in MW/m2). When combined, these characteristics 

offer a thorough understanding of the fluid and thermal dynamic environment affecting CHF. 

Since the main goal of this study is to categorize CHF into three different groups—Low, 

Medium, and High—quantile-based binning was used to discretize the continuous CHF variable 

(chf_exp in MW/m2). Effective training and evaluation of machine learning models depend on a 

fairly balanced distribution of records across the three classes, which is ensured by this method. 

A selection of representative records from the dataset are shown in the table below, which 

highlights the diversity and variety of the main characteristics. 

Table 1: Example Records from the CHF Dataset 

Record ID Pressure 

(MPa) 

Mass Flux 

(kg/m2-s) 

x_e_out De 

(mm) 

Dh 

(mm) 

CHF 

(MW/m2) 

1 0.39 5600 -0.1041 3.0 3.0 11.3 

2 0.31 6700 -0.0596 3.0 3.0 10.6 

3 0.33 4300 -0.0395 3.0 3.0 7.3 

4 0.62 6400 -0.1460 3.0 3.0 12.8 

5 0.64 4700 -0.0849 3.0 3.0 11.0 

Machine Learning Models 

Based on experimental data, three distinct machine learning models were used in this 

study to forecast and categorize critical heat flux (CHF). The first model, Logistic Regression 

(LR), is a baseline linear technique that uses a linear combination of characteristics to represent 

the connection between the input features and the probability of each class. Notwithstanding its 

ease of use and interpretability, logistic regression offers a helpful standard by which more 

sophisticated techniques can be evaluated, even though it might not be able to capture intricate 

nonlinear connections. 

The class that represents the mode of the classes predicted by individual trees is produced 

by the second model, Random Forest (RF), an ensemble learning technique that builds a large 

number of decision trees during training. Because of this averaging procedure, which lowers 

overall variance and lessens overfitting, Random Forest is especially capable of managing 

highdimensional data and identifying nonlinear feature correlations. 

The gradient boosting approach used in the third model, XGBoost (XGB), creates 

decision trees in a sequential fashion, with each new tree attempting to fix the mistakes of its 

predecessors. XGBoost can provide great prediction performance and scalability on big datasets 
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by using gradient descent to optimize a particular loss function. Its efficacy in challenging 

classification tasks is further increased by the methods it incorporates to deal with missing 

information and avoid overfitting. 

Data Splitting and Preprocessing 

The dataset was split 80/20 between training and testing sets to ensure dependable model 

training and evaluation. This method guarantees that a sizable amount of the data is utilized to 

uncover the underlying patterns, with a different test set set aside for an objective assessment of 

the model’s functionality. 

Data preprocessing entails a number of crucial stages. In order to ensure that every 

feature contributes equally to the model, StandardScaler has been used to standardize the 

numerical variables because Logistic Regression is sensitive to the scale of input data. Tree-

based techniques, such as Random Forest and XGBoost, on the other hand, can function well 

with unscaled data and are intrinsically invariant to scaling. Additionally, LabelEncoder was 

used to translate categorical data like geometry and author into numerical representations. In 

order to ensure a balanced distribution across classes for efficient classification, the target 

variable, which represents CHF, was further discretized into three classes (Low, Medium, and 

High) based on quantile criteria. 

Hyperparameter Tuning 

Careful hyperparameter tweaking is necessary to maximize the performance of machine 

learning models, and in this study, GridSearchCV was used to methodically examine the 

parameter space. The number of trees (n_estimators), the maximum depth of each tree 

(max_depth), and the minimum number of samples needed to divide an internal node 

(min_samples_split) were among the important hyperparameters that were changed for the 

Random Forest. These parameters are essential for managing model complexity and striking a 

balance between variance and bias. 

Likewise, hyperparameter tuning for the XGBoost model concentrated mainly on 

max_depth, n_estimators, and learning rate (learning_rate), which establishes the step size in the 

optimization process. A 5-fold cross-validation technique was incorporated into the grid search 

procedure to further guarantee the dependability of the chosen parameters. In addition to 

reducing overfitting, this cross-validation ensures that the adjusted hyperparameters work well 

when applied to new data by offering a reliable assessment of model performance across various 

data subsets. 
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Results and Discussion: 

A detailed analysis of the data was the first step in the evaluation of the critical heat flux 

(CHF) prediction models. Expressed in MW/m2, the experimental CHF values show a wide 

range, which is indicative of the intrinsic unpredictability in the operating conditions. This wide 

dispersion, as shown in Figure 1, emphasizes how difficult it is to effectively model CHF 

because the models need to be resilient enough to handle a variety of situations. 

 

Figure 1: Distribution of Critical Heat Flux (CHF) in MW/m2 

Quantile-based binning was used to discretize the continuous target into three classes 

(Low, Medium, and High) after the raw CHF values were analyzed. The number of samples in 

each CHF class is displayed in Figure 2, which displays a very balanced distribution. For 

objective model training and precise classification performance, this balanced class distribution 

is essential. 

 

Figure 2: Counts of CHF Classes (Low, Medium, High) 
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The performance of various machine learning models on the dataset was then assessed. 

The accuracies of the original, untuned models were as follows: XGBoost obtained 87.94%, 

Random Forest obtained 88.20%, and Logistic Regression obtained 77.48%. A bar chart 

summarizing these accuracy results is shown in Figure 3, which makes it evident that the 

ensemble approaches (Random Forest and XGBoost) perform better than the baseline linear 

model. 

 

Figure 3: Model Comparison - Classification Accuracy (Untuned Models). 

Confusion matrices were created in order to obtain a better understanding of the models’ 

categorization behaviors. Moderate misclassifications are found in the Logistic Regression 

confusion matrix (Figure 4), especially between the Medium and High classes. While the 

Medium class still presents certain difficulties, the Random Forest confusion matrix (Figure 5) 

shows better performance for the Low and good classes with good recall and precision. In a 

similar vein, the confusion matrix for XGBoost (Figure 6) performs similarly to Random Forest, 

with occasionally somewhat better differentiation. 

 

Figure 4: Confusion Matrix - Logistic Regression. 
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Figure 5: Confusion Matrix - Random Forest. 

 

Figure 6: Confusion Matrix - XGBoost. 

In order to improve the performance of the ensemble approaches, GridSearchCV was 

used to do hyperparameter tuning after the initial model assessments. With the n_estimators=50, 

max_depth=None, and min_samples_split=2, the optimized Random Forest model produced a 

mean cross-validation accuracy of 89.08% and a test accuracy of 88.20%. Similarly, the tweaked 

XGBoost model achieved a mean cross-validation accuracy of 88.61% and a test accuracy of 

86.86% with a learning_rate of 0.1, max_depth of 5, and n_estimators of 200. A 5-fold cross-

validation was conducted to visualize the stability of these modified models, and Figure 7 

displays the boxplot that was produced. This plot’s small interquartile range suggests that both 

models perform consistently across various data splits. 

Figure 8 provides a summary of the cross-validation results for the untuned models for 

comparison. While the ensemble approaches (Random Forest and XGBoost) exhibit greater 

median accuracies and less variability, the boxplot displays a wider range of accuracy ratings for 

Logistic Regression. The appropriateness of ensemble approaches for simulating CHF is 

supported by this consistency. 
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Figure 7: 5-Fold Cross-Validation Accuracy Scores for Tuned Models. 

 

Figure 8: 5-Fold Cross-Validation Accuracy Scores for Untuned Models. 

A thorough examination of the data shows that ensemble techniques—Random Forest 

and XGBoost in particular—are quite successful at dividing CHF into Low, Medium, and High 

categories. Untuned ensemble models perform better than logistic regression, according to the 

preliminary evaluations, and their performance was further enhanced by additional 

hyperparameter tuning. The models’ ability to differentiate between classes is demonstrated by 

the confusion matrices, which also show some difficulties with the Medium class, especially for 

Low and High CHF values. The robustness of these models is confirmed by the boxplots, which 

show consistent performance in cross-validation. 
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Conclusion: 

Using a sizable experimental dataset, this chapter illustrated the effectiveness of Random 

Forest and XGBoost in classifying critical heat flux (CHF) (Zhao et al. 2020). The findings show 

that XGBoost performed similarly to Random Forest, which reached a test accuracy of up to 

88.20%. In order to improve model robustness and guarantee consistent predictive performance, 

thorough cross-validation and rigorous hyperparameter adjustment have proven crucial. These 

results highlight how ensemble machine learning techniques can effectively represent the 

intricate, nonlinear relationships seen in CHF data, providing a viable substitute for conventional 

empirical correlations. 

In the future, adding sophisticated feature engineering methods, including integrating 

dimensionless factors like Reynolds and Prandtl numbers, could lead to even greater gains in 

model performance. The ideal parameters for ensemble models may be further refined by 

extending the search over larger parameter grids. Furthermore, using explainability tools like 

SHAP or LIME would increase transparency and confidence in the model’s predictions by 

offering insightful information about how it makes decisions. More precise control of safety 

margins in thermal systems may potentially be possible by investigating regression techniques to 

forecast precise CHF values. All things considered, these results demonstrate that machine 

learning provides accurate and broadly applicable CHF predictions, minimizing the need for 

strict empirical techniques and opening the door to better thermal system design and 

optimization. 
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Abstract:  

The reaction between diacetone alcohol (DAA) and iodine in an acidic environment 

yields 1-iodo-diacetone alcohol and hydrogen iodide. This study investigates the reaction 

kinetics using a volumetric method. The reaction proceeds through a two-step mechanism, with 

the first step being the rate-determining step. The reaction exhibits first-order kinetics with 

respect to both DAA and sulphuric acid concentrations, as doubling their concentrations doubles 

the reaction rate. The reaction rate remains unaffected by changes in iodine concentration. 

Consequently, the overall reaction order is determined to be two.  

Introduction: 

The kinetic studies of acetone and iodine in acidic media has been extensively studied to 

understand their interactions and mechanisms [1-8]. A prominent reaction involves the formation 

of halo ketones and carboxylic acids, catalyzed by the acid which enhances the electrophilicity of 

iodine [6]. In acidic solutions, iodine can be protonated to form the iodonium ion (I3
+), further 

increasing its electrophilicity: 2I₂ + H⁺ ⇌ I3
+ + HI. This iodonium ion reacts with carbonyl 

carbon of acetone, forming a tetrahedral intermediate which subsequently dissociates, yielding 

iodoacetone: CH₃COCH₃ + I₂ + H⁺ → CH₃C(I)CH₃ + HI 

Acids like HCl or H₂SO₄ enhance electrophilicity of iodine, facilitating the reaction 

[9,10]. 

Diacetone alcohol (DAA), a versatile organic compound, finds applications as a solvent, 

in pharmaceutical production, and as a synthetic building block [11-13]. DAA participates in 

reactions with aldehydes and ketones in the presence of iodine, yielding aldol condensation 

products [14]. It reacts with iodine under basic conditions to form 2-iodo-1,3-propanediol [15]. 

Kinetic studies of DAA with iodine are crucial for determining reaction rates and identifying 

influencing factors like concentration, temperature, and catalysts (e.g., acids) [16,17]. Oxidation 

of DAA by iodine can lead to products like diacetoxyacetone, diacetone dicarboxylic acid, or 1-

acetyl-1-methylhydantoin (AMH) [18]. The reaction mechanism in which iodine reacts with this 

mailto:adityaramesh77@yahoo.com


Bhumi Publishing, India 

114 
 

protonated DAA species, leads to halogenation and other transformations, producing iodoacetone 

or other halogenated compounds. In acidic conditions, molecular iodine (I₂) may be the reactive 

species, facilitating alcohol halogenation. This study focuses on the reaction involving DAA (4-

hydroxy-4-methylpentan-2-one) with iodine in an acidic medium to predict the rate of reaction 

under different conditions. The reaction kinetics are investigated with respect to DAA and 

sulphuric acid concentrations. The rate of reaction and order with respect to each reactant was 

determined by the initial rate method and integrated rate method under different conditions 

(varying concentrations of reactants). The rate of the reaction has been determined by monitoring 

the change in concentration of iodine over time using iodimetric titration. This study provides 

valuable insights into the reaction mechanism and the factors governing its rate. 

 Experimental Section:  

All the reagents were procured from SD Fine Chemicals private limited, India and used 

as received.   

The following solutions were prepared: 2 M/1 M diacetone alcohol, 2 M/1 M sulphuric 

acid and 0.05/0.025 M iodine solution. Iodination of diacetone alcohol was monitored by 

iodimetric titration for the reaction mixtures I to IV given in Table 1 are as follows: 

From the reaction mixture-I, 20 mL was removed at 5 minutes interval and transferred into 

conical flask containing 1 M sodium acetate. The residual iodine was in presence of starch 

indicator forms deep blue colour and on titrating it with sodium thiosulphate (0.005/0.0025 M) 

results in discharge of colour. The total volume of the reaction mixture was maintained constant 

and the details about the concentrations of diacetone alcohol, sulphuric acid and iodine are given 

in Table 1. Experiments were repeated for the reaction mixtures-II, III and IV, the data was 

recorded for the reaction mixtures III to IV. 

Table 1: Details of the different reaction mixtures taken (concentrations/volumes) 

Reaction mixture DAA H2SO4 Iodine in 10% KI solution Water 

2 M 1 M 1 M 0.5 M 0.05 M 0.025 M 

I 20 mL  10 mL - 20 mL - 150 mL 

II - 20 mL 10 mL - 20 mL - 150 mL 

III 20 mL - - 10 20 mL - 150 mL 

IV 20 mL - 10 mL - - 20 mL 150 mL 

The rate of iodination depends on the reactant concentrations: rate = 

k[DAA]ᵃ[I₂]ᵇ[H₂SO₄]ᶜ, where a, b, and c represents the reaction order with respect to DAA, 

iodine, and H₂SO₄, respectively.  
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Using initial rate method the value of rate constants ‘k’ for the reaction mixtures I to IV 

were calculated by varying the concentration of one reactant at a time. Also by using integrated 

rate equation, the rate constant ‘k’ values were calculated for the reaction mixtures I to IV. From 

the rate constant values, the order of the reaction with respect to diacetone alcohol and H2SO4 

were determined.  

Results and Discussion:  

Figure 1(a) shows the changes in the titre values of sodium thiosulphate (equivalent of 

iodine) with variation in the DAA concentrations (sulphuric acid and iodine concentrations 

maintained constant) during the reaction for the reaction mixtures I and II. The titre values 

(Na2S2O3) decrease linearly with time. Figure 1(b) shows the changes titre values of sodium 

thiosulphate (equivalent of iodine) during reaction between DAA and iodine with variation in the 

concentrations of sulphuric acid (diacetone alcohol and iodine concentrations maintained 

constant) for the reaction mixtures 1 and 3 respectively. Figure 1(c) shows the changes titre 

values of sodium thiosulphate (equivalent of iodine) during reaction between DAA and iodine 

with variation in the concentrations of iodine (diacetone alcohol and sulphuric acid 

concentrations maintained constant) for the reaction mixtures 1 and 4 respectively. In all the 

cases, the titre values decreases linearly with time. The linear fit was performed for the data 

obtained for the reaction mixtures I to IV and from the slope, the rate constants for the reaction 

mixtures I to IV were calculated and is given in Table 2. Also first order integrated rate equation 

was used to calculate the rate constant ‘k’ for the reaction mixtures I to IV and the values are 

given in Table 2. From the rate constant values (both experimental and graphical methods) we 

observe that the rate of the reaction doubles with increase in the concentration of diacetone 

alcohol or sulphuric acid (refer to Table 2).  

 Table 2: Rate constant values obtained for different reaction mixtures from integrated 

rate equation 

Reaction mixture I II III 

Rate constant: k, sec-1 

(Substitution method in integrated rate 

equation (Experimental)  

8.39 × 10-3 3.431 × 10-3 3.813 × 10-3 

Rate constant:k, sec-1 

Substitution method in integrated rate 

equation (graph)  

8.196 × 10-3 2.763 × 10-3 3.109 × 10-3 
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Table 3: Comparison of the order of the reactions for the reaction mixtures obtained by 

initial rate method and integrated rate method 

Order of the reaction Initial rate method  

(15 minutes difference) 

Substitution method in 

integrated rate equation 

Diacetone alcohol 1.24 1.1 (1.5) 

Sulphuric acid 1.3 1.29 (1.39) 

Iodine 1.1 - 

On comparing the rate constants between the reaction mixtures I and II, [concentrations 

of diacetone alcohol are 0.667 M and 0.33M] the order of the reaction is found to be one.  While 

for the reaction mixtures I and III [concentrations of sulphuric acid are 0.667 M and 0.33M] the 

order of the reaction is one.  In the reaction mixtures I and IV, concentrations of iodine [I2] are 

0.05 M and 0.025 M and the order could not be calculated due to lower concentrations. 

Therefore, rate of the reaction is dependent on the concentration of the diacetone alcohol and 

sulphuric acid with a two fold increase in their values. The experimental data matches well with 

the results obtained for the acetone-iodine/diacetone alcohol-iodine using colorimetric method 

[19]. 

  

 

Figure 1: Variation in the concentrations of  

a) diacetone alcohol, b) sulphuric acid and c) iodine 
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Conclusion:  

The reactions between DAA and iodine in acidic media were studied. The reaction rate 

doubles with increasing DAA concentration. Doubling the concentrations of DAA or sulphuric 

acid doubles the rate, indicating first-order kinetics with respect to each. The iodine 

concentration has no effect on the rate. Therefore, the overall reaction order is two. These studies 

provide insights into organic oxidation reactions and their kinetics. Further studies are needed to 

determine the precise mechanism and identify any intermediates involved. 
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Abstract: 

Flavono-isoxazole derivatives, combining the bioactive properties of flavonoids and 

isoxazole rings, represent a promising class of compounds in medicinal chemistry. These hybrids 

exhibit diverse therapeutic activities, including antimicrobial, anticancer, anti-inflammatory, and 

neuroprotective effects. Recent advancements have highlighted their potential in addressing 

global health challenges such as drug-resistant infections, cancer, diabetes, and 

neurodegenerative disorders. This review explores biological activities, and structure-activity 

relationships (SAR), emphasizing their mechanisms of action and challenges in clinical 

translation. By summarizing current progress, this work underscores the potential of flavono-

isoxazole derivatives as versatile candidates for novel drug development.  

Keywords: Flavonoid, Isoxazole, Natural Products, Structure-Activity Relationships 

Introduction: 

Flavonoids are a diverse group of natural compounds widely distributed in plants, known 

for their vibrant pigmentation and significant biological activities. Flavonoids are polyphenolic 

compounds characterized by a 15-carbon skeleton arranged in a C6-C3-C6 framework. This 

structure comprises two aromatic rings (A and B) connected by a three-carbon bridge forming a 

heterocyclic pyran or pyrone ring (C-ring). Variations in the hydroxylation, methylation, 

glycosylation, and other substitutions on these rings give rise to different subclasses, such as 

flavones, flavonols, flavanones, anthocyanins, and isoflavones (Figure 1). These polyphenolic 

compounds play crucial roles in plant growth, defense, and reproduction. In human health, 

flavonoids are recognized for their broad pharmacological properties, including antioxidant, anti-

inflammatory, anti-cancer, and cardiovascular-protective effects. Their ability to modulate 

cellular signaling pathways and neutralize reactive oxygen species (ROS) has made them a focus 

of extensive research in nutraceuticals and drug development. With their multifaceted benefits 

and natural abundance, flavonoids continue to inspire the discovery of novel therapeutic agents 

[1-2]. 
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Fig. 1: Structures of flavonoid subgroups 

Isoxazole is a five-membered heterocyclic aromatic compound consisting of three carbon 

atoms, one nitrogen atom, and one oxygen atom, arranged in a 1,2-oxazole configuration (Figure 

2).  It exhibits aromaticity due to the delocalization of π-electrons across the ring structure, 

contributing to its chemical stability and unique reactivity. Isoxazole and its derivatives have 

garnered significant attention in both academic research and industrial applications due to their 

versatile chemical properties and wide-ranging biological activities [3]. 

O
N

 

Fig. 2: Structures of Isoxazole 

In medicinal chemistry, isoxazole serves as a valuable scaffold in the design and 

development of therapeutic agents. Many isoxazole derivatives display potent pharmacological 

activities, including antimicrobial, anti-inflammatory, anticancer, antiviral, and analgesic 

properties. These attributes make them essential components in drug discovery and development 

programs targeting various diseases. Isoxazole-containing drugs, such as leflunomide (used for 

rheumatoid arthritis) and valdecoxib (a COX-2 inhibitor), highlight the compound's therapeutic 

relevance. Beyond pharmaceuticals, isoxazole plays a vital role in organic synthesis, serving as a 
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precursor or intermediate in constructing more complex molecules. Its functional groups offer 

opportunities for diverse chemical transformations, including nucleophilic and electrophilic 

substitution reactions. Additionally, isoxazole derivatives find applications in material sciences, 

where their thermal stability and electronic properties are utilized in developing polymers, liquid 

crystals, and advanced materials. Overall, isoxazole is a cornerstone in modern chemistry, with 

its unique structural features and multifaceted applications making it indispensable in advancing 

both scientific understanding and practical innovations [4-6]. Currently, numerous drugs 

containing isoxazole fragments are available in the market. These medications play a crucial role 

in alleviating and addressing the symptoms of various diseases, thereby helping to protect and 

improve human health (Figure 3).   
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Fig. 3: Some isoxazole-based commercially available drugs. 

Flavono-isoxazole derivatives are an emerging class of hybrid compounds that merge the 

structural and functional attributes of flavonoids and isoxazole rings. Flavonoids, widely found 

in plants, are renowned for their diverse biological activities, including antioxidant, anti-

inflammatory, and anticancer properties. These natural compounds have been extensively studied 

for their health benefits and pharmacological potential. On the other hand, isoxazoles, five-

membered heterocyclic compounds containing nitrogen and oxygen atoms, have gained 

significant attention in medicinal chemistry due to their versatile biological activities, such as 

antimicrobial, antiviral, anti-tumor, and neuroprotective effects. The combination of flavonoids 

and isoxazole moieties into a single molecular framework creates flavono-isoxazole derivatives, 

which are designed to enhance the pharmacological properties of each component while 

mitigating their individual limitations. This structural hybridization leverages the complementary 
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bioactivities of both flavonoids and isoxazoles, offering a promising strategy for developing 

novel therapeutic agents [7].  

Flavono-isoxazole derivatives have shown potential in addressing a wide range of 

medical challenges, including antibiotic resistance, chronic inflammation, metabolic disorders, 

and cancer. Their ability to modulate key biological pathways, coupled with favorable 

pharmacokinetic profiles, positions them as attractive candidates for drug discovery and 

development. This book chapter explores the latest medicinal applications and structure-activity 

relationships of flavono-isoxazole derivatives. 

Therapeutic potential of flavono-isoxazole derivatives: 

Rao et al. conducted a comprehensive study in which they designed and synthesized a 

series of heterocyclic flavono-isoxazole compounds to evaluate their biological activities. The 

antiproliferative potential of these compounds was assessed using the sulforhodamine B (SRB) 

assay and turbidimetry to determine their efficacy against MCF-7 breast cancer cells. Among the 

synthesized compounds, Compound 1 (Figure 4) demonstrated a significant inhibitory effect on 

MCF-7 cells, with an IC50 value of 34.2 μM, indicating its potential as an anticancer agent. In 

addition to its antiproliferative activity, Compound 1 was evaluated for its antibacterial 

properties. At a concentration of 30 μM, the compound exhibited moderate antibacterial activity, 

achieving an inhibitory rate of 41.7%. These findings highlight the dual biological activity of 

Compound 1, making it a promising candidate for further development in cancer and 

antibacterial therapies [8].   

The enhanced activity is believed to stem from the presence of a methyl, amine, and 

sulfur-substituted pyrimidine moiety. 

3-O-[(E)-4-(4-cyanophenyl)-2-oxobut-3-en-1-yl] kaempferol has been identified as a lead 

compound with notable anti-diabetic and anti-obesity properties. Building upon this foundation, 

Nie et al. developed a novel isoxazole derivative, Compound 2, designed to enhance these 

therapeutic effects. The compound was specifically engineered to improve glucose consumption 

in insulin-resistant (IR) HepG-2 cells, exhibiting remarkable potency with an EC50 value of 0.8 

nM, demonstrating its effectiveness at the nanomolar level. To synthesize this derivative, 

kaempferol was first methylated using dimethyl sulfate, a process that protected specific 

hydroxyl groups. The subsequent demethylation step was carried out under controlled conditions 

using anhydrous aluminum bromide in acetonitrile, resulting in the formation of 3-

hydroxyflavone. Compound 2 (Figure 4) was then synthesized through a nucleophilic 

substitution reaction, followed by cyclization with chloro-benzaldoxime, ultimately yielding the 

desired isoxazole derivative [9].   
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Biological evaluation of Compound 2 revealed its significant ability to modulate key 

metabolic pathways. In HepG-2 cells, it substantially increased the phosphorylation levels of 

AMP-activated protein kinase (AMPK), a crucial regulator of cellular energy homeostasis. 

Concurrently, the expression levels of phosphoenolpyruvate carboxykinase (PEPCK) and 

glucose-6-phosphatase (G6Pase), enzymes involved in gluconeogenesis, were markedly reduced. 

This dual effect suggests that Compound 2 exerts its anti-diabetic activity through activation of 

the AMPK pathway and subsequent inhibition of PEPCK and G6Pase, which play pivotal roles 

in glucose metabolism. These findings underscore the therapeutic potential of Compound 2 as a 

novel agent for managing diabetes and obesity through targeted modulation of the 

AMPK/PEPCK/G6Pase pathway. Further studies could provide deeper insights into its 

molecular mechanisms and efficacy in clinical settings.  
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Fig. 4: Flavono-isoxazole derivatives 1-3 

Wogonin, chemically known as 5,7-dihydroxy-8-methoxy-flavonoid, is a natural 

compound with well-documented anticancer properties. Extensive research has demonstrated its 

potent anti-tumor activity in both in vitro and in vivo models [10]. Recognizing the therapeutic 

potential of wogonin, Bian et al. aimed to enhance its anticancer efficacy by modifying its 

structure. In their study, an isoxazole moiety was introduced at position 7 of the wogonin 

molecule, resulting in a novel derivative referred to as Compound 3. The structural modification 

was designed to explore how the incorporation of the isoxazole group might influence the 

compound’s biological activity. The anti-tumor potential of Compound 3 was evaluated using 

HepG-2 hepatocellular carcinoma cells [11].   

Compound 3 (Figure 4) demonstrated some inhibitory activity against HepG-2 cells, with 

an IC50 value of 21.66 μM. While this result indicated anticancer potential, the activity was 

slightly lower compared to the parent compound, wogonin, which had an IC50 value of 19.0 μM. 

Furthermore, the efficacy of Compound 3 was also less than that of the reference 

chemotherapeutic agent, 5-fluorouracil, which exhibited an IC50 value of 17.2 μM under the 

same conditions. The study suggests that while the structural modification to include an 
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isoxazole group did not enhance the anticancer activity of wogonin, it provides valuable insights 

into the structure-activity relationship of wogonin derivatives. These findings could guide future 

efforts to optimize the anticancer potential of wogonin and its analogs.  

The flavonoid hydnocarpin, extracted from the seeds of Hydnocarpus wightiana Blume, 

has drawn interest for its potential biological activities. Arya et al. sought to enhance its 

therapeutic potential by chemically linking it to an isoxazole moiety, resulting in a series of 

novel hydnocarpin-isoxazole derivatives. These derivatives were synthesized and evaluated for 

their anti-proliferative activities against three cell lines: A375 (human melanoma), A549 (human 

lung carcinoma), and WI-38 (normal lung fibroblasts). The synthetic modification of 

hydnocarpin began with the targeted transformation of the primary hydroxyl group at the C-9′ 

position into its corresponding aldehyde. This conversion was achieved using Moffatt oxidation, 

a method that facilitates selective oxidation of alcohols to aldehydes under mild conditions. 

Following this step, the researchers utilized a one-pot [3 + 2] cycloaddition reaction to construct 

the isoxazole ring, yielding the desired hydnocarpin-isoxazole derivatives. 

The resulting compounds, labeled as 4-7 (Figure 5), were subjected to biological 

evaluation for their anti-proliferative effects. Notably, these derivatives exhibited significant 

inhibitory activity against A375 and A549 cancer cells, with IC50 values ranging from 0.65 to 7.5 

μM. The observed activity highlights the potential of these modified derivatives as effective 

agents for targeting specific cancer cell types. This study underscores the value of structural 

modifications, such as the incorporation of isoxazole groups, in enhancing the biological 

properties of natural products like hydnocarpin. The findings also provide a foundation for 

further exploration of hydnocarpin-isoxazole derivatives in the development of anticancer 

therapies [12].    
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Fig. 5: Flavono-isoxazole derivatives 4-7 

Asha Bhanu et al. conducted a detailed study focused on the design and synthesis of 7-

hydroxyflavone derivatives to evaluate their antibacterial properties. The study aimed to explore 

how structural modifications to the flavone core could enhance antimicrobial efficacy. Through a 
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systematic synthetic approach, the researchers developed a series of novel derivatives. These 

compounds were subsequently tested for their antibacterial activity against selected bacterial 

strains. Among the synthesized derivatives, Compounds 8-10 (Figure 6) stood out for their 

potent antibacterial effects. 

The antibacterial activity of these compounds was compared to that of standard 

antibiotics, including Streptomycin and Cycloheximide. Notably, Compounds 8-10 demonstrated 

strong inhibitory activity, with effects that either exceeded or closely approached the efficacy of 

the reference drugs. This level of activity highlights the potential of these 7-hydroxyflavone 

derivatives as promising candidates for the development of new antibacterial agents. The 

findings of this study underscore the importance of chemical modifications in optimizing the 

pharmacological properties of flavonoid-based compounds. Additionally, the results provide 

valuable insights into the structure-activity relationships of 7-hydroxyflavone derivatives, paving 

the way for further research and potential therapeutic applications [13].  

Inhibiting α-amylase is a recognized therapeutic strategy for managing glucose 

absorption disorders, as it can help regulate postprandial blood glucose levels. Among the 

various classes of compounds studied for this purpose, flavonoids, isoxazoles, and their 

halogenated derivatives have garnered significant attention in pharmaceutical chemistry due to 

their potent biological activity. In a study conducted by Saidi et al. a series of novel halogenated 

flavonoid-isoxazole derivatives were designed, synthesized, and evaluated for their potential to 

inhibit α-amylase activity. The in vitro assays revealed that compound 11 (Figure 6) exhibited 

the highest α-amylase inhibitory activity, with an IC₅₀ value of 16.2 μM, which is comparable to 

the standard inhibitor acarbose, known for its IC₅₀ value of 15.7 Μm 
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Fig. 6: Flavono-isoxazole derivatives 8-14 
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Compounds 12, 13, and 14 (Figure 6) while slightly less potent than compound 11, also 

demonstrated significant α-amylase inhibition, with IC₅₀ values of 17.33 μM, 17.58 μM, and 

18.36 μM, respectively. The results suggest that structural modifications, particularly the 

introduction of electron-withdrawing substituents at the para-position of the benzene ring, 

enhance inhibitory activity. This structural feature likely increases the compounds' affinity for 

the enzyme, thereby improving their efficacy as α-amylase inhibitors. Overall, the findings from 

this study highlight the promising potential of halogenated flavonoid-isoxazole derivatives as 

therapeutic agents for glucose absorption disorders, with compound 11 standing out as the most 

effective candidate in this series [14]. 

Gu et al. conducted a comprehensive study to design, synthesize, and evaluate the anti-

psychotic potential of a series of dihydroflavone derivatives using both in vitro and in vivo 

models. Initially, they synthesized dihydroflavones featuring various chemical substitutions. 

These synthesized intermediates were further processed to obtain the target compounds through a 

three-step nucleophilic substitution reaction. The anti-psychotic activity of the synthesized 

compounds was assessed by evaluating their ability to inhibit the activity of dopamine D2 

receptors in a cellular model. Specifically, compounds 15-17 (Figure 7) were tested on HEK293 

cells cotransfected with the D2 receptor and G protein α16a. These compounds demonstrated 

significant inhibitory activity, with half-maximal inhibitory concentration (IC50) values ranging 

from 0.0513 to 0.116 μM. Furthermore, compounds 15-17 exhibited notable anti-inflammatory 

effects.   
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Fig. 7: Flavono-isoxazole derivatives 15-17 

They effectively suppressed the overproduction of nitric oxide induced by 

lipopolysaccharide (LPS) and interferon-gamma in BV-2 microglial cells, indicating their 

potential to mitigate neuroinflammation. In vivo, the anti-psychotic properties of compounds 15-

17 were further validated using animal models. These compounds reversed the hyperactivity in 
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mice induced by MK-801, an N-methyl-D-aspartate (NMDA) receptor antagonist, when 

administered via oral gavage. Additionally, they reduced the excessive climbing behavior 

triggered by apomorphine, a dopamine receptor agonist, suggesting their ability to regulate 

dopaminergic overactivity. Overall, the study highlights the therapeutic potential of compounds 

15-17 as promising candidates for anti-psychotic drug development, owing to their dual action in 

modulating dopaminergic activity and attenuating neuroinflammatory responses [15].   

Qiu et al. carried out an investigation into the design, synthesis, and evaluation of a series 

of isoflavone analogs for their potential lipid-lowering effects. These compounds were tested for 

their ability to reduce lipid accumulation in 3T3-L1 adipocytes, a well-established model for 

studying adipogenesis. The results indicated that most of the synthesized compounds 

significantly reduced lipid accumulation in these adipocytes, demonstrating promising lipid-

lowering activities. Among these compounds, four of them specifically compounds 18 through 

19 (Figure 8) showed stronger inhibitory effects on lipid accumulation compared to GW4064, a 

known FXR agonist, suggesting that these analogs may offer superior activity in reducing lipid 

levels. Of particular interest, compound 19 exhibited potent agonistic activity against the 

farnesoid X receptor (FXR), as demonstrated in cell-based luciferase reporter assays. FXR is a 

key nuclear receptor involved in regulating bile acid synthesis and lipid metabolism, making it a 

crucial target in lipid-lowering research. 

Further analysis revealed that compound 19 not only activated FXR, but also led to the 

upregulation of several genes involved in lipid metabolism. Specifically, it enhanced the 

expression of FXR, small heterodimer partner (SHP), and bile salt export pump (BSEP) genes, 

all of which are important in maintaining lipid homeostasis and bile acid metabolism. In 

addition, compound 19 significantly downregulated the mRNA expression of SREBP-1c, a key 

transcription factor involved in lipogenesis, suggesting that compound 19 may reduce lipid 

accumulation by inhibiting the lipogenic pathway. Moreover, the safety profile of compound 19 

was also assessed through a HepG-2 cytotoxicity test, and it was found to be safer than GW4064, 

further supporting it’s potential as a therapeutic agent for lipid-related disorders. These findings 

highlight compound 19 as a promising candidate for further development in the context of lipid-

lowering therapy [16].  

Nifantev et al. conducted a study where they synthesized a series of dihydroquercetin aryl 

derivatives and evaluated their cytotoxic effects on two cell lines: HeLa cells (a human cervical 

cancer cell line) and murine fibroblasts (a type of connective tissue cell). The aim of the study 

was to assess the potential anticancer activity of these compounds by determining their ability to 

reduce cell viability. Among the derivatives synthesized, compound 20 (Figure 9), which 
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contained an isoxazole group, was of particular interest. The researchers tested the cytotoxicity 

of this compound by exposing HeLa cells and murine fibroblasts to a concentration of 100 μM. 

The results revealed that compound 20 exhibited weak cytotoxic effects on HeLa cells, as 

evidenced by a survival rate of 50% at the tested concentration. This indicated that compound 20 

was able to reduce the viability of cancer cells, although the effect was not as pronounced as that 

of more potent cytotoxic agents. 
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Fig. 8: Flavono-isoxazole derivatives 18-19 

In contrast, compound 20 showed significantly lower toxicity to murine fibroblasts. At 

the same concentration of 100 μM, the survival rate of the fibroblasts was 83%, suggesting that 

the compound was relatively less harmful to normal cells. These findings indicate that compound 

20 may exhibit some degree of selective toxicity, potentially targeting cancer cells more 

effectively than normal cells, though its cytotoxicity remains modest. Overall, the study by 

Nifantev et al. provides valuable insights into the cytotoxic properties of dihydroquercetin aryl 

derivatives, with compound 20 showing a potential for further development as a less toxic 

anticancer agent [17].   
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Fig. 9: Flavono-isoxazole derivatives 20 
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Abu-Bakr et al. synthesized a series of furo[3,2-g]chromone derivatives and evaluated 

their anticancer activity by testing their inhibitory effects on three human cancer cell lines: HCT-

116 (colon carcinoma), MCF-7 (breast cancer), and HepG-2 (hepatocellular carcinoma). The 

study focused on determining the compounds' ability to inhibit cell growth by measuring their 

IC50 values, which indicate the concentration of a compound required to reduce cell viability by 

50%. Among the synthesized compounds, compound 21 (Figure 10) exhibited a potent inhibitory 

effect on the HepG-2 cell line, with an IC50 value of 7.9μg/mL. This suggests that compound 21 

is particularly effective in inhibiting the growth of liver cancer cells. Meanwhile, compounds 22 

and 23 (Figure 10) demonstrated strong inhibitory effects on the HCT-116 cell line, with IC50 

values of 4.7 μg/mL and 7.8 μg/mL, respectively. These results indicate that both compounds 22 

and 23 are effective against colon cancer cells, with compound 22 showing slightly higher 

potency compared to compound 23. Overall, the study highlights the potential of furo[3,2-

g]chromone derivatives as promising candidates for the development of novel anticancer agents, 

specifically for liver and colon cancer treatment [18].   
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Fig. 10: Flavono-isoxazole derivatives 21-23 

Badadhe et al. focused on designing and synthesizing a new series of isoxazol pigment 

compounds with the aim of evaluating their antibacterial properties. The study was motivated by 

the need to explore novel compounds with potential antibacterial activity, particularly those that 

could target Gram-positive bacteria, which are known to be resistant to certain antibiotics. 

Pharmacological testing was carried out to assess the antibacterial activities of the synthesized 

isoxazol pigment compounds. The results revealed that compounds 24, 25 and 26 (Figure 11) 

exhibited moderate antibacterial activity against Gram-positive bacterial strains. While these 

compounds did not show extremely high levels of activity, their moderate effectiveness suggests 

that they have potential as lead candidates for further development. These findings imply that 

isoxazol pigment compounds could serve as valuable scaffolds for the development of new 
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antibacterial agents. Further investigations are likely needed to optimize the structure of these 

compounds and improve their antibacterial potency, especially in the context of combating 

resistant bacterial strains [19].   

Diabetic retinopathy (DR) is a significant cause of vision loss and blindness, particularly 

among individuals with diabetes. One of the potential therapeutic targets for treating DR is Rho-

associated coiled-coil containing serine/threonine protein kinases (ROCKs), which play a crucial 

role in regulating various cellular processes, including those involved in the pathogenesis of DR. 

In light of this, Zhao et al. focused on designing and synthesizing a novel class of ROCK 

inhibitors, specifically a 4H-chromen-4-one derivative, to explore their potential for DR therapy. 

Among the synthesized compounds, compound 27 (Figure 11), which incorporates an isoxazole 

group, demonstrated remarkable inhibitory effects on both ROCK I and ROCK II isoforms. The 

compound exhibited very low IC50 values, indicating potent inhibition. Specifically, compound 

27 was able to reduce ROCK I activity with an IC50 value of 0.068 μM and ROCK II activity 

with an even lower IC50 value of 0.005 μM. These findings suggest that compound 27 is highly 

effective in inhibiting the activity of both ROCK I and ROCK II, making it a promising 

candidate for further development as a therapeutic agent for diabetic retinopathy. The study by 

Zhao et al. highlights the potential of 4H-chromen-4-one derivatives as effective ROCK 

inhibitors, offering a new direction for the treatment of DR and possibly other diseases where 

ROCKs play a critical role [20].   
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Fig. 11: Chromone-isoxazole derivatives 24-27 

Kaushik et al. designed and synthesized a series of isoxazolylchromone derivatives with 

the goal of exploring their potential as anticancer agents, particularly targeting estrogen receptor-

positive (ER+) breast cancer cells. Among the synthesized compounds, compound 28 (Figure 12) 

was found to exhibit significant cytotoxicity in MCF-7 cells, a human breast cancer cell line. The 

compound showed an IC50 value of 31.25 μg/mL, indicating its effective ability to inhibit cell 
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proliferation. The study further explored the mechanism of action of compound 28 by confirming 

its selectivity for the estrogen receptor alpha (ERα). This was achieved through ERα silencing 

experiments, which demonstrated that the deactivation of compound 28 led to a decrease in ERα 

luciferase reporter gene expression. Additionally, treatment with compound 28 resulted in the 

induction of ERβGFP (green fluorescent protein), confirming its interaction with the estrogen 

receptors. 

A detailed examination of the cell cycle revealed that treatment with compound 28 led to 

an increase in the sub-G0/G1 phase population, suggesting that the compound promotes cell 

death by causing cell cycle arrest. Further investigations showed that compound 28 induced cell 

death primarily through apoptosis, a process of programmed cell death. Similar to the action of 

tamoxifen, a well-known anti-estrogen therapy, compound 28 induced cell death through an 

increase in reactive oxygen species (ROS) levels. However, while tamoxifen treatment is known 

to trigger autophagy in cells, compound 28 exhibited a different mechanism. It induced the loss 

of mitochondrial transmembrane potential and activated caspases, key enzymes in the apoptotic 

pathway, without signs of autophagy. In summary, Kaushik et al. demonstrated that compound 

28 is a potent cytotoxic agent against MCF-7 breast cancer cells, acting through apoptosis 

induction mediated by ROS. The compound also shows specificity for the ERα receptor and has 

a distinct mechanism of action compared to tamoxifen, highlighting its potential as a novel 

therapeutic agent in breast cancer treatment [21].   

Awadallah et al. synthesized a series of isoxazole-containing pigment compounds and 

investigated their cytotoxic activities against two cancer cell lines, MCF-7 (breast cancer) and A-

549 (lung cancer). In addition to assessing their anticancer properties, the researchers also 

evaluated the compounds' ability to inhibit carbonic anhydrases (CAs), a family of enzymes 

involved in various physiological processes, including tumor progression. The results showed 

that compounds 29-31 (Figure 12) exhibited weak inhibitory activity against the cytoplasmic, 

off-target carbonic anhydrase isoforms hCA I and hCA II, which are generally not associated 

with cancer progression. However, the compounds displayed significant inhibitory effects 

against tumor-associated isoforms, namely hCA IX and hCA XII. These two isoforms are 

commonly overexpressed in tumor tissues and are known to contribute to the acidification of the 

tumor microenvironment, facilitating cancer cell survival and metastasis. 

Among the synthesized compounds, compound 29 demonstrated the most potent 

cytotoxic effects. It exhibited high inhibitory activity against both MCF-7 and A-549 cell lines, 

with IC50 values of 25.80 μM and 57.23 μM, respectively. These values indicate that compound 

29 is effective in reducing cell viability in both breast and lung cancer cell lines, making it a 
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promising candidate for further anticancer development. In summary, the study by Awadallah et 

al. highlighted the potential of isoxazole-containing pigment compounds as dual-action agents, 

capable of inhibiting tumor-associated carbonic anhydrase isoforms and exhibiting significant 

cytotoxicity in cancer cells. Compound 29, in particular, showed strong activity against MCF-7 

and A-549 cells, warranting further investigation for its therapeutic potential in cancer treatment 

[22].   
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Fig. 12: Flavono-isoxazole derivatives 28-31 

Dengale et al. designed and synthesized a novel series of 2-(4,5,6,7-

tetrahydrobenzo[c]isoxazol-3-yl)-4H-chromen-4-ones with the aim of evaluating their anti-

inflammatory and antioxidant properties. These compounds were compared to two well-known 

standard drugs: diclofenac sodium, an anti-inflammatory agent, and ascorbic acid, a potent 

antioxidant. The study revealed that compounds 32-34 (Figure 13) exhibited moderate anti-

inflammatory activity when compared to diclofenac sodium. Although they were not as potent as 

the standard drug, their anti-inflammatory effects were significant and suggest that these 

compounds could be explored further as potential anti-inflammatory agents. In addition, the 

compounds demonstrated antioxidant activity that was comparable to that of ascorbic acid, 

indicating their ability to scavenge free radicals and reduce oxidative stress.   
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Fig. 13: Chromone-isoxazole derivatives 32-34 

A preliminary structure–activity relationship (SAR) analysis was conducted to 

understand the factors influencing the biological activities of these compounds. The SAR 

findings revealed that the presence of an electron-withdrawing group (R1) on the molecular 

structure enhanced the anti-inflammatory activity of the compounds. In contrast, the 

incorporation of an electron-donating group (R2) was found to be detrimental to this activity. 

This insight suggests that modulating the electronic properties of the substituent groups could 

lead to the optimization of the compounds for better anti-inflammatory effects [23]. Overall, 

Dengale et al.'s research highlights the potential of 2-(4,5,6,7-tetrahydrobenzo[c]isoxazol-3-yl)-

4H-chromen-4-one derivatives as both anti-inflammatory and antioxidant agents. The study also 

provides valuable information for the future design of more potent derivatives by manipulating 

the substituent groups to enhance the desired biological activities. 

Conclusion: 

Flavone-isoxazole hybrid natural products exhibit anti-tumor, anti-psychotic, lipid-

lowering activities, and potential for treating diabetic retinopathy. Compound 2 shows promise 

as an anti-diabetic drug, while compounds 15-17 may be useful for schizophrenia treatment due 

to their antipsychotic effects. Most hybrid isoxazole derivatives did not show significant 

improvements in anti-tumor activity, but hydnocarpin derivatives 4-7 displayed enhanced anti-

tumor effects. The isoxazole structure plays a key role in this activity. Among them, compound 5 

exhibited the strongest anti-tumor activity against A375 cells, with an IC50 of 0.65 μM, making it 

a valuable candidate for further study.  
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